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Decades have gone by since the first review dealing with growth and
development of children in same-sex couples was published. Overall,
much more significant than the sexual orientation of parents, the
quality of family relationships was identified as a key point in terms of

children’s development.’=* Indeed, children raised by sexual minority

Alessiad’Arma’ |

Francesco Montorsi®* | AndreaSalonia®®

Abstract

Introduction: The desire for parenthood in the LGBT+ community is still a matter of
critical debate worldwide.

Objectives: We aimed to (i) analyse the prevalence of desire for fatherhood in a cohort
of white-European sexually active men who have sex with men and (ii) explore the char-
acteristics of men who have sex with men with respect to those without the desire for
fatherhood.

Materials and methods: An anonymous self-compiled survey with 23 closed socio-
demographic general questions, one section aimed to assess medical history and
recreational habits and two sections devoted to investigate genital and sexual health,
was provided to each participant. Likewise, all participants were invited to complete
a number of questionnaires, including the Male Sexual Health Questionnaire and the
Beck Inventory for Depression.

Results: Of 191 men who have sex with men white-European participants who even-
tually completed the survey, 112 (58.6%) clearly expressed their desire for fatherhood.
Of all, the wish to become a parent was strong in 99 (51.8%) individuals and higher in
younger participants (35 [28-46] vs. 43 [32-50] years, p = 0.01). No other significant
differences in terms of educational level and relational status were identified between
the two groups. Of all, the wish to become a parent was strongin 99 (51.8%) individuals
and higher in younger participants (35 [28-46] vs. 43 [32-50] years, p = 0.01).
Conclusion: Current preliminary findings highlight that more than one in two men who
have sex with men has a desire for fatherhood, with almost 81% of all having a high

desire for fathering, which is clearly more intense in younger men.

KEYWORDS
fatherhood, LGBT+, parenting desire

couples grew up as successfully as children raised by heterosexual
parents.” Therefore, it is surprising to say the least that nowadays the
legitimacy of parenting desires in the sexual minority community is
still a matter of critical debate in some countries, especially in the most
heteronormative ones.

© 2023 American Society of Andrology and European Academy of Andrology.
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Members of our research team have developed a pilot survey

of closed questions exploring sociodemographic, genital and sexual
health characteristics of men who have sex with men (MSM) in a het-
eronormative context. The primary aim was to attempt and assess
the proportion of parenting desire among cisgender MSM. Preliminary
results within a homogenous group of 191 white-European partici-
pants (median [interquartile range] age 39 [29-49] years) showed that
even 112 (58.6%) clearly expressed their desire for fatherhood. Of
all, the wish to become a parent was strong in 99 (51.8%) individuals
and higher in younger participants (35 [28-46] vs. 43 [32-50] years,
p = 0.01). Of relevance, the wish for parenting was greater in those
individuals who had experienced a traumatic process of acceptance
of their own sexual orientation (40 [70.2%] vs. 62 [52.5%], p = 0.04).
Conversely, the desire of fathering did not differ according to different
relationship status or educational levels.

In 1999, Denmark was the first country to promulgate a national law
allowing adoptions to men and women regardless of their sexual orien-
tation. Since then, several countries have discussed and enacted laws
to rule non-binary couples to foster or adopt children or stepchildren
worldwide. With the legalisation of same-sex marriage and adoption
in Cuba in September 2022, the world count of countries where
non-heterosexual couples can adopt children has increased to 53. Con-
versely, in other countries, on the one hand, no rule has been provided
to allow same rights—thus including adoption—to either single people
or couples belonging to the sexual minority community; on the other
hand, the issue has not been clearly legislated by national laws.

Here, we provide further real-life world data corroborating the
concept that the desire for parenting does exist and is strong in
more than one in two MSM individuals. Notwithstanding the historical
view of homosexuality as a possible threat to the heteronorma-
tive dominant way of life,® being translational researchers heavily
involved in the field of sexual and reproductive health, we believe
that good and bad feelings, as well as the underlying mechanisms
of science—both the one that embraces biology in the most tradi-
tional form but also psychology and behaviours—do not belong only
to one or the other sexual orientation. However, the contemporary
political debate is still largely ignoring or even opposing this desire
at least in some countries, despite the scientifically proven absence
of negative repercussions on children’s growth in families formed by
MSM.7 Consequently, we would strongly support the idea that care
and attention, a harmonious growth, the necessary affection and the
loving care received, acculturation, opportunities and even the hap-
piness deriving from important things as well as from the daily life
of having a person close to you and who loves you are fundamental

for each child, regardless of who the parent is, that is, heterosex-

CILIOET AL.

ual, religious, married, single, sexual minority—for example, MSM,
LGBT+, LGBQT+ and even longer acronyms. At least we scientists
believe so.
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Abstract

Background: Radical prostatectomy, radiotherapy, chemotherapy, and androgen-
deprivation therapy are among the most common treatment options for different
forms of prostate cancer (PCa). However, making therapeutic decisions is difficult due
to the lack of reliable prediction markers indicating therapy outcomes in clinical prac-
tice. The involvement of miRNAs in all mechanisms of the PCa development and their
easy detection characterize them as attractive PCa biomarkers. Although there are
extensive data on the role of miRNAs in PCa therapy resistance and sensitivity devel-
opment, the issues of whether they could be used as a guide for therapy choice and, if
so, how we can progress toward this goal, remain unclear. Thus, generalizable reviews
and studies which summarize, compare, and analyze data on miRNA involvement in
responses to different types of PCa therapies are required.

Objectives: Data on the involvement of miRNAs in therapy responses, on the role of
cross-miRNA expression in different therapies, and on miRNA targets were analyzed in
order to determine the miRNA-related factors which can lend perspective to the future
development of personalized predictors of PCa sensitivity/resistance to therapies.
Materials and methods: The data available on the miRNAs associated with different
PCa therapies (resistance and sensitivity therapies) are summarized and analyzed in
this study, including analyses using bioinformatics resources. Special attention was
dedicated to the mechanisms of the development of therapy resistance.

Results and discussion: A comprehensive combined analysis of the current data
revealed a panel of miRNAs that were shown to be most closely associated with the
PCa therapy response and were found to regulate the genes involved in PCa devel-
opment via cell proliferation regulation, epithelial-mesenchymal transition (EMT),
apoptosis, cell-cycle progression, angiogenesis, metastasis and invasion regulation,
androgen-independent development, and colony formation.

Conclusion: The selected miRNA-based panel has the potential to be a guide for

therapeutic decision making in the effective treatment of PCa.

KEYWORDS
chemotherapy, miRNA, prostate cancer, prostatectomy, radiotherapy, therapy resistance

© 2023 American Society of Andrology and European Academy of Andrology.
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1 | INTRODUCTION

Prostate cancer (PCa) is a widespread, malignant neoplasm, one of the
cancer types with leading positions in morbidity and fifth in mortal-
ity worldwide as well as in developed countiese.m? Twenty percent
of newly diagnosed cases are advanced or metastatic with low sur-
vival rates.® Localized PCa often runs an indolent course without
any threat to mortality with nearly 100% 5-year survival rates.* The
most frequent treatment options of localized forms of PCa (stages
I, l1A, 1IB) include the following: radical prostatectomy (RP), radio-
therapy (RT), and androgen-deprivation therapy (ADT), brachytherapy.
The treatments for locally advanced PCa (T3-T4, NxNO, MO) include
the following: RT, RP, and ADT.>7 These therapies are often chosen
for symptomatic patients with extensive stage T3-T4 tumors, with
prostate specific antigen (PSA) levels > 25—50 ng/mL and PSA dou-
bling time of less than 1 year. Treatments for patients with regional
metastasis (cN+, MO) include the following: RP, RT, and ADT (as a
component of the multimodal therapy after RP or RT, or as a ther-
apy for patients with contraindication to the local therapy). Thus,
each patient has several therapy options available to their condi-
tion; however, it remains unclear which of them will be the most
effective for certain patients because of the lack of reliable predic-
tion markers of therapeutic outcomes in clinics. The therapy types
all have their own advantages and disadvantages; however, all of
them have serious side effects and greatly impact patients’ quality
of life.? Thus, inefficient therapies are not only a waste of time but
cause harm to patient health. Moreover, and even more seriously,
the timely choice of the correct type of therapy is a key in saving
a patients’ life, especially those patients with aggressive forms of
PCa.l0

The mechanisms of tumor resistance to therapy are variable and
partly overlap between different therapies. They include the fol-
lowing: mechanisms underlying cell-cycle regulation, apoptosis, and
autophagy; mechanisms supporting cancer stem cells (CSCs), DNA
repair, angiogenesis, and androgen-independent development. These
mechanisms include a number of pathways and are controlled by
numerous regulators, as follows: cellular receptors, transcription fac-
tors, and gene expression regulators, such as histone modifiers, DNA
methylation mutation regulators, and miRNA-driven supramolecular
silencing regulators.

miRNAs are 19—25 nucleotide-long noncoding RNAs that post-
transcriptionally regulate gene expression. Typically, miRNA suppress
translation or induce degradation of mRNA via binding the target
RNA. One miRNA could target several mRNAs, involved in regulation
of different processes and signaling pathways as well as one mRNA
may be regulated by several miRNAs. miRNAs have been proven to
be essential for normal execution of cell growth, tissue differentia-
tion, cell proliferation, embryonic development, and apoptosis ect.!!
Dysregulated miRNA and, as a consequence the impaired balance of
related biological processes, plays critical roles in the development
and progression of cancer, cardiovascular, neurodegenerative and

other diseases.12-14 Numerous studies have indicated the driving role
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of miRNAs in cancer progression.'>~18 Simultaneously, the stability
of miRNAs in tissues and biological fluids, as well as their ease of
detection, made them attractive biomarkers for the diagnosis and
prognosis of various cancers.!?

There are several key functions for the application of miRNAs in
PCa monitoring: in the staging and diagnosis of PCa forms; in progno-
sis; in therapy decision making; in the assessment of therapy efficacy;
as a part of co-therapy (as a therapy sensitizing agent); for patient
surveillance to detect cancer relapse (Figure 1). The known data indi-
cate that miRNAs may be used for determining tumor progression and
sensitivity or resistance to different therapy types, as well as biomark-
ers for patient outcomes.?2-23 As prognostic markers, miRNAs may
be used when measured before therapy and when measured in post-
operative tissues and biofluids after or during therapy. Continuous
monitoring of MiRNA levels in biological fluids enables clinicians to pre-
dict and evaluate the efficacy of chosen therapies and to monitor a
given patient’s long-term cancer-related processes (highlighting ther-
apy switch-points). Through this monitoring, clinicians are also able to
identify and introduce new biomarkers for different types of thera-
pies. There remains great demand for this kind of progress, because it
enables the survival rates of PCa patients to improve (Figure 1). The
discovery of biomarkers which can predict responses to anticancer
therapies is crucial for enhancing the efficacy of treatment and to
improve the survival rates of PC, which currently remain poor.

Previously, we reviewed the involvement of miRNAs in the develop-
ment of biochemical recurrence (BCR) of PCa after prostatectomy,?°
involving mechanisms of radiosensitivity, radioresistance,??
chemosensitivity, chemoresistance,?2 and ADT sensitivity and
resistance.2® However, to the best of our knowledge, there has been
no combined, comprehensive analysis of the impact of miRNAs on the
development of resistance to different types of PCa therapies which
accounts for miRNA intersections between therapies or the specificity
of miRNA-regulated biological processes and pathways.

The present review summarizes the information presented in
our previous reviews on miRNAs under different types of the PCa
therapy?9-2% alongside recently published data, and provides a com-
prehensive analysis of the importance of miRNAs in the development
of sensitivity and resistance to different types of PCa therapies:

* miRNAs and radical prostatectomy

* miRNAs and radiotherapy

* miRNAs and chemotherapy

* miRNAs and androgen-deprivation therapy (ADT)

Then, miRNA panels to select the effective therapy type are selected
based on analyzed data. Challenges and perspectives of miRNA-based
therapy effectiveness markers are further discussed.

Data on the involvement of miRNAs in therapy responses, on the
role of cross-miRNA expression in different therapies, and on miRNA
targets were analyzed in order to determine the miRNA-related factors
which can lend perspective to the future development of personalized

predictors of PCa sensitivity/resistance to therapies. These miRNAs
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may represent the promise of the future development of drugs for
miRNA-based PCa co-therapies.

1.1 | miRNAs and radical prostatectomy

RP is commonly used first-line treatment for patients with clinically
localized PCa and is characterized by an average life expectancy of
at least 10 years.2* Like any surgical intervention, RP affects patient
health and standard of living, through blood loss and high transfusion
rates, additional procedures such as pelvic lymph node dissection, long
hospital stays, and postoperative complications. Postoperative compli-
cations may adversely affect both the physical and emotional states of
patients, as they include a substantial risk of experiencing long-term
urinary incontinence or retention, erectile dysfunction, rectal injury,
hematoma, lymphocele/lymphorrhea, deep venous thrombosis, pul-
monary embolism, wound complications, neurapraxia, reoperation, and
mortality.2®

Almost 30% of PCa patients experience BCR after a successful
RP.2627 BCR is detectable through rising PSA measurements and is
considered a failure of primary treatment. Distant metastasis is a
frequent consequence of BCR. The transition from BCR to the metas-
tasis development can occur quickly or slowly, even extending over
several years.282? Moreover, it remains disputable whether BCR is
indicative of tumor relapse or metastasis. Clinicopathological param-
eters (tumor volume, pathological grade, the status of lymph node
metastasis, preoperative PSA, and the Gleason score) are used for
routine prognosis. Unfortunately, current prognostic markers fail to
determine the outcome with high reliability and cannot precisely
prognosticate whether a tumor will develop or remain indolent.3°
An alternative is the use of molecular markers, including genomic,
transcriptomic, proteomic, and metabolomic markers: for example,
KLK2, PCAS, prostate-specific membrane antigen, prostate stem cell
antigen, altered expressions of Bcl-2 and Bax,3! p53, PTEN, OHdG,
and 8-1s0-PGF2« in the urine and others,32-3% including miRNAs.3¢
Most studies in the literature that aim to analyze the involvement
of miRNAs in PCa response to RP can be divided into the following

categories:

* Studies reporting an alteration of miRNA expression in response to
RP;

* Studies indicating the association between miRNAs expression and
shorter BCR/survival after RP.

The data from such studies were previously comprehensively
analyzed?° and are presented in Figure 2. The present study includes
the analysis of studies including those which were published after June
2020.37-39

The Venn diagram allows us to identify those miRNAs which do not
match in different studies, and to group miRNAs according to their con-
tribution to therapy resistance/sensitivity and predictive value. Among
potential reasons of the observed discrepancies, patient heterogene-
ity (PCa stage, presence or absence of PCa relapse, etc.), technical
variability (from different RP techniques to various sample types and
miRNA isolation procedures), different observation period should be
mentioned.

According to the current data (Figure 2), numerous miRNAs are
involved in the response to RP and BCR development; however, some
of the findings are contradictory. The same miRNAs were shown to
be up- and downregulated after RP (miR-141), associated with BCR
presence and absence, or induced by RP (miR-21, miR-141, miR-133b,
miR-145-5p). Obviously, these miRNAs are the first candidates in the
exclusion list, and the common reasons for the discordance in the
data will be discussed in the last subchapter of this paper. miRNAs
change in expression after RP for many different reasons, including
changes in the oncological status of the patient, surgery peculiarities,
and the postoperative complications mentioned earlier. That is why
they cannot be considered as markers of the effective/noneffective
therapy. Over- and underexpressed miRNAs associated with shorter
BCR/survival after RP are more regularly proven as decision-making
tools in the choice of RP as a therapy. However, there is greater schol-
arly attention on those miRNAs which are associated with BCR and
simultaneously alter their expression after RP. The monitoring of such
miRNAs may enable the prediction of BCR and possible relapse. Addi-
tional validated cohort studies are necessary to shed light on whether
such miRNA-based panels are better for relapse prediction than a rise
in PSA.
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FIGURE 2 The association between miRNAs expression and the response to radical prostatectomy: miRNAs upregulated by RP (RP1),
miRNAs downregulated by RP (RP|), overexpressed miRNAs associated with shorter BCR/survival after RP (BCR 1, in red color), downexpressed
miRNAs associated with shorter BCR/survival after RP (BHR |, in blue color). In the case of relative miRNA expression (e.g., miR-660/miR-205), the
RP cased alteration of relative expression (miR-660/miR-205), whereas the expression of miR marked by color only (miR-205) was enhanced in

BCR samples.

1.2 | miRNAs and radiotherapy
RT is a typical treatment for nonmetastatic PCa. Approximately, 60%
of PCa patients undergo RT as a monotherapy or as a part of com-
plex co-therapy with RP and/or chemotherapy. RT damages malignant
cells; however, it also has a significant influence on adjacent tissues
and proliferating cells. The hematopoietic, endothelial, vascular, and
immune systems are among the primary vital systems which suffer
from radiation.*°-42 Even though RT protocols and techniques have
advanced greatly, posttreatment biopsies show a 15%—20% residual
disease rate.*3-4> Radioresistance results in more aggressive pheno-
types, increased proliferation, metastases, increased morbidity, and
reduced patient survival.

Most studies in the literature that aim to analyze the involvement
of miRNAs in PCa responses to RT can be divided into the following

categories:

 Studies reporting an alteration of miRNA expression in response to
RT;

* Studies reporting an influence of miRNA expression on radioresis-
tance/sensitivity.

The data from such studies were previously comprehensively
analyzed.?! These data, together with data published later**-48 and
not included in our previous review, are presented in Figure 3.

lonizing radiation damages cells by producing intermediate ions and
free radicals that cause DNA single-strand breaks or double-strand
breaks. Response to RT namely radiosensetivity or radioresistance
depends on multiple processes caused by ionizing radiation energy
or indirectly by reactive oxygen species generated via water disso-
ciation. These include DNA damage response, autophagy, apoptosis,
cell-cycle checkpoint activation, survival pathway engagement, onco-

gene or tumor-suppressor mutations, microenvironmental hypoxia and
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FIGURE 3 miRNAs associated with the development of radioresistance and radiosensitivity: miRNAs upregulated by radiotherapy (RT?),
miRNAs downregulated by radiotherapy (RT]), upregulated miRNAs provoking radiotherapy resistance (cause RTr, in Red), upregulated miRNAs

provoking radiotherapy sensitivity (cause RTs, in Blue).

CSCs development. The miRNAs presented in Figure 3 are involved in
the regulation these processes which greatly affect responses to RT.2%
The multifactorial nature of radioresistance as well as involvement of
single miRNA in several pathways contributes to challenges of miRNA
role in PCa radioresponce.

Unlike the miRNAs presented in Figure 2 and the miRNAs associ-
ated with BCR, there is no evidence of anintersection between miRNAs
which provoke radioresistance and those which provoke radiosensi-
tivity. However, in some studies, miRNA-7a, -30a, and -145 were up-
and downregulated after RT. Nevertheless, these results may be not
contradictory if the studied patients were characterized by different
percentages of relapse. Other miRNAs with an association with the
development of radioresistance and radiosensitivity shown by two dif-
ferent types of experiments (miR-17-3p, 21, 95, 100, 106b, 107, 191
u 1605p, 29B u 449a) are apparently reflect the type of response to
RT (i.e., to determine the phenotype of the tumor associated with the
response to RT).

1.3 | miRNAs and chemotherapy

Chemotherapeutic agents are usually not recommended for local-
ized PCa treatment. However, if PCa is diagnosed at a late stage,
when metastasis can occur, then chemotherapy is often demanded.
Both neoadjuvant and adjuvant chemotherapies using chemothera-

peutic drugs such as docetaxel, paclitaxel, mitoxantrone, cisplatin,

azacytidine, cyclopamine, estramustine, trichostatin A, and thapsi-
gargin were shown to treat metastatic PCa effectively.*>*° Among
these drugs, taxanes are usually used as a front-line therapy. Tax-
anes stabilize microtubules by inhibition of their depolymerization,
promoting cell-cycle arrest at the G2M phase, attenuating the effects
of bcl-2 and bcl-xL gene expression, and further initiating apopto-
sis and cytotoxicity.”>*2 Taxanes may affect androgen receptor (AR)
signaling and inhibit ligand-induced AR nuclear translocation, which
leads to the cytoplasmic accumulation of ARs® and the inhibition
of AR target genes, such as prostate-specific antigens.>* Docetaxel
is the most frequently used first-line chemotherapy. Cabazitaxel and
abiraterone are usually used as second-line chemotherapies. Cabaz-
itaxel is a semisynthetic taxane which is active in taxane-resistant
tumors.>> Abiraterone acetate is a CYP17 inhibitor that blocks andro-
gen biosynthesis and is prescribed in combination with prednisolone.
The typical side effects of PCa chemotherapy include neutropenia, an
increased risk of infections, easy bruising or bleeding, hair loss, mouth
sores, loss of appetite, nausea, vomiting, diarrhea. The main problem
posed during chemotherapy is the frequent development of multidrug
resistance (MDR), which decreases the efficacy of chemotherapeutic
sources/drugs®® and is responsible for over 90% of deaths in patients
receiving both traditional chemotherapeutic drugs and targeted
drugs.”’

Most studies in the literature that aim to analyze the involve-
ment of mMiRNAs in chemotherapy resistance can be divided into three

categories:
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FIGURE 4 miRNAs associated with chemoterapy: miRNAs upregulated by ChT (ChT1), miRNAs downregulated by ChT (ChT|), miRNAs
overexpressed in chemotherapy-resistant samples (1 in ChTr samples), miRNAs downregulated in chemotherapy-resistant samples (| in ChTr
samples), upregulated miRNAs provoking chemotherapy resistance (cause ChTr), upregulated miRNAs provoking chemotherapy sensitivity (cause
ChTs). The red color indicates miRNAs, which were shown to be associated with chemotherapy resistance, the blue color indicates miRNAs, which

were shown to be associated with chemotherapy sensitivity.

* Studies reporting an alteration of miRNA expression in the response
to chemotherapy in PCa;

* Studies reporting an influence of miRNA expression on chemoresis-
tance/sensitivity;

* Studies aiming to compare miRNA expression in chemoresistant and
chemosensitive samples (tissues, serum of PCa patients, cell lines,
and xenograft models).

In our previous study,?? we analyzed studies which predominantly
investigated the role of miRNA in the development of resistance to doc-
etaxel, cisplatin, cabazitaxel, paclitaxel, and doxorubicin. The miRNAs
shown to be involved in the development of chemotherapy resistance,
as shown by different methods, are presented in Figure 4.

According to the known literature data, miRNAs (Figure 4) are
involved in all known chemotherapy resistance mechanisms, includ-
ing the following: EMT, hypoxia, autophagy, androgen resistance,
drug efflux pump, increased DNA repair capacity, alterations in
microtubule structure and/or function, apoptotic defects, and highly
chemoresistant-tumor-initiating CSCs.22 As soon as each miRNA reg-
ulates multiple genes and processes, many of the miRNAs presented
in Figure 3 are simultaneously involved in the regulation of different
chemotherapy resistance mechanisms.?2
For example, ChT-upregulated miRNAs could be divided into a few

groups, as follows: miRNA-34a are the inducers of ChT sensitivity; nine

miRNAs are involved in the development of Ch resistance (one of them
is in the list of ChTr inducers); two miRNAs (301b and 193a-5p) are
upregulated (these have not been confirmed to be involved in PCa by
other studies); two have been observed to be up- or downregulated
in chemoresistant samples in accordance with the data of different
authors, and thus may not yet be considered. To predict ChT efficacy
before ChT, the most promising miRNAs are those which are up- and
downregulated in ChTr samples (excluding those at the intersection
of the ChTs area), whereas the efficacy could be confirmed by miR-
NAs at the intersection of ChT-induced upregulated miRNAs and ChTr,
and by those which can cause ChTr/s miRNAs: miR-22, —186-5p, —210,
—500a-3p, —1307-5p, —4532, —4792, —5096, —21, —32-5p, —155,
181a, —302a, and especially miR-375, as well as miR-29b, —125a-3p,
—138,-195,—-199a, —204, and —205.

1.4 | miRNAs and androgen-deprivation therapy

ADT is usually used to treat PCa patients with advanced metastatic,
recurrent, and castration-resistant prostate cancer (CRPC). In clini-
cal practice, there are several types of ADTs, which have different
mechanisms of action: orchiectomy, antiandrogen monotherapy, LHRH
agonist, LHRH antagonists, complete androgen blockade, estrogens,

and second-generation hormonal therapies (in combination with ADT).
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Side effects strongly depend on the type of ADT; however, the most
frequent side effects include the following: decreased libido, erectile
dysfunction, decreased energy, depressed mood and cognition, emo-
tional lability, reduced quality of life, vasomotor symptoms, fatigue,
weight gain, alterations in muscle mass/body fat distribution, gyneco-
mastia, reduction in penile/testicular size, anemia, insulin resistance,
diabetes mellitus, possible cardiovascular disease, development of
osteoporosis, increased fractures, anxiety, impaired sleep quality, and
irritability, among others.58-¢1

Moreover, PCa can often escape therapeutic pressure by enter-
ing a dormant state and subsequently transforming into an incur-
able, castration-resistant disease.®2 CRPC is a heterogeneous, highly
aggressive disease, and is determined by rising PSA with castration
testosterone levels.

One of the main problems associated with ADT lays in predict-
ing the effectiveness of an ADT and the time from the beginning
of therapy to the progression of PCa. Many clinical and labora-
tory parameters have been suggested as predictors of the clinical
response to ADT, as follows: PSA, Gleason score, extent of bone metas-
tases, serum alkaline phosphatases, performance status, hemoglobin,
testosterone levels,®® dyhydrotestosterone, androstenediol, dehy-
droepiandrosterone levels, and markers of the AR activity. Markers of
the AR activity include mRNA expression, protein expression, protein
localization, gene amplifications, gene polymorphisms (including CAG
repeat polymorphisms,+4> gene mutation, splice variants, and other
genetic polymorphisms—hormones (LHRH, LH), receptors (LHRHR,
LHR), enzymes (androgen biosynthesis and metabolism, estrogen
biosynthesis), chromosomal alterations (TPMRSS2:EGR fusion gene),
gene expression profiling, proteomics, and noncoding RNA, etc.®¢).
However, these predictors correlate poorly with clinical outcomes.
Thus, an urgent need to develop novel biomarkers to predict responses
to ADT remains, and candidate biomarkers have been proposed.

Most studies in the literature that aim to analyze the involve-
ment of MiRNAs in chemotherapy resistance can be divided into four
categories:

* Comparison of miRNA expression in androgen-resistant and
androgen-sensitive cell lines in CRPC and androgen-sensitive
specimens;

* Influence of ADT on miRNA expression;

* Resistance or sensitivity to ADT of PCa cell lines and xenografts in
response to induction/inhibition of miRNA expression;

* miRNAs associated with shorter CRPC progression of PCa after
ADT.

The data from such studies were previously comprehensively
analyzed? and are presented in Figure 5. The present study includes an
analysis of all the manuscripts listed in our previous review? and those
studies which were carried out after it was published.”:68

The selected miRNAs are involved in the ADT response and CRPC
development via multiple mechanisms, including the following: within
the hypothalamic-pituitary-gonadal axis, AR regulation, hypoxia,

the immune system, reactive oxygen species, apoptotic processes,
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cell-cycle regulation, and responses to stress. Many of the miRNAs

presented in Figure 5 regulate the expression of genes involved in
signaling pathways that are crucial for the PCa development, such as
NKX3.1, GSTP1, SPINK1, PTEN, FOXP3, C-Myc, ERHB2, PIM1, and
EZH2.? Representation of data in the form of a Venn diagram, as in the
previous therapy cases, enables the identification of miRNAs which
possess the minor value (data from different studies do not match in
relation to the following miRNAs: miRNA-15a, 16, 99a, 100, 125b, 143,
148a,221,220a,222,203, 616, and 663), sample-set-specific miRNAs,
and miRNAs with synergistic growth (located on the intersection of
similar functions in medical samples: miR-1, 7c, 21, 23b, 27b, 92a, 141,
145, 146a,149,181c-5p, 188-5p, 196b-5p, 200b, 204, 210, and 214-3p
for ADT sensitiveness; miRNA-32, 126, 136, 181c, 196b-3p, 218, 300b,
302a, 302b, 302c, 345, 346,361,367, 375,381,424, 551b, and 644a).
Obviously, the potential of miRNA as an ADT-resistant or -sensitive
marker rises with the increase in the number of types of studies that
indicate its involvement in the development of resistance/sensitivity.
Detailed analysis of the miRNAs involved in the ADT response could
be carried out as has been completed for previous therapy types, using

the Venn diagram presented.

1.5 | miRNA panels to select effective therapies

To select an miRNA panel with the potential for use in the selec-
tion of effective and personalized therapies, miRNAs involvement in
sensitivity to different types of the therapy was analyzed. The data
were combined and only those miRNAs with significance in therapy
responses, shown by two or more different types of studies, were
selected as the most reliable options. For such miRNAs, we have indi-
cated whether their up- or downregulation is associated with therapy
sensitivity (Figure 6, marked by “+”). miRNAs located at the intersec-
tions of sample sets and up- and downregulated miRNAs are labeled in
black (Figures 2-5). Those involved in the regulation of non-synergistic
groups were excluded from the selected miRNA sets.

In cases where only one type of study indicated a given miRNA’s
involvement in therapy sensitivity, such miRNAs were also excluded
from further analysis. If one of the miRNAs which was selected accord-
ing to the above-mentioned criteria (Figure 6, marked by “+") also
indicated a resistance to another therapy type, but only by one type
of study, they were additionally marked, indicating that the second
therapy type is not recommended (marked by “-”).

The selected miRNAs are presented in Figure 6. Those miRNAs with
altered expression shown to be associated with therapy resistance are
marked by the abbreviated therapy name and “—” because such thera-
pies are not recommended for patients with such miRNA expression.
Those miRNAs with altered expression shown to be associated with
therapy sensitivity are marked by the abbreviated therapy name and
“+” because such therapies are recommended for patients with such
miRNA expression.

Thanks to the inclusion/exclusion criteria, sample sets with opposite
miRNA expression do not have intersections, but these do have inter-

sections with other sample sets (no intersections between ChT+ and
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FIGURE 5 miRNAs and ADT response: miRNAs upregulated by ADT (ADT1), miRNAs dowregulated by ADT (ADT|), miRNAs upregulated in
CRPC samples (1 in CRPC samples), miRNAs downregulated in CRPC (| in CRPC samples), upregulated miRNAs provoking ADT resistance (cause
ADTr), upregulated miRNAs provoking ADT sensitivity (cause ADTs), upregulated miRNAs in samples of patients with further short CRPC
progression (1 in short CRPC progression), downregulated miRNAs suppressed in samples of patients with further short CRPC progression (| in
short CRPC progression). The red color indicates miRNAs, which were shown to be associated with ADT resistance, the blue color indicates

miRNAs, which were shown to be associated with ADT sensitivity.

ChT—, RT+ and RT—, RP+ and RT—, ADT+ and ADT—). Nevertheless,
the sample sets have multiple intersections with each other, which
could interfere with the analysis of patient-specific miRNA expression
panels. Moreover, these miRNAs, such as miR-21, miR-29b, and mir-
304, etc., could be used as a convenient universal normalizer to study
paired miRNA expression in different groups. Another approach could
be based on the inclusion of all miRNAs, with the use of those miRNAs
demonstrating similar expression in different therapies as a confirma-
tion of a choice for a given therapy (example.g., miR-204, —302a, and
—375 can be indicators for ChT or ADT but not for RP or RT).

As aresult,an miRNAs panel which has potential for use in the selec-
tion of an effective type of PCa therapy was selected (“therapy choice
panel”). The future development of this panel involves precise identifi-
cation of the thresholds of miRNA expression to differentiate patient
groups, where the verification and validation of these thresholds, and
the possible use of the selected panel, comprise an assessment of the
expression. In fact, there may be patients possessing a miRNAs set

which is simultaneously “recommend” for several types of therapy.

Thus, thresholds for the best therapy choice should be additionally
developed (for example, the effectiveness of therapy recommenda-
tions could be indicated by it having the greatest number of miRNAs;
alternatively, the value of a given difference between miRNA expres-
sion and threshold may be informative for therapy selection). There
may also be cases for which different therapies may have the same
effectiveness; in such cases, the least severe therapy may be used.

The analysis of the known literature data revealed that the miRNAs
from the “therapy choice panel” are deeply involved in the regula-
tion of the biological processes which underlie carcinogenesis, such as
proliferation, apoptosis, cell-cycle regulation, metastasis and invasion,
androgen-independent growth, angiogenesis, epithelial-mesenchymal
transition (Figure 7).

All the selected miRNAs are involved in the regulation of at least one
of the analyzed processes, and most of these miRNAs regulate several
of the analyzed processes.

The genes that are regulated by the miRNAs from the “ther-

apy choice panel” were analyzed using databases to assess their
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FIGURE 6 miRNAs panel for prostate cancer therapy choice (“therapy choice panel”). “+”—miRNAs, which expression associated with PCa

“« n

therapy sensitiveness. “-

involvement in PCa and the development of PCa therapy resis-
tance/sensitivity. Using the DIANA database, we uncovered the
therapy-sensitive genes which are involved in the PCa development
and regulated by a presented miRNA panel (Figure 8).

The DIANA database does not contain information on the work
of miRNAs such as let-7c, miR-210, —4532, —5096, —644, —1, —7a,
or —95, in the processes associated with the development of PCa;
therefore, in further analysis, these microRNAs were not involved. The
genes regulated by the selected miRNAs are mostly not individually
interconnected with any given therapy type, and these are obviously
responsible for general processes which are characteristic of PCa cells.
To confirm the universality of the ongoing processes, we built an ontol-
ogy of the genes involved in the sensitivity of all four study therapy
types (using the String database) (Figure 9). The genes involved in the
most important cellular processes are highlighted in color.

Thus, the presented database analysis confirms the involvement
of an miRNA panel (Figure 6) in the regulation of those genes which
are crucial for PCa development and therapy effectiveness. The gene
ontology revealed the involvement of the analyzed genes in the high-
importance pathway in the PCa development, as follows: the Pi3K-Akt
signaling pathway, the mTOR signaling pathway, the FoxO signaling
pathway, and the VEGF signaling pathway, etc. Thus, these genes can

potentially be used as an addition to the “therapy choice panel” to

—miRNAs, which expression associated with PCa therapy resistance. “*”—duplicate miRNAs. RP, radical prostatectomy;
RT, radiotherapy; ADT, androgen deprivation therapy; ChT, chemotherapy.

increase its stability and sensitivity. However, the high interception of
those genes which are regulated by miRNAs and involved in the regu-
lation of resistance/sensitivity to different types of therapy evidences
the importance of a careful investigation of the specificity of miRNAs
from the “therapy choice panel” for each therapy type.

The genes which are involved in the regulation of sensitivity to only
one type of the therapy have potential to make a great contribution to
“the therapy choice panel.” However, this is not the case because the
genes which are “specific” for “RT+" (Figure 8) refer to the PIK3 fam-
ily, which is known to be involved in responses to other therapy types
(Figure 8). Concerning the genes which are involved in the regulation of
ADT sensitivity, CASP 9 and BAD are in alist of the central regulators of
apoptosis. ARAF is involved in the MAPK signaling pathway. IGFR is a
strong tumor growth promoter in a wide variety of cancers. Moreover,
according to STRING, five out of the six genes which are “specific” to
“RT+”and “ChT+" are part of a joint gene web (data are not presented).
This indicates that the studied genes are not specific for any single
therapy type. However, only comprehensive research can state with
certainty whether these genes may enhance the sensitivity/specificity
of the “therapy choice panel” or not. Obviously, the selected panel
must be validated by a series of cohort experiments, and the
threshold of expression for each miRNA should be comprehensively

determined.
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FIGURE 7 Theinvolvement of miRNAs from “therapy choice panel” in the regulation of biological processes which underlie cancerogenesis
and therapy resistance. Oncogenic miRNAs are marked by red color, tumor suppressors—by blue color. Duplicate miRNAs (example.g., miR-107,
—141, —363 etc.) are underlined. miRNAs, which indicate the sensitivity to several therapy types are marked by large print.

1.6 | miRNA-based therapy effectiveness markers:
challenges and perspectives

A great number of studies have demonstrated the high poten-
tial of miRNA-based biofluid biopsy for cancer diagnosis, prognosis,
and therapy effectiveness assessment. Indeed, miRNAs are intrin-
sic in the regulation of all processes which are important for can-
cer therapy resistance and sensitivity. The expression of miRNAs
can be assessed in different sources: tissues, biofluids, and extra-
cellular vesicles. miRNA-based liquid biopsy presents an opportu-
nity for noninvasive analysis of real-time patient status. This would
allow the timely detection of the development of therapy resis-
tance and indicate the need for dose/therapy type adjustments where
needed.

However, a number of unsolved or insufficiently studied issues
remain. First of all, despite the rise in studies aiming to analyze the
potential of miRNAs as predictors of therapy effectiveness during
recent years, this area remains poorly studied. Moreover, the patho-

biology of miRNAs during different cancer therapies remains poorly

understood. The main concerns are the low number of studied miR-
NAs (there are still a very limited number of studies using large-scale
methods, e.g., sequencing, microchips) and low sample sizes. The latter
is explicitly prevalent when long-term patient-state studies investi-
gating dynamical miRNAs are executed. This is due to complications
with the selection and formation of patient cohorts possessing simi-
lar clinical-pathological characteristics and therapy courses, as well as
being attributable to the long-term follow-up with patients. The het-
erogeneity of PCa also contributes to differential miRNA expression
and may obstruct the search for miRNA-based markers. For example,
samples from the patients with androgen dependence/independence,
different PCa stage, invasiveness, presence or absence of metasta-
sis, etc., may be characterized by different miRNA expressions.23:67:68
The diversity of PCa therapies, for example, different types of ADT,
different dosages, and the duration of chemo- and radiotherapies, is
another issue which should be taken into account while developing
of miRNA-based markers. A separate and very complicated issue is
the analysis of miRNAs during the combined therapy, for example,

ADT+ RP +RT. The variability in sample collection and processing also
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FIGURE 8 Genes, involved in PCa regulation and influenced by specific miRNAs sets from Figure 6 (miRNAs sets that indicate therapy
sensitivity to specific therapy type); the data of DIANA database are presented.
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The ErbB family of receptor tyrosine kinases (RTKs) couples binding of extracellular growth factor ligands to
intracellular signaling pathways regulating diverse biologic responses, including proliferation, differentiation,
cell motility, and survival. The Shc- and/or Grb2-activated mitogen-activated protein kinase (MAPK) pathway is
a common target downstream of all ErbB receptors. Similarly, the phosphatidylinositol-3-kinase (PI-3K)
pathway is directly or indirectly activated by most ErbBs. Several cytoplasmic docking proteins appear to be
recruited by specific ErbB receptors and less exploited by others. These include the adaptors Crk, Nck, the
phospholipase C gamma (PLCgamma), the intracellular tyrosine kinase Src, or the Cbl E3 ubiquitin protein
ligase.

The forkhead box O (FOXO) family of transcription factors regulates the expression of genes in cellular
physiological events including apoptosis, cell-cycle control, glucose metabolism, oxidative stress resistance, and
longevity. A central regulatory mechanism of FOXO proteins is phosphorylation by the serine-threonine kinase

ErbB signaling
pathway

FoxO signaling

pathiay Akt/protein kinase B (Akt/PKB), downstream of phosphatidylinositol 3-kinase (PI3K), in response to insulin or
several growth factors.
There is now much evidence that VEGFR-2 is the major mediator of VEGF-driven responses in endothelial cells
VEGEsignaling aI‘ld iﬁ is considered to be a crucial signal transducer in_ both physiolcfgic and pathologic e‘mgiggenesis. The )
Phr— binding of VEGF to VEGFR-2 leads to a cascade of different signaling pathways, resulting in the up-regulation

of genes involved in mediating the proliferation and migration of endothelial cells and promoting their survival
and vascular permeability.

The mammalian (mechanistic) target of rapamycin (mTOR) is a highly conserved serine/threonine protein
kinase, which exists in two complexes termed mTOR complex 1 (mMTORC1) and 2 (mTORC2). mTORC1 is
mTOR signaling activated by the presence of growth factors, amino acids, energy status, stress and oxygen levels to regulate

pathway several biological processes, including lipid metabolism, autophagy, protein synthesis and ribosome biogenesis.
On the other hand, nTORC2 responds to growth factors and controls cytoskeletal organization, metabolism and
survival.

TNF signaling ~ Tumor necrosis factor (TNF), as a critical cytokine, can induce a wide range of intracellular signal pathways

pathway including apoptosis and cell survival as well as inflammation and immunity.

PI3K-Akt The phosphatidylinositol 3' -kinase(PI3K)-Akt signaling pathway is activated by many types of cellular stimuli

signaling or toxic insults and regulates fundamental cellular functions such as transcription, translation, proliferation,

pathway growth, and survival.

MAPK signaling The mitogen-activated protein kinase (MAPK) cascade is a highly conserved module that is involved in various
pathway cellular functions, including cell proliferation, differentiation and migration.

FIGURE 9 STRING data: interaction network of genes, regulated by miRNAs, involved in sensitivity of all four studied therapy types. The data
of STRING database are presented.
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contribute to the results obtained and discrepancies between different

studies as well. miRNA expression is assessed in different biofluids (tis-
sue, plasma, serum, plasma extracellular vesicles (EVs), cell-free urine,
urine EVs, including different storage conditions and techniques for
EVs isolation), using various protocols of miRNA isolation and real
time polymerase chain reaction (RT-PCR). The gold standards are to be
found. Moreover, not only the effectiveness of selected protocol should
be taken into account but also the possibility to use them in clinical lab-
oratory. For example, effective techniques like miRNA isolation using
phenol—chloroform and EVs isolation using ultracentrifugation have
limitations in clinical laboratory use.

One of the approaches to search for therapy-associated miRNA
expression alterations is to analyze miRNA expression during or after
the therapy. However, patients’ oncological status after/during ther-
apy is not the only possible cause of miRNA level variation. Each
type of therapy causes the side effects and complications mentioned
above, and these processes should be taken into account while ana-
lyzing miRNA expression alterations caused by therapies. That is why
the variation of miRNAs expression after therapy is not sufficient to
determine miRNAs’ association with therapy effectiveness. Moreover,
therapy sometimes induces therapy resistance, and the alteration of
the expression of some miRNAs during therapy may reflect this pro-
cess. Therefore, sample timing and its connection with signatures of
healing should be carefully analyzed and introduced into the analysis of
miRNA-based predictors of post-RP patient status. A possible way to
exclude those alterations in miRNA expression which are not specific
to therapy sensitivity is to analyze those miRNAs whose expression
before therapy differed from the equivalent miRNAs’ expression in
healthy donors, and whose expression during or after therapy align
with their expression in healthy donors if the therapy is efficient. Such
miRNAs may have higher potentialities as diagnostic and prognostic
markers.

On the other hand, miRNA studies based on PCa cell lines or
xenografts also have limitations. PCa cell lines differ by their molecular
signature, for example, through TP53 loss of heterozygosity, nucleotide
mutations, gene expression level, neuroendocrine differentiation, cyto-
genetics, etc. Due to this heterogeneity, miRNA expressions induced by
therapy can differ between cell lines due to reasons other than ther-
apy sensitivity. Such miRNA expression changes may complicate the
search for miRNA-based therapy markers. Moreover, cell line studies,
unlike xenograft models and human studies, cannot reflect the complex
phenomenon of therapy response including microenvironment-level
mechanisms and adjusted tissues.

Another significant limitation of the studies discussed here is the
high variability in their experimental design and different method-
ological complications. For example, there was an absence of proper
standard normalizers for potential diagnostic miRNAs and different
methodological procedures were used, starting from simple ones such
as the isolation of miRNAs (enrichment by vesicle-associated miRNAs,
efficacy of miRNA extraction, etc.). Both miRNA extraction efficacy and
inter-sample and inter-experimental efficacy of RT-PCR may strongly

interfere with miRNA expression data.

KONOSHENKO ET AL.

A further challenge in miRNA-based markers development is the
specificity of miRNA markers to selected types of oncology and spe-
cific types of therapy. The markers predicting therapy effectiveness
do not have to be specific toward a given cancer type, but it would
be preferable if such markers could predict the effectiveness of dif-
ferent tumor therapies. At the same time, therapy-type specificity
is important. Indeed, miRNAs regulate multiple processes involved
in the cancer development, including therapy resistance and sen-
sitivity mechanisms. Moreover, mechanisms of the development of
resistance partly overlap for different therapy types. Therefore, miR-
NAs involved in the development of resistance to different therapy
types overlap, and the intersections of the genes regulated by these
miRNAs are even more pronounced (Figures 8). Therefore, finding
a single miRNA marker for the prediction of cancer therapy effec-
tiveness is unlikely. A solution to the issue may be provided by a
combination of miRNA markers in a panel which can increase the
specificity, robustness, and reproducibility of a given assessment of
therapy outcome prediction. Another solution is a combination of
miRNA-based markers with markers of a different nature: for exam-
ple, PSA, gene methylation, or mRNA expression level. For example,
a recent study by Tomeva et al.®® showed that a discriminant func-
tion model combined with AR mutation, cell-free DNA methylation,
and a panel of 12 different circulating miRNAs improved the perfor-
mance of single-type markers and could classify several cancer types
with 95.4% accuracy, 97.9% sensitivity, and 80% specificity.®® The fact
that each analyzed type in the study provided distinct information and
increased the value of the model highlights the potential of such multi-
nature-based test panels for diagnosis and, probably, prognosis of
cancer.

2 | CONCLUSION

The vast amount of evidence and the literature and database analy-
sis presented in the present work suggest that miRNAs are prominent
players in the therapy-resistance development and that their expres-
sion can be a predictor of PCa therapy effectiveness and, thus, a useful
tool in selecting effective personalized therapies. A meta-analysis of
the current data revealed a panel of miRNAs that were shown to be
most closely associated with PCa therapy responses and which were
seen to regulate the genes involved in the PCa development. However,
a very scrupulous experimental verification of the selected miRNA
panel (with careful sample preparation and sample and data analy-
sis) is needed. This is especially the case since the number of miRNAs
involved in investigations of their roles in the development of PCa
therapy resistance remains limited and insufficiently studied. Among
main complication faced by miRNA researches are lack of standard-
ized research, including variable doses and protocols, limited number
of studied miRNA and patient sample, duration of surveillance. Due
to above-mentioned standardized research, cohort validation studies
and collaborative efforts to establish a robust miRNA-based prognostic

panels are needed.
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Abstract

The incidence of male infertility (MI) is rising annually. According to epidemiological
studies, environmental pollution (e.g., organic, inorganic, and air pollutants), occupa-
tional exposure (e.g., high temperature, organic solvents, and pesticides), and poor
lifestyle (e.g., diet, sleep, smoking, alcohol consumption, and exercise) are important
non-genetic causative factors of MI. Due to multiple and complex causative factors,
the dose-effect relationship, and the uncertainty of pathogenicity, the pathogene-
sis of Ml is far from fully clarified. Recent data show that the pathogenesis of MI
can be monitored by the metabolites in serum, seminal plasma, urine, testicular tis-
sue, sperm, and other biological samples. It is considered that these metabolites are
closely related to MI phenotypes and can directly reflect the individual pathological
and physiological conditions. Therefore, qualitative and quantitative analysis of the
metabolome, the related metabolic pathways, and the identification of biomarkers will
help to explore the Ml-related metabolic problems and provide valuable insights into
its pathogenic mechanisms. Here, we summarized new findings in Ml metabolomics
biomarkers research and their abnormal metabolic pathways triggered by the pre-
sented non-genetic risk factors, providing a metabolic landscape of semen and seminal
plasma in general Ml patients. Then, we compared the similarities and differences in
semen and seminal plasma biomarkers between Ml patients exposed to environmental
and poor lifestyle factors and Ml patients in general, and summarized some common
biomarkers. We provide a better understanding of the biological underpinnings of Ml
pathogenesis, which might offer novel diagnostic, prognostic, and precise treatment
approaches to Ml.

KEYWORDS
biomarkers, male infertility (MI), metabolic profiling, metabolomics, Ml pathogenesis, non-genetic
factors
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1 | INTRODUCTION

1.1 | Non-genetic factors play an important role in
male infertility but are difficult to treat

Infertility affects about 8%—12% of couples globally, and male fac-
tors are its major cause in approximately 50% of the cases.'3 The
clinical manifestations of male infertility (MI) mainly include oligo-
zoospermia, asthenospermia, teratozoospermia, and azoospermia, as
well as their combinations.* It is estimated that there are many
factors leading to M, both genetic and non-genetic. Currently, high-
throughput sequencing technology enables the screening of patients
with Ml caused by genetic factors for pathogenic mutations and abnor-
malities in their genetic material.>¢ This provides excellent insights
into its pathogenesis. However, the pathogenesis of MI caused by
non-genetic factors has proved challenging. Environmental and occu-
pational exposures, lifestyle factors (such as diet, sleep, smoking,
alcohol, and exercise), obesity, aging, and varicocele are potential non-
genetic risk factors for MI.7-12 The pathogenicity of these non-genetic
factors appears to be more complex than that of genetic factors, and
due to their dose-effect, pathogenicity can vary depending on the
individual.13-1°

Current treatments for clinical Ml due to non-genetic factors mainly
include changing lifestyle, drug treatment (hormone, antioxidant, anti-
infection therapy, etc.), food supplements, surgical treatment, and
assisted reproductive technologies.’¢~18 However, due to a lack of
understanding of its pathogenesis, the success of symptomatic treat-
ment is challenging.1®1%20 The most commonly used semen analysis
and other detection methods in clinical practice cannot clarify Ml aeti-
ology and potential pathogenesis.?! Therefore, there is an urgent need
for new technologies to find disease-related biomarkers and elucidate
MI pathogenesis more efficiently. We consider that it can open a new
path for the precise and targeted clinical treatment of MI.

1.2 | Disturbances in metabolic pathways may
explain the pathogenesis of male infertility

Several hypotheses have been proposed for the pathogenesis of
non-genetic M, including oxidative stress and energy metabolism
imbalance in the testis and seminal plasma, hormone metabolism
disorder and inflammation response in peripheral blood, as well as
epigenetic modifications that can occur in individuals after expo-
sure to harmful factors,®22-27 and the combination of the above
mechanisms. When these processes occur, they are reflected by
changes in the levels of sperm transcriptome, proteome, gut micro-
biome, metabolome, and epigenome.28-31 At present, the application
of functional genomic (“-omic”) technologies and high-throughput anal-
yses, including gut microbiomics, transcriptomics, proteomics, and
metabolomics, are commonly used to screen molecular biomarkers for
many human pathologies.3%3233 Thus, they provide a new perspec-
tive on the underlying mechanisms of the disease’s pathogenesis and
progression. However, metabolomics has better sensitivity, and is both

YANGET AL.

effective and comprehensive.3*3> In contrast to the relatively sim-
ple chemical constitutions of the genome (four nucleotide bases) and
proteome (20 proteogenic amino acids), the metabolome consists of
thousands of different chemical classes and the number of metabolites
is estimated to be around 1 million, while the number of genes and pro-
teins are about 20,000 and 620,000, respectively.>* These metabolites
are closely correlated with genes in which a single deoxyribonucleic
acid (DNA) base change in a given gene can result in a 10,000-fold
change in the levels of endogenous metabolites.3*3¢ In addition, the
metabolome is believed to reflect the molecular profile closest to an
individual’s phenotype and subtle alterations in biological pathways
(occurringinreal time or over the time scale of seconds, minutes, hours,
or even days) can be detected to provide insight into the mechanisms
that underlie various physiological conditions and aberrant processes,
including diseases.”

Metabolomics is usually defined as the study of the overall
qualitative and quantitative composition of metabolites in biolog-
ical systems.?8-44 These metabolites can be endogenous or can
originate from the metabolism of drugs, environmental chemicals,
and microbiota.?”#> The two main analytical platforms used for
metabolomics are nuclear magnetic resonance (NMR) spectroscopy
and mass spectrometry (MS); Table 1 summarizes their advantages
and disadvantages. The data derived from these platforms provide
qualitative and quantitative metabolomic analyses, allowing the iden-
tification of MI biomarkers and the analysis of associated metabolic
pathways, thus describing Ml-related metabolic issues and providing
valuable insights into them. Currently, researchers have elucidated
that the differential metabolites between Ml and matched controls can
be classified as amino acids, fatty acids, acylcarnitines, lipids, purines,
organic acids, and sugars, which are involved in pathways associated
with the metabolism of branched-chain amino acids (BCAAs), tryp-
tophan, lipids, energy, and purines, as well as oxidative stress/redox
homeostasis pathways. 424650

2 | SEARCH METHODS
2.1 | Search strategy

The PubMed database was searched for published articles, using
the keywords: (“male infertility” OR “sperm quality” OR “sperm
parameters”) and (“metabolomics” OR “biomarkers” OR “metabolic
pathways” OR “metabolic fingerprint” OR “metabolic profiling” OR
“nuclear magnetic resonance spectroscopy” OR “mass spectrome-
try”) and (“environmental pollution” OR “phthalate” OR “benzene,
toluene and xylenes” OR “arsenic” OR “copper” OR “cadmium” OR
“air pollutants” OR “PM,5” OR “nanoparticles” OR “SO,” OR “O3”
OR “poor lifestyle” OR “high fat diet” OR “obesity” OR “circadian
rhythm” OR “sleep deprivation” OR “smoking” OR “cigarettes”. In
addition, to provide a metabolic landscape of semen and seminal
plasma in patients with general MI, additional searches were per-
formed in PubMed using the keywords: (“male infertility” OR “oligo-

zoospermia” OR “asthenozoospermia” OR “teratozoospermia” OR
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TABLE 1 The advantages and limitations of NMRS, LC-MS, and GC-MS as analytical tools for metabolomics research, adapted from ref.>152

Sample

Sample preparation
Experiment cost
Experiment time

Metabolite identification

Sensitivity

Reproducibility

NMRS LC-MS GC-MS
Liquid, solid, gas phase, and tissue Nonvolatile, polar compounds Volatile, nonpolar
compounds
Simple Simple More demanding
Cheap Expensive Expensive
A few minutes to hours Slow Slow
Difficult, because of the convoluted spectra Difficult, because of the lack of Accurate
and peak overlap comprehensive spectral libraries
Low but can be improved with higher field Very sensitive Sensitive
magnets, cryo- and microprobes, and
dynamic nuclear polarization.
Very high Difficult Moderate

Sample recovery Nondestructive

sample can be recovered and Destructive to the sample

stored for along time

Target analysis Not relevant for targeted analysis

Libraries
matrix

Tissue samples extraction NO, using HRMAS-NMR

Libraries of limited use due to a complex

Destructive to the sample

Superior for targeted analysis Superior for targeted

analysis

Limited commercial libraries Large commercial and

public libraries

Require extraction Require extraction

Abbreviations: GC-MS, gas chromatography-mass spectrometry; LC-MS, liquid chromatography-mass spectrometry; NMRS, nuclear magnetic resonance
spectroscopy; HRMAS-NMR, high-resolution magic angle spinning-nuclear magnetic resonance.

“oligoasthenoteratozoospermia” OR “azoospermia” OR “unexplained
male infertility” OR “andrology diseases” OR “varicocele” OR “erec-
tile dysfunction” OR “Kallmann syndrome” OR “normosmic con-
genital hypogonadotropic hypogonadism” and (“metabolomics” OR
“biomarkers” OR “metabolic pathways” OR “metabolic fingerprint” OR
“metabolic profiling” OR “nuclear magnetic resonance spectroscopy”

OR “mass spectrometry”) and (“semen” OR “seminal plasma”).

2.2 | Inclusion and exclusion criteria

This narrative review has no time frame or species restrictions. Eli-
gible studies were selected according to the following criteria: (i)
metabolomic changes in sperm, semen, seminal plasma, blood, urine,
and other biological samples of MI patients and animal models after
exposure to environmental and poor lifestyle factors; (ii) metabolomic
changes in semen and seminal plasma of patients with general Ml (not
related to environmental pollution and poor lifestyle); (iii) a case group
of men diagnosed with infertility or decreased sperm quality and a
control group of men without infertility. Outcomes had to contain at
least the identified biomarkers or differential metabolic pathways. The
major exclusion criteria were as follows: (i) duplicate data; (ii) case
series n < 5, letters to the editor, pilot studies, reviews, and com-
ments; (iii) insufficient data reported. The selection was divided into
three phases. First, studies were selected by title and duplications were
removed. Second, abstract screening was performed. Third, the full
texts of articles were screened for eligibility. Suitable articles were then
included.

3 | METABOLOMIC INVESTIGATION OF THE
ROLE OF ENVIRONMENTAL FACTORS IN MALE
INFERTILITY

Recently, there have been increasing reports on the adverse effects
of environmental toxicants (e.g., organic, inorganic, and air pollutants)
on male reproductive health.>®>* For example, in a large, retrospec-
tive, cohort study in southern China, ambient air pollutants (carbon
monoxide [CO], sulfur dioxide [SO,], ozone [O3], particulate matter 2.5
[PM;5], and particulate matter 10 [PM40]) were significantly associ-
ated with reduced sperm counts, especially for the period over 10—14
lag days.”” In addition, the decreased sperm motility was significantly
correlated with 03.°> Moreover, a cross-sectional study in a fertility
center in Italy found that bisphenol A (BPA) and phthalates and their
metabolites in the urine of male volunteers had significant negative
effects on semen parameters (e.g., concentration, motility, and malfor-
mation rates).”® In addition, various heavy metals, such as copper and
cadmium, have been identified as pathogenic agents of Ml due to their
toxic and endocrine-disrupting properties.>’>® However, there are still
unresolved questions and gaps in how these environmental toxicants
affect the male reproductive system.”? The application of metabolite
profiling in Ml can help understand the underlying pathogenesis of
the disease at a molecular level, which serves as a hub linking these
pollutants to MI pathogenesis (details shown in Table 2). In the fol-
lowing sections, we will review primary metabolomics-based findings
in the metabolomes of different sample matrices obtained from Ml
patients in relation to organic pollutants (phthalate esters [PAEs],

benzene, toluene, and xylenes), inorganic pollutants (arsenic, copper,
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and cadmium), and air pollutants (PM, s, nanoparticles, SO,, and O3).

Research of the literature shows that these pollutants adversely affect
the reproductive health of men, and their pathogenic mechanisms
have been increasingly investigated using metabolomics.

3.1 | Organic pollutants and male infertility

Although economic growth, as a result of industrialization, has
improved the health-related quality of life indicators, it has also
led to the augmentation of the release of chemical toxins into the
environment.>® These chemicals (PAEs, benzene, toluene, and xylenes)
were not fully tested for toxicity before commercialization and they
may thus eventually pose a threat to the environment and threaten

human reproductive health.”®

3.1.1 | Urinary phthalate ester metabolites are
associated with the incidence of male infertility

PAEs are widely used in various industrial sectors as plasticizers, sol-
vents, and additives in a number of consumer products, such as vinyl
flooring, wall coverings, food containers, cosmetics, coatings of phar-
maceutical pills, and nutritional supplements to enhance their flexibil-
ity, transparency, and durability.”87? As EDs, PAEs can enter the body
through the skin, inhalation, or oral intake, and can interfere with the
endocrine system of the body which, in turn, affects the male reproduc-
tive function.89 A study of 660 Chinese adults by Wang et al. using non-
targeted liquid chromatography-mass spectrometry (LC-MS) identi-
fied 25 potential biomarkers, mainly including docosahexaenoic acid
(DHA\), docosapentaenoic acid (DPA), oleic acid, 9,10-dihydroxystearic
acid, and carnitine or its derivatives (hexanoylcarnitine, propionyl-
carnitine, L-palmitoylcarnitine, L-acetylcarnitine, and linoelaidyl carni-
tine), that were associated with poor semen quality in human seminal
plasma.t® Using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway metabolic pathway database (www.genome.jp/kegg),
they also found that the increased primary and secondary PAE
metabolites in the urine affected semen quality by inducing metabolic
disorders associated with polyunsaturated fatty acids (PUFAs) and
acylcarnitine in the seminal plasma.© In addition, a study by Liu et al.
using high-performance liquid chromatography-quadrupole time-of-
flight-mass spectrometry (HPLC-QTOF-MS) showed that both the
increased levels of phthalate metabolites in the urine and increased Ml
risk were significantly associated with changes in metabolites such as
uridine, methylxanthine, aspartate, and hydroxyestrone in urine. These
metabolites are mainly involved in energy metabolism, oxidative stress,
and hormone metabolism.!

From the accumulated data, we conclude that elevated levels of
primary and secondary metabolites of PAEs in the urine can affect
semen quality by altering the metabolites in the seminal plasma
and urine. However, the design of these studies was cross-sectional,
which makes it challenging to establish a causal relationship between

the altered metabolites and MI.69¢1 Therefore, further prospective

YANGET AL.

research is needed to verify these potential mechanisms underlying Ml
pathogenesis.

3.1.2 | The metabolites of benzene, toluene, and
xylenes in urine may cause male infertility through
impaired energy and amino acid metabolism in sperm

A multicenter case-referent study conducted in the UK showed that
exposure to organic solvents such as benzene, toluene, and xylene
was associated with M1.81 After the exposure of workers to benzene,
toluene, and xylene, Tielemans et al. performed a metabolic analysis
of their urine using reversed-phase HPLC and gas chromatography
(GC).%2 Interestingly, they confirmed an association between urinary
glycol ethers, hippuric acid (a metabolite of toluene), and methyl hip-
puric acid (a metabolite of xylene) and abnormal semen parameters,
with a stronger association in men with primary infertility.®Z In another
study, Liu et al. collected urine from workers exposed to the same
organic solvents and performed a metabolomic analysis using LC-
TOF-MS. The findings revealed a total of 27 potential biomarkers
that were closely related to combined exposure to benzene, toluene,
and xylene. These biomarkers were significantly enriched in three
pathways, namely, lysine metabolism, amino sugar metabolism, and
nucleotide sugar metabolism.82 Meanwhile, Xiao et al. found that after
exposure to these solvents, the levels of fructose in the semen were
significantly increased, while lactate dehydrogenase C4 (LDH-C4) lev-
els and acrosin activity were significantly reduced. This suggested
that both the sperm energy metabolism and fertilization capacity
were severely affected.®® On the other hand, in the studies discussed
above, 382 the exposure groups were composed of 20 and 24 individu-
als, respectively. Disturbances in these metabolic pathways were not
specific to organic solvent exposure. Thus, more workers need to be
recruited to validate these potential mechanisms.

3.2 | Inorganic pollutants and male infertility

Besides the organic pollutants discussed above, some toxic inorganic
pollutants, due to their non-biodegradable and persistent nature, can
accumulate in the environment over long periods and can, therefore,
interfere with different physiological processes in the body even at
very low concentrations.®384 Exposure to toxic inorganic pollutants
such as arsenic, copper, and cadmium can cause damage to the male
reproductive system, resulting in lower semen quality parameters,

testicular dysfunction, and hormonal imbalances.8>

3.2.1 | Disturbances in urinary, testicular, and
semen metabolites are associated with male infertility
after arsenic exposure

Arsenic, a metalloid, mostly found in groundwater as a byproduct of

soil/rock erosion and industrial and agricultural processes, has been
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identified as a toxicant that affects virtually every organ or tissue
of human body.2¢8” Food and water supplies are the main intake
routes in daily life.8” The reported mechanisms by which arsenic
exposure contributes to the development of Ml are alterations in
the body’s hormone levels, increased oxidative stress, DNA dam-
age, and metabolic disturbances associated with spermatogenesis.8®
Huang et al. performed a UPLC/MS-based metabolomic analysis of
98 human seminal plasma. Data showed that the reduced L-carnitine,
pivaloylcarnitine, hydroxyhexanoycarnitine, and DHA, as well as the
elevated eicosatetraenoate, were associated with an increased risk
of low-sperm-concentration for arsenic exposure.?2 In another large
case-control study, eight biomarkers associated with Ml were found in
the urine of the arsenic exposure group. These metabolic biomarkers
were AFMK, estrone, carnitine, valine, and fatty acid metabolites when
compared to controls by the HPLC-QTOF-MS platform. The authors
further constructed the meet-in-metabolite analysis (MIMA)-related
metabolic network and indicated that arsenic methylation coupled
one-carbon metabolism disruption with oxidation stress, leading to
impaired fatty acid oxidation and steroidogenesis, thus ultimately
inducing M|.64

In a study of arsenic exposure in rats, 40 Sprague-Dawley (SD)
male rats that were randomly distributed into four groups, each group
containing 10 rats.®® Animals from all groups were administered with
deionized water, 1 mg/L, 5 mg/L, and 25 mg/L of sodium arsenite (SA)
via drinking water, respectively. After 6 months of rats’ exposure, sam-
ples from their testicular tissues were collected and a metabolomic
analysis based on the ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS) analytical platform was performed.®® The
obtained results showed that, compared with controls, 8 metabo-
lites, such as L-leucine, trigonelline, L-methionine and L-phenylalanine,
were significantly increased, while another 5, such as cortolone, allo-
pregnanolone, and inosine were significantly decreased. By employ-
ing the MetaboAnalyst 2.0 software (http:/www.metaboanalyst.
ca), the authors further found that these metabolites have mainly
occurred in four metabolic pathways, which were characterized
as important for the aminoacyl-tRNA biosynthesis, phenylalanine,
tyrosine and tryptophan biosynthesis, phenylalanine metabolism,
as well as for the ubiquinone and another terpenoid-quinone
biosynthesis.®®

Taken together, many biomarkers, such as amino acids, cholines,
fatty acids, and cortisol have been identified in the organism after long-
term arsenic exposure. These biomarkers may bring new insights to
elucidate the reduction of sperm quality and quantity in men due to

arsenic exposure.

3.2.2 | Copper and cadmium exposure result in
lower semen quality parameters, testicular
dysfunction, and hormonal imbalances

Copper is a heavy metal that is widespread in the environment and
is known to be toxic to humans on exposure.8? Lin et al. studied the

damage produced by copper exposure on the reproductive system
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by analyzing mouse spermatogonia cell lines with LC-MS/MS.23 The

results showed significant effects on the biosynthesis and metabolism
of amino acids, while the levels of two biomarkers of oxidative stress,
namely, ophthalmic acid and y-glutamyl leucine, were observed to
be significantly increased.?® These results suggested that oxidative
stress and amino acid metabolism disorders play an important role in
the reproductive toxicity induced by copper exposure. Furthermore,
excessive levels of Cu?t in the body can alter the conformation of
the luteinizing hormone receptor (LHR), follicle stimulating hormone
receptor (FSHR), and testosterone receptor, leading to dysfunction of
the hypothalamic-pituitary-gonadal (HPG) axis and ultimately impair-
ing normal spermatogenesis.”?®

Cadmium is another common heavy metal and is considered one
of the major reproductive toxicants in males.”? The biological half-
life of cadmium in the human body is very long (about 20-40
years), and the excretion rate is very low, so that accumulation in
the body for a long time can affect male reproductive function.?1%2
Cadmium-induced reproductive toxicity among males occurs mainly
in two ways: (1) by interfering with the development and function
of Leydig cells to induce disruption of hormone metabolism in the
testis” and (2) by significantly increasing the level of reactive oxy-
gen species (ROS) in the testis, leading to lipid peroxidation (LPO)
of sperm membranes, reduced adenosine triphosphate levels, and
decreasing sperm quality.”*~?¢ In addition, Zhu et al.?® concluded that
all antioxidants partially or completely antagonized the toxic effects
mediated by cadmium, such as L-carnitine,”” vitamin E,”® and vitamin
c99

3.3 | Air pollutants and male infertility

Air pollutants are closely related to human health and usually exist in
the form of solid particles, droplets or gases, mainly including parti-
cles (PM, 5 and nanoparticles), sulfur dioxide (SO,), and ozone (O3).1%°
Based on current metabolomics studies in both clinical populations
diagnosed with Ml and experimental models, researchers found that air
pollutants affect male fertility mainly by inducing oxidative stress and

hormone metabolism disorders. 101102

3.3.1 | Oxidative damage in testes and hormonal
imbalances in serum caused by PM, 5 and
nanoparticles lead to male infertility

There are solid data showing that ambient PM with a diameter of fewer
than 2.5 aerodynamic micrometers, designated as PM, 5 and nanopar-
ticles, is currently considered to be the most important component of
air pollution.193 Indisputable data show the accumulation of these par-
ticles in the reproductive organs via the blood-testis barrier and the
placental barrier, ultimately lead to the development of M1.104105 | jn
vitro experiments, after exposure of the GC-2spd cell line to different
concentrations of PM2.5 (12.5, 25, 50, 100, 200 ug/mL), researchers

observed significant inhibition of proliferation and mitochondrial
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damage and dysfunction in the cells.”® To further investigate the pos-

sible pathogenic mechanism of PM2.5, metabolomics analysis was
conducted to evaluate metabolic changes induced by PM2.5 exposure.
The results showed that the levels of saccharopine, L-histidine, S-
adenosylmethionine, L-asparagine, L-lysine, citrulline, L-methionine, L-
phenylalanine, L-isoleucine, and L-valine were significantly decreased
compared to the control group. In terms of purine metabolism, the con-
centrations of deoxyguanosine triphosphate (dGTP), guanosine, ADP,
deoxyguanosine, deoxyinosine, adenosine, and hypoxanthine were sig-
nificantly reduced by more than 50% compared to the controls. These
possible biomarkers are mainly enriched in pathways associated with
energy production, oxidative stress, and amino acid metabolism.”3
In addition, studies on rats exposed to carbon black nanoparticles
utilized the UHPLCQ-TOF-MS/MS-based non-targeted metabolomic
platform to analyze the metabolic changes of these animals’ blood
serum and found that the detected metabolites, associated with
the biosynthesis of steroid hormones (e.g., estradiol, pregnenolone,
cortexolone, and cortisol), were significantly affected and difficult
to recover.”’” These hormones are essential for spermatogenesis,
growth, development, and maturation. Based on mouse models, some
toxicological experiments also found that exposure to PM, 5 signifi-
cantly reduced the antioxidant capacity of reproductive organs and
markedly increased the concentration of ROS and the expression of
the enzyme superoxide dismutase (SOD) in murine testes.106-108 On
the other hand, 8-hydroxy-2’-deoxyguanosine (8-Oh-dG) is a sensi-
tive marker of DNA damage and is widely used as such of oxidative
damage.19510% Zhang et al. observed that the content of 8-Oh-dG
was increased in rats’ testes after exposure to PM,s (0, 1.8, 5.4,
and 16.2 mg/kg.bw.) through intratracheal instillation for 30 days,
compared with this of the control group. The result of it was that
the sperm quantity and quality of these rats were decreased.!’?
These results suggested that exposure to PM, 5 could induce tes-
ticular oxidative stress, which then caused oxidative damage to

sperm.

3.3.2 | Exposure to SO,, and O3 lead to oxidative
stress during spermatogenesis

Studies on the damage mechanism of SO,, O3 and other gas pollu-
tants to the male reproductive system mostly focused on oxidative
stress.'11112 Zhang et al. pointed out that SO, caused oxidative dam-
age to human sperm in the early stage of the sperm development,
while increased levels of malondialdehyde (MDA), a marker of oxida-
tive damage, were detected in human seminal plasma.''! In mouse
experiments, LPO and changes in antioxidative status in testis were
also observed after exposure to SO, 113114 Extrapulmonary toxic-
ity studies have shown that O3 or O3 products could penetrate the
blood-gas barrier and were absorbed by circulating blood,!'° thus
inducing oxidative stress that damages the function of the male repro-
ductive system and the integrity of DNA within the sperm through this

pathway.116

YANGET AL.

4 | METABOLOMICS STUDY OF THE EFFECT OF
LIFESTYLE ON MALE INFERTILITY

4.1 | A high-fat diet or poor nutrition can lead to
disruption of the metabolome in the reproductive
system

Nowadays, people gradually realize the importance of “light-fat” and
“low-carbon” diet. The food uptake and energy balance play an impor-
tant role in the maintenance of normal male fertility.!'” 1H-NMR
metabolomic profiling of mice that were given a high-fat diet (HFD)
found that the testicular metabolome was enriched in AMP, glu-
tamine (GIn), and glutathione (GSH), whereas acetate content was
strikingly decreased.!'® These biomarkers affect spermatogenesis
through various metabolic pathways, which include cAMP-activated
signaling pathways (AMPK), GIn accumulation that leads to energy
metabolism impairment in the Sertoli cells (SCs), and elevation in
glutathione levels misbalancing the redox responses.’!® In a study
conducted by Palmer and colleagues, mice had been given an HFD
for 10 weeks. The mice were further divided into four groups, each
receiving one of the following interventions for 8 weeks: (1) contin-
uation of HFD, (2) change to a low-fat diet (LFD), (3) continuation of
HFD with exercise, (4) change to LFD with exercise.!'? The results
showed that diet alone reduced adiposity (1.6-fold) and serum choles-
terol levels (1.7-fold, P < 0.05), while exercise alone did not change
them. Interestingly, the diet and/or exercise improved sperm quantity
and quality, and reduced ROS and mitochondrial membrane poten-
tial, while the exercise combined with an LFD also improved glucose
tolerance.'?

When energy intake is inadequate, male fertility is also affected.’20
After the Wistar rats were fed for 28 days with 30% less of the
standard chow diet than the control group, the researchers collected
their plasma and testes.!?! The results, acquired by nuclear mag-
netic resonance spectroscopy (NMRS), showed that testicular tissue
metabolism was severely affected. It was mainly manifested as: (1)
the levels of glutamate (Glu), proline (Pro), alanine (Ala), aspartic acid
(Asp), and BCAAs were significantly decreased, (2) the concentra-
tions of carbonyl and NT-substituted proteins, markers of oxidative
damage, were significantly reduced, followed by an increase in the
transcript levels of NRF1 in testicular tissue, suggesting a decrease in
oxidative damage in the testis. Moreover, in rat plasma, the hormonal
profile was found to be out of balance, seen particularly in higher lev-
els of ghrelin and glucagon-like peptide-1 (GLP-1), and lower levels
of leptin. Disruptions in these metabolic pathways can affect sper-
matogenesis and reduce sperm quality, which in turn can affect male
fertility.12?

In another study, where mice (Fg) were fed with HFD, the sperm
parameters were significantly affected in their offspring like sons
(F4) and/or grandsons (F,), compared to these the descendants of
the chow-fed mice. Meanwhile, the metabolomics analysis of testicu-
lar tissue via NMRS revealed increased levels of glycine, leucine and

acetate and decreased levels of inosine and GIn in the F;. The sperm
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parameters and testicular metabolites were correlated by using the
Pearson correlation method, and the correlation matrixes for each
generation were obtained independently.?” In addition, even when F
was given transient HFD, the results showed changes in the testicular
metabolism and the sperm parameters in their offspring.2” These data
demonstrated that there were paternally-mediated intergenerational
and transgenerational effects on the testicular metabolome and sperm
quality caused by an HFD.

4.2 | Circadian rhythm disturbances and sleep
deprivation lead to increased oxidation levels,
suppressed sex hormone production, and abnormal
testicular function and spermatogenesis

Sleep is also an important influencing factor in MI, including cir-
cadian rhythm disturbances and sleep deprivation (SD).122123 Shift
workers are reportedly more likely to have diabetes mellitus, dyslipi-
demia, hypertension, gastrointestinal disturbances, and reproductive
dysfunction according to published findings.12* Ortiz et al. stud-
ied 20 rotating shift workers and found that elevated levels of 5-
hydroxyindoleacetic acid (5-HIIA), a metabolite of serotonin, in the
urine were associated with an increased risk of infertility in these
workers.12> Serotonin, a neurotransmitter and its receptors have been
reported to be localized in the Leydig cells and to have an inhibitory
effect on the synthesis and release of testosterone.12¢ This suggests
that the increased risk of infertility in shift workers may be medi-
ated by neuroendocrine imbalances. Melatonin, as a neurohormone, is
one of the final products of serotonin’s catabolism and plays a regula-
tory role in the male’s reproductive system. When circadian rhythms
are disturbed, the synthesis and secretion of melatonin in humans
are affected.'?® Melatonin is an antioxidant substance and influences
the synthesis and release of hypothalamic GnRH and thus pituitary
LH and FSH and eventually testicular function.'?” Therefore, low fer-
tility in shift workers may also be due to disruption of melatonin
metabolism.123

In a SD mouse model, researchers found significant changes in
the hormone metabolic pattern of these mice. The obtained results
showed significantly higher serum levels of cortisol, corticosterone,
and significantly lower levels of testosterone.}?812? The authors
further suggested that the increased corticosteroids reduced the
testosterone levels by causing inhibition of the HPG axis and activa-
tion of the hypothalamus-pituitary-adrenal (HPA) axis. Meanwhile,
SD male rats showed higher serum and testicular tissue levels of
ROS and MDA, while the serum total antioxidant capacity (TAC)
and testicular tissue GSH levels were lower compared to the con-
trol group, assuming that the redox processes in the testis were
imbalanced.1?8 Moreover, SD altered the nitric oxide (NO) path-
way in mice testes, leading to an increase in NO levels.130 NO
could inhibit DNA replication and induce LPO, ultimately result-
ing in apoptosis of Sertoli and germ cells in the testis as well as

spermatogenesis.

ANDROLOGY
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4.3 | Smoking—a long-term concern

The impact of smoking on male reproductive health is a long-term
concern.’31 Compared to nonsmokers, the sperm metabolomic pro-
filing of regular smokers by LS-MS/MS revealed activation of nitric
oxide synthase (a marker of oxidative stress), reduced mitochondrial
uptake of fatty acids, leading to inadequate energy supply and dis-
turbed metabolism of phenylalanine and tryptophan indicating altered
biosynthesis of tetrahydrobiopterin.’32 Ascorbic acid is an important
antioxidant that protects the body from oxidative damage. Dawson
et al. have revealed that in male heavy-smokers there was a 20%-40%
reduction in serum ascorbic acid levels, but when the ascorbic acid was
given as a supplement then the authors observed improvement in the
participants’ sperm quality.133 It is proposed that these disturbances
may be mediated by mitochondrial dysfunction, which is mainly mani-
fested as a decrease in the expression of Ca (2+)-ATPase and creatine
kinase in sperm.134.135

Notably, the effects of smoking on steroid hormone levels
remain controversial.13¢ In some large retrospective case-control
studies, researchers discovered a significant positive association
between serum total testosterone (TT), free testosterone (FT), and
smoking.137:138 Conversely, in other studies, authors stated opposing

139 which were supported by the fact that the accumulated data

140

views,

showed no effect of smoking on the total levels of testosterone.

5 | A METABOLIC LANDSCAPE OF SEMEN AND
SEMINAL PLASMA IN MALE INFERTILITY PATIENTS

The semen and seminal plasma not only provide nutritional support
for spermatozoa but also modulate the process of sperm matura-
tion. Therefore, as a potential source of biomarkers, they have a more
complex molecular composition than blood and urine. Table 3 summa-
rizes the findings of metabolomic studies of the semen and seminal
plasma of patients with general Ml (not related to environmental pol-
lution and poor lifestyle). We observed 31 common biomarkers in
the semen and seminal plasma of patients with oligoasthenospermia,
asthenozoospermia, teratozoospermia, unexplained Ml, azoospermia,
normosmic congenital hypogonadotropic hypogonadism, and varico-
cele. The metabolic roles of these biomarkers vary according to the
disease, and detailed information on them is summarized in Table 4.
Then, we compared the similarities and differences in these semen
and seminal plasma biomarkers between MI patients who had been
exposed to environmental and poor lifestyles factors and those with
general Ml (Tables 2 and 5 vs. Table 3). The results showed that a
number of biomarkers were common to the two groups, including ele-
vated levels of GIn, glycine, and valine and decreased levels of carnitine
and its metabolites (acylcarnitines, L-acetylcarnitine, pivaloylcarni-
tine, and hydroxyhexanoycarnitine), unsaturated fatty acids (DHA and
oleic acid), fructose, citric acid, succinic acid, valine, glycine, serine,
leucine, isoleucine, phenylalanine, alanine, threonine, proline, glutamic
acid, lysine, tyrosine, tryptophan, spermidine, and spermine. These
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TABLE 4 Biomarkers common to both the semen and seminal plasma in infertile male patients.

Biomarkers OA AS TZ
Myo-inositol l T
Glutamate 1 )

Methionine 1 l T
Choline 1 1 1
Phosphocholine and phosphatidylcholines l )

Tryptophan l l Torl
Proline 1 1
Alanine and phenylalanine | l T
Lactic acid 1 1
Citrate 1

Cholesterol T 1
Glutamine T T
Cysteine ) lort
Histidine 1 T
Taurine 1 l
Valine Torl Torl
Uridine 1

Succinic acid ! 1
Citric acid 1 T
Tyrosine l T
Leucine and isoleucine T
Lysine T
Threonine 1
Glutamine T T
Cysteine T Tor|
Fructose 1 U
Acylcarnitines/carnitine/ | |
L-palmitoylcarnitine

Guanidoacetate !

Glycine Tor|
Glutamic l

Serine

AZ UMI ncHH VvC Reference

141,150
142,145
142,144,151
141,145,150
142,145,160
160,161

142,150,151,156,160

—
— = o«

142,144,145,150,156,160,161
144,150
1 145,152,157
145,150
i 1 145,150-152
145,151
145,151
145,149,150
145,146,148 150-152,156,157,160
1 149,157
144,151
144,150
145,150,152,157,160,161
150,156,157,160
148,150-152

150,156,160
1

- —

1 145,150-152,156,157
145,151,152
1 1 141,148

142,143,149

1 148
1 1 151,152,156,160
1 147,150,156

1 1 156,160

Abbreviations: AS, asthenozoospermia; AZ, azoospermia; ncHH, normosmic congenital hypogonadotropic hypogonadism; OA, oligoasthenospermia; TZ,

teratozoospermia; UMI, unexplained male infertility; VC, varicocele.

biomarkers were mainly enriched in pathways associated with energy
metabolism, oxidative stress, carnitine metabolism, fat metabolism,
and amino acid metabolism. Therefore, these biomarkers may serve
as a hub-linking environmental and poor lifestyle factors to MI, which
will provide new insights into the pathogenesis of MI caused by

non-genetic factors.

5.1 | Future perspectives

By providing an overall “fingerprint” of metabolite alterations in mul-
tiple biofluids and tissues, metabolomics provides a significant oppor-

tunity for further understanding the pathogenesis of MI. However,
the application of metabolomics in Ml is still in its infancy. First, the
levels of metabolites are prone to fluctuations due to changes in the
organism’s environment. Altered metabolites can cause disease, and
disease can also alter metabolites. Therefore, metabolites detected at
incorrect time points cannot accurately reflect the true pathogenesis
of MI. Second, there are significant differences in genotype, medical
history, disease process, and lifestyle habits among individuals, which
affect the metabolomes of the subjects and mask the metabolic effects
of the disease and, therefore, need special attention. Third, differ-
ent study designs can produce differing results, due to variations in
sample preparation, the analytical techniques used, and the methods
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Studies identified through PubMed
database searching (n=759)

phthalate (n=79); benzene, toluene and xylenes
(n=14); arsenic (n=39); copper (n=35); cadmium
(n=64); PM2.5 (n=8); SO2 (n=6); nanoparticles
(n=66); high fat diet (n=62); circadian rhythm (n=14);
sleep deprivation (n=8); smoking (n=145);
oligozoospermia (n=56); asthenozoospermia (n=66);
teratozoospermia (n=16); azoospermia (n=47);
unexplained male infertility (n=14); varicocele

(n=16); Kallmann syndrome (n=4)

Articles excluded based on

title (n=455), with reason

A4

* duplicates
« off topic

Studies for abstract review after
exclusion based on title (n=304)

Articles excluded based on
abstract (n=191), with reason
* population

\4

* publication type
« study design
* outcome

Articles excluded based on
_| full text (n=4), with reason

"I+ nofull text

includes 109 studies

This narrative review finally

* method

A4
Studies for full text review after
exclusion based on abstract (n=113)

FIGURE 1 Search and screening process for the application of metabolomics in both general male infertility and infertility caused by

non-genetic factors.

used for data analysis. Fourth, the public and commercial databases
of metabolites are still limited and incomplete, and very few biomark-
ers associated with MI have been identified. Finally, the identification
of unknown metabolites and the analysis of related pathways are
major challenges, and there are yet un-annotated metabolites without
identification available on databases such as The Human Metabolome
Database (HMDB).

In response to the known unresolved issues and gaps in the applica-
tion of metabolomics in MI, several aspects that future research in this
area should focus on are presented in Figures 1 and 2. Specifically, they
are: (1) to understand the critical development window of a disease of
concern or adverse health outcome.’” The critical window can repre-
sent the important stages in the development of one disease or other
health outcomes. In contrast with the lifelong concept, metabolomics
can be applied to studies of causal events occurring during relatively
short periods or its critical window. The metabolomic profile preced-
ing the disease is more likely to be the cause of the disease rather
than the result; (2) the potential biomarkers and metabolic pathways
revealed by current metabolomics studies in Ml need to be validated in
independent large-scale populations. Prospective longitudinal studies
should also be conducted to understand the causality of metabolites
as most of the present studies are cross-sectional and it is difficult
to determine whether the observed metabolic changes are related

to etiological mechanisms or the downstream effects of metabolomic

derangements in Ml patients; (3) MI has a multifactorial pathology
and can be affected by two or more factors together, such as obesity
that exacerbates spermatogenic damage by BPA78 and the combined
effects of polychlorinated biphenyls and PAEs on sperm viability.1”?
Thus, by assessing the combined effects of multiple factors, the patho-
genesis of MI can be more fully elucidated; (4) study designs should
be comprehensively optimized to ensure the quality and accuracy of
the data obtained, including subject and sample collection, sample size,
sample processing and storage conditions, preparation, and data analy-
sis; (5) metabolomics is a powerful tool to fingerprint metabolic profiles
in multiple matrices, and the combination of metabolomics with other
techniques, such as proteomics, transcriptomics, and analysis of the
microbiota may lead to greater insight and better characterization of
disease. Consequently, we expect that metabolomics and its integra-
tion with other omics approaches will be increasingly applied to the
study of Ml in the coming years. This will increase the understanding

of its pathogenesis and provide individualized treatments.

6 | CONCLUSIONS

Metabolomics offers valuable information on Ml-related physiological
processes, molecular interactions, and metabolic pathways. Through

the metabolomic profiling of Ml caused by these non-genetic risk
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Future applications of metabolomics to the study of male infertility (MI) should pay attention to these aspects. Metabolomics

fingerprints provide valuable information on Ml-related physiological processes, molecular interactions, and metabolic pathways, which might
offer novel diagnostic, prognostic, and precise treatment approaches to this anxiety-inducing disease. To achieve this goal, consideration should be
given to the design of standardized experiments, together with the prioritization of exposure studies, biomarker databases, analytical platforms,
statistical analysis, computational toxicity, experimental validation, and policy evaluation.

factors and fertile controls, various biomarkers have been separated
and identified. These biomarkers include mainly amino acids, lipids,
fatty acids, acylcarnitines, purines, organic acids, sugars, and other
compounds. They were often enriched in metabolic pathways such as
oxidative stress, energy metabolism, hormone metabolism, amino acid
metabolism, and lipid metabolism, among which oxidative stress was

the most common in Ml.
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Abstract

Background and objectives: Vasovasostomy is a cost-effective procedure for the
reversal of vasectomy. A water-tight adequately blood-supplied mucosal anastomosis
is required for better outcomes. This review aimed to compare the outcome of vaso-
vasostomy performed by three different techniques: macroscopic, pure microsurgical,
and robot-assisted microsurgical techniques.

Methods: Scopus, Web of Science, PubMed, Embase, and Cochrane library databases
were searched for relevant studies from January 1901 to June 2023. We conducted
our quantitative syntheses using the inverse variance method in OpenMeta software.
The study’s protocol was registered on PROSPERO.

Results: This review involved 95 studies of different designs, with a total sample size
of 48,132. The majority of operations were performed bilaterally, and participants
were monitored for up to 10 years. The pooled patency rate was the highest following
robot-assisted vasovasostomy (94.4%), followed by pure microsurgical vasovasos-
tomy (87.5%), and macroscopic vasovasostomy (83.7%). The pooled pregnancy rate
following purely microsurgical vasovasostomy was higher than that of macroscopic
vasovasostomy (47.4 vs. 43.7%). Definitive pregnancy rates in robotic vasovasostomy
are yet to be determined.

Conclusion: Patency outcomes for vasovasostomy were best with robot-assisted
microsurgical technique, followed by pure microsurgical technique, and conventional
macroscopic technique. Further investigations of robot-assisted microsurgical vaso-
vasostomy outcomes and randomized control trials are required to support this
evidence.
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macroscopic, meta-analysis, microsurgical, robot, systematic review, vasovasostomy
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1 | INTRODUCTION

Vasectomy is a commonly used contraceptive method for males that
involves a combination of cutting, tying, and/or sealing the vas def-
erens to interfere with the passage of spermatozoa from the testes
to the urethra.%2 About 6—8% of couples around the globe favor
vasectomy for contraception (42-60 million men annually).® How-
ever, within 10 years, about 6—10% of those men seek a vasectomy
reversal for various reasons.* Motives can be broadly summarized as
desiring paternity (fertility reasons) and pain (non-fertility reasons).
Men may reconsider natural paternity due to events like child/spouse
death, divorce, remarriage, or evolving beliefs.>> Other men undergo
vasectomy reversal due to experiencing symptoms of vasitis or post-
vasectomy pain syndrome (PVPS).3¢ Around 5% of men experience
PVPS, and quality of life is negatively impacted in 1—2%.”-? This pain
might be attributed to direct nerve injury during the procedure, per-
ineural fibrosis, or increased pressure within the vas deferens and
epididymis.1©

Two surgical operations were introduced 100 years ago to reverse
vasectomy, namely vasovasostomy and vasoepididymostomy.l!
These operations are not only effective for reversing vasectomy
but also for improving fertility in men suffering from obstructive
azoospermia.>12-14 Currently, vasovasostomy is the most cost-
effective method for reversing vasectomy.!” It is performed through
a conventional macroscopic approach, using a purely microsurgical
technique, or through a robotic-assisted microsurgical technique.1®
During vasovasostomy, the tied section of the vas deferens is typically
excised and the two segments are anastomosed. The procedural goal in
vasovasostomy is to attain a water-tight, tension-free, and sufficiently
blood-supplied mucosal anastomosis between the two segments of vas
deference.

The conventional macroscopic approach was used for vasovasos-
tomy before the introduction of the microsurgical technique and
continues to be performed in some centers today. Urologists with-
out microsurgical experience or access to costly surgical microscopes
and skilled assistants operate using the macroscopic approach. The
1970s introduction of the surgical microscope enhanced visualiza-
tion and precision for intricate procedures. Using a pure microsurgical
technique for vasovasostomy became the standard approach.!” This
approach requires dedicated training and a competent microsurgical
assistant. A drawback of the microsurgical approach is the amplify-
ing of the surgeon’s physiologic tremor, making precise micro suturing
challenging despite improved visibility. The introduction of the robotic
arm has since improved the practice of microsurgical operation. The
robotic arm filters the operator’s physiological tremors and diminishes
the need for a skilled microsurgical assistant. In 2003, Schoor et al.
demonstrated the feasibility of applying robotic technology to male
reproductive microsurgery, finding that robot assistance facilitated
accurate and comfortable operations for experienced and inexperi-
enced microsurgeons alike.!81? |n addition, surgeons require shorter
training periods to gain adequate experience with robotic-assisted

devices when compared with microsurgical training.2°
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The efficacy of vasovasostomy performed through a conventional
macroscopic approach, a purely microsurgical technique, and a robot-
assisted microsurgical technique has been reported in several studies.
This systematic review aims to pool the most recent evidence on the
efficacy of each vasovasostomy approach in terms of patency and preg-
nancy rates. Moreover, this review aims to summarize the evidence on

factors predicting the outcome of vasovasostomy.

2 | METHODS

This systematic review and meta-analysis was conducted according
to the guidance of Cochrane’s handbook for systematic reviews of
intervention.?! The manuscript is reported following the Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA)
guidelines.?? The protocol of this meta-analysis was published online
at the PROSPERO International Prospective Register of Systematic
Reviews under registration number (CRD42022455797).

2.1 | Literature search

Two authors independently conducted a systematic search on
PubMed, Scopus, Cochrane CENTRAL, Web of Science, and EMBASE.
The search strategy consisted of the following: (“vasovasostomy” or
“vasectomy reversal” or “vasal reanastomosis” or “vasal reconnection”
or “reversal of vasectomy”) from January 1901 to June 2023. Nofilters
or time limits were applied to the search. Thereafter, a manual search
was conducted through the reference lists of the eligible studies and

previous review articles.

2.2 | Studies selection and eligibility criteria

The retrieved search results were imported to Endnote V20™ and con-
currently, the duplicated results were deleted. The screening was con-
ducted independently by two authors through the titles and abstracts
of the studies for initial eligibility. Thereafter, the full texts of the
initially judged eligible studies were screened for final judgment.

The inclusion criteria consisted of randomized controlled trials
(RCTs), observational studies, and case series with the inclusion
of any age of participants. Only primary studies that investigated
the efficacy of vasovasostomy through a macroscopic approach, a
purely microsurgical technique, or a robot-assisted microsurgical
technique were eligible. The exclusion criteria were studies that
were case reports, available only as abstracts, and in non-English
languages.

Vasovasostomy is conducted with the naked eye in the traditional
macroscopic method. In the microsurgical technique, a surgical micro-
scope with multiple magnification levels is utilized. The robot-assisted
microsurgical method, as defined in several studies, integrates both a

surgical microscope and robotic arms to enhance surgical precision.
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These studies have consistently provided similar definitions of the

robot-assisted microsurgical technique.

2.3 | Quality assessment

The quality of the included cohort, case-control, and case series stud-
ies was evaluated using the National Institutes of Health (NIH) tool.23

The quality of RCTs quality was assessed using Cochrane’s tool.2

2.4 | Data extraction and study outcomes

Summary data and baseline characteristics of the included subjects
were extracted from the included studies. Data on each study design,
sample size, operation type, magnification strength, follow-up dura-
tion, and conclusion were extracted. In addition, a description of
whether the operation was conducted unilaterally or bilaterally was
summarized.

The primary study outcomes were patency, pregnancy, and
complication rates. The definition of patency varied across the
involved studies. Some papers defined patency as sperm pres-
ence in the semen, while others required a count of up to >20
million for definition. Moreover, some studies included criteria on
sperm motility and morphological appearance in the definition of
potency.

The definition of pregnancy post-procedure differed, while most
papers defined pregnancy as spontaneous or artificial conception at a
follow-up of 1 year. Others ranged based on length of study follow-up,
some up to 10 years.

Nevertheless, most of the complications that were recorded were

hematoma or wound infections.

2.5 | Data synthesis

We conducted meta-analyses in the inverse variance method using
OpenMeta software. Proportions were pooled and the 95% confi-
dence interval (Cl) was calculated. Three subgroups were included in
each analysis: conventional macroscopic approach, purely microsurgi-
cal technique, and robot-assisted microsurgery technique. Results of
the chi-squared test p value and the I-squared (I2) test were explored
for statistically significant heterogeneity. An I2 value of >50 and a
chi-squared p value of < 0.01 were defined as high heterogeneity.

Meta-analysis was performed using a random effect model.2*

3 | RESULTS
3.1 | Literature search

A total of 5069 studies were retrieved from the databases search,

of which, 1279 studies were duplicated. We screened the titles and
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abstracts of 4240 studies and accordingly, 4119 studies were judged
not eligible. Afterward, the full texts of 121 studies were carefully
assessed for eligibility. Ultimately, 95 studies were included in this
review. Eighty studies were included in the quantitative analyses,2>~104
whereas 15 studies were only included in the quantitative synthesis
(Figure 1).10>-119

3.2 | Description of the included studies

This review included 95 studies with a total sample size of 48,132
participants; five RCTs, 84 cohort studies, one case-control study,
and five case series were included. The three surgical techniques
were assessed for efficacy; 25 papers assessed the conventional
macroscopic technique, 68 papers assessed the pure microsurgical
technique, and seven studies assessed the robot-assisted microsur-
gical technique. The majority of the operations were performed
bilaterally, and participants were monitored for up to 10 years post-
operatively. Further description of the included studies is available in
Table 1.

3.3 | Quality assessment

The included RCTs had a low risk of attrition and reporting bias.
Generally, the risk of selection bias was moderate whereas the risk
of performance and detection bias was moderate to high among
the included trials (Figures S1 and S2). The quality of cohort stud-
ies was variable. Ten studies were of good quality, 57 studies
were of fair quality, and 17 studies were of poor quality (Table
S1). The included case-control study was of good quality (Table
S2). One case series study had good quality, whereas two case
series studies had fair quality and one other study had poor quality
(Table S3).

3.4 | Study outcomes
3.4.1 | Patency rate

Macroscopic vasovasostomyht

Nineteen studies reported a patency rate following macroscopic vaso-
vasostomy, with 1549 subjects involved. The patency rate ranged from
65.21t0 91.6% in the included studies. Pooled patency rate after macro-
scopic vasovasostomy was 83.7% (95% Cl:[81.1%, 86.4%], (1288 out of
1549), (12 = 42.7%, p = 0.026)) (Figure 2).

Microsurgical vasovasostomy

Fifty-six studies reported a patency rate following microscopic vaso-
vasostomy, with 11,487 subjects involved. The patency rate fluctuated
from 60.5 to 99.5% across the included studies. The pooled patency
rate was 87.5% (95% Cl: [85.6%, 89.4%], (10,314 out of 11,487),
(12 = 94.5%, p < 0.001)) (Figure 2).
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SETHETAL.
[ Identification of studies via databases and registers ]
- Records identified from:
o - PubMed (n = 1057)
§ - Scopus (n = 1319)
= - Cochrane (n = 25) ———> | Duplicate records removed (n = 1279)
t - Web of science (n = 1133)
ﬁ - Embase (n= 1535)
\ 4

Records screened (n = 4240) — | Records excluded (n = 4119)
(=]
[
=
[
o
& v Reports excluded:

o - Not our PICO (n=18)
Reports assessed for eligibility - - Not our study design (n = 2)
(n=121) - Not English (n = 3)
- Only abstract (n = 2)
A4
3 - Finally included studies for
] Systematic review (n = 95)
o - Finally included studies for
= Meta-analysis (n = 80)
FIGURE 1 Prisma flow diagram.

Robot-assisted microsurgical vasovasostomy

The patency rate following this operation was reported in seven stud-
ies, with 397 subjects involved. The rate of patency ranged from 88.1
to 97.6% in the included studies. The patency rate following robot-
assisted microsurgical vasovasostomy was homogenously pooled as
94.4% (95% Cl: [92.1%, 96.6%], (371 out of 397), (12 = 0%, p = 0.508))
(Figure 2).

3.4.2 | Pregnancy rate

Macroscopic vasovasostomy

Nineteen studies reported a pregnancy rate following macroscopic
vasovasostomy, with 1530 subjects involved. Through the involved
studies, the pregnancy rate ranged from 24.5 to 70.0%. Pooled
pregnancy rate after macroscopic vasovasostomy was 43.7% (95%
Cl: [38.3%, 49.2%], (631 out of 1530), (2 = 76.1%, p < 0.001))
(Figure 3).

Microsurgical vasovasostomy

Forty-five studies reported this outcome, with 9285 subjects involved.
The pregnancy rate following microsurgical vasovasostomy ranged
from 14.3 to 91.0% through the included studies. The pregnancy rate
was heterogeneously pooled as 47.4% (95% Cl: [39.0%, 55.7%], (5348
out of 9285), (12 = 98.8%, p < 0.001)) (Figure 3).

Robot-assisted microsurgical vasovasostomy

One study reported the pregnancy rate after vasovasostomy through
this technique, with a sample size of 13. Pregnancy rate was 15.3% (two
out of 13) (Figure 3).

3.4.3 | Complications rate
Macroscopic vasovasostomy

Seven studies reported a complications rate following macroscopic

vasovasostomy, with 204 subjects involved. Through the involved
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FIGURE 2 Forest plot of patency rate.
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SETHETAL.
Studies Estimate (95% C.I.) Ev/Trt
Aldridge 0.408 (0.271, 0.546) 20/49
Belkerv 0.520 (0.485, 0.554) 421/810
Busato 0.471 (0.233, 0.708) 8/17
Dohle 0.419 (0.354, 0.485) 91/217
Fox 0.348 (0.249, 0.447) 31/89
Fuse 0.143 (-0.116, 0.402) 1/7
Hsieh (Microscopic) 0.429 (0.265, 0.593) 15/35
Huang 0.406 (0.236, 0.576) 13/32
Jee (Microscopic) 0.400 (0.208, 0.592) 10/25
Lee (Microscopic) (1) 0.538 (0.347, 0.730) 14/26
Lee (Microscopic) 0.509 (0.455, 0.564) 165/324
Owen 0.800 (0.764, 0.836) 380/475
Safarinejad (Microscopic) 0.259 (0.178, 0.340) 29/112
Sharlip 0.706 (0.489, 0.922) 12/17
Silber 0.910 (0.897, 0.924) 1579/1735
Singh (Microscopic) 0.769 (0.607, 0.931) 20/26
Willscher 0.500 (0.217, 0.783) 6/12
Wright 0.571 (0.433, 0.710) 28/49
Bash 0.308 (0.057, 0.559) 4/13
Bolduc 0.529 (0.479, 0.580) 198/374
Boorjian 0.830 (0.772, 0.889) 132/159
Fallon (1) 0.400 (0.238, 0.562) 14/35
Gilbert 0.167 (-0.044, 0.378) 2/12
Goldstein 0.541 (0.471, 0.611) 105/194
Heidenreich 0.522 (0.444, 0.600) 82/157
Hertz 0.203 (0.169, 0.238) 107/526
Ho 0.214 (0.090, 0.338) 9/42
Jenkins 0.647 (0.420, 0.874) 11/17
Kolettis 0.371 (0.251, 0.491) 23/62
Kolettis (2) 0.350 (0.141, 0.559) 7/20
Lee (2) 0.294 (0.078, 0.511) 5/17
Majzoub 0.496 (0.413, 0.580) 69/139
Nalesnik 0.447 (0.289, 0.605) 17/38
Ostrowski 0.651 (0.620, 0.683) 575/883
Pai 0.167 (0.033, 0.300) 5/30
Paul 0.229 (0.089, 0.368) 8/35
Pendas 0.515 (0.396, 0.633) 35/68
Ramasamy 0.308 (0.283, 0.333) 410/1331
Royle 0.529 (0.433, 0.625) 55/104
Sandlow 0.484 (0.308, 0.660) 15/31
Schwarzer 0.589 (0.548, 0.630) 321/545
Shiraishi 0.333  (0.132, 0.535) 7/21
Silber (1) 0.880 (0.840, 0.920) 227/258
Thomas 0.500 (0.291, 0.709) 11/22
Yahyazadeh 0.537 (0.437, 0.637) 51/95
Subgroup Microscopic (1*2=98.8 % , P=0.000) 0.474 (0.390, 0.557) 5348/9285
Choo 0.435 (0.318, 0.552) 30/69
Fallon 0.571 (0.388, 0.755) 16/28
Gopi 0.543 (0.426, 0.660) 38/70
Griffiths 0.267 (0.043, 0.490) 4/15
Hsieh (Macroscopic) 0.393 (0.212, 0.574) 11/28
Jee (Macroscopic) 0.280 (0.104, 0.456) 7/25
Jeon 0.671 (0.569, 0.772) 55/82
Jokelainen 0.560 (0.365, 0.755) 14/25
kabalin 0.360 (0.271, 0.450) 40/111
Kessler 0.451 (0.335, 0.566) 32/71
Lee (Macroscopic) (1) 0.463 (0.311, 0.616) 19/41
Lee (Macroscopic) 0.350 (0.296, 0.404) 105/300
Mason 0.410 (0.256, 0.565) 16/39
Middleton 0.493 (0.378, 0.608) 36/73
Safarinejad (Macroscopic) 0.245 (0.158, 0.332) 23/94
Shessel 0.700 (0.416, 0.984) 7/10
Singh (Macroscopic) 0.417 (0.219, 0.614) 10/24
Urquhart-hay 0.504 (0.416, 0.592) 63/125
Lee 0.350 (0.296, 0.404) 105/300
Subgroup Macroscopic (1A2=76.1 % , P=0.000) 0.437 (0.383, 0.492) 631/1530
Santomauro 0.077 (-0.068, 0.222) 1/13
Subgroup Robot-assisted (I1"2=NA , P=NA) 0.077 (-0.068, 0.222) 1/13
Overall (142=98.46 % , P=0.000) 0.459 (0.390, 0.527) 5980/10828
FIGURE 3 Forest plot of pregnancy rate.
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762 ANDROLOGY &= SETHET AL
Wl LEY e
Studies Estimate (95% C.I.) Ev/Trt ‘
Busato 0.176 (-0.005, 0.358) 3/17 -
Dohle 0.111 (0.069, 0.152) 24/217 w —
Hsieh (Microscopic) 0.014 (-0.024, 0.052) 0/35 —T
Jee (Microscopic) 0.019 (-0.034, 0.072) 0/25 —
Kumar 0.071 (-0.119, 0.262) 0/6
Singh (Microscopic) 0.042 (-0.038, 0.122) 1/24 -
Wright 0.039 (-0.014, 0.092) 2/51 ——
Allameh 0.023 (-0.040, 0.085) 0/21 — :
Grober 0.040 (0.002, 0.079) 4/99 .
Heidenreich 0.045 (0.012, 0.077) 7/157 +
Schwarzer 0.019 (0.010, 0.029) 16/823 .}
Wang 0.087 (-0.028, 0.202) 2/23 ‘
Jenkins 0.059 (-0.053, 0.171) 1/17 :
Parekattil (Microscopic) 0.011 (-0.019, 0.041) 0/45 —
Subgroup Microscopic (1*2=49.09 % , P=0.020) 0.037 (0.020, 0.054) 60/1560 <>
Fallon 0.125 (0.010, 0.240) 4/32
Hsieh (Macroscopic) 0.017 (-0.030, 0.065) 0/28 —_—t -
Jee (Macroscopic) 0.019 (-0.034, 0.072) 0/25 —
Jeon 0.007 (-0.012, 0.026) 0/70 —|.—‘
Ravindraanandan 0.083 (-0.073, 0.240) 1/12 :
Gilbert 0.038 (-0.066, 0.143) 0/12
Jokelainen 0.019 (-0.034, 0.072) 0/25 —_—
Subgroup Macroscopic (1°2=0 % , P=0.524) 0.014 (-0.002, 0.030) 5/204 <>:
Marshall 0.117 (0.035, 0.198) 7/60 :
Mechlin 0.071 (-0.119, 0.262) 0/6 ‘
Parekattil (Robot-assisted) 0.005 (-0.008, 0.017) 0/110 —%>_
Subgroup Robot-assisted (142=73.65 % , P=0.022) 0.054 (-0.035, 0.144) 7/176 :
Overall (1A2=48.77 % , P=0.004) 0.030 (0.018, 0.042) 72/1940 <>
T ‘ T T 1
-0.1 0 0.1 0.2 0.3

FIGURE 4 Forest plot of post-operative complications rate.

studies, the complication rate ranged from O to 3%. The pooled com-
plications rate after macroscopic vasovasostomy was 1.4% (95% ClI: [0,
3%], (five out of 204), (12 = 0%, p = 0.524)) (Figure 4).

Microsurgical vasovasostomy

Fourteen studies reported this outcome, with 1560 subjects involved.
The complications rate following microsurgical vasovasostomy ranged
from 2% to 5.4% through the included studies. The complications rate
was pooled as 3.4% (95% Cl: [2%, 5.4%], (60 out of 1560), (12 = 49.09%,
p=0.02)) (Figure 4).

Robot-assisted microsurgical vasovasostomy

Three studies reported the complications rate after vasovasostomy
through this technique, with a sample size of 176. Complications rate
was 5.4% (seven out of 176) (Figure 4).

3.4.4 | Factors influencing vasovasostomy outcome

The patency rate following vasovasostomy was associated with the
time interval between the two operations (vasectomy and vasovasos-
tomy). Having an obstructed vas deferens for over 10 years predicted
the failure of vasovasostomy as defined by patency.27:28:105.107 | addi-
tion, repetition of vasectomy reversal was a negative predictor for

vasovasostomy success.28 However, performing vasovasostomy bilat-

Proportion

erally predicted increased odds of patency.?8 Likewise, bilateral detec-
tion of spermatozoa intraoperatively was a predictor for vasovasos-
tomy success and a protective factor against late operation failure. 10
Participants with sperm granuloma or Silber grade I-1ll spermato-
zoa had a greater likelihood of vasovasostomy success.1% Conversely,
advanced age was associated with vasovasostomy failure.’%” Smoking,
previous inguinal-area surgery, and post-vasovasostomy complications
were predictors of vasovasostomy failure.'%” Requiring a longer dura-
tion to ejaculate semen with a motile spermatozoa concentration of
more than two million per mL predicted late vasovasostomy failure.10>
Fenig et al.120 present a mathematical tool that can assist doctors in
using this nomogram to predict before the surgery if they have to do
an epididymovasostomy. The tool uses two factors: the time since the
previous operation and the presence of a sperm mass in the scrotum.
The paper says that the tool is reliable and helpful for advising patients
and sending them to experts if necessary. This helps urologists to give
better information to patients about the chance of this difficult surgery

and the referral to a specialist.12°

4 | DISCUSSION

Vasovasostomy is a cost-effective solution for men seeking natu-
ral fertility following vasectomy. This operation can be performed
through three techniques:

macroscopic vasovasostomy, purely
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microsurgical vasovasostomy, and robot-assisted vasovasostomy.
The three techniques are currently in use; thus, we conducted this
systematic review aiming to evaluate the outcomes of each technique.
Ninety-five studies were involved in our review, and 85 were included
in the meta-analyses. The pooled patency rate was the highest for the
robot-assisted microsurgical technique (94.4%), followed by the purely
microsurgical technique (87.5%) and the macroscopic technique
(83.7%). The pooled pregnancy rate following purely microsurgical
vasovasostomy was higher than that of macroscopic vasovasostomy
(47.4 vs 43.7%). The complication rate from the different techniques
was almost the same between them and it was low; macroscopic
vasovasostomy was 1.4%, which was lower than purely microsurgical
vasovasostomy (3.4%), and the highest one was the robot-assisted
microsurgical technique with (5.4%)

Robotic vasovasostomy pregnancy data was limited to one study,
encompassing 13 patients with a low reported pregnancy rate (15%).
The study did not include pregnancy as a primary outcome, how-
ever at an unreported follow-up assessing patency, two patients had
already conceived. The authors noted the impossibility of reporting
an accurate pregnancy rate at that time. Considering this, reporting
robotic vasovasostomy pregnancy rates is not feasible, and is signif-
icantly underrepresented in the literature. Patency is paramount for
pregnancy and, as a surrogate, it indicates the potential for concep-
tion even if actual pregnancy rates are not provided. Efforts should
be made in future research to quantify pregnancy rates in robotic
vasovasostomy.

As microsurgical vasovasostomy adds more precision to the opera-
tion, it leads to better outcomes in terms of patency and conception.
Moreover, the robot-assisted microsurgical technique is the most
precise, offering attenuation of the surgeon’s physiologic tremor,
enhanced visualization of the structures, and the ability to simulta-
neously control three operating arms and a fourth camera.!&19.3347
The robot-assisted microsurgical technique uses a robot with a camera
and instruments to stitch the ends of the vas deferens. The instru-
ments are Black diamond forceps and Potts scissors, which are very
precise and sharp. The surgery is faster, safer, and more comfortable
than traditional microsurgery. It also has similar or better success rates
in restoring fertility. Here are the steps of the technique: (1) Make a
small cut on each side of the scrotum and expose the vas deferens.
(2) Cut the vas deferens at the previous vasectomy site and check for
fluid and spermatozoa at both ends. (3) Insert three small tubes into the
abdomen and attach the robot arms with the camera and instruments.
(4) Use two sutures to align the ends of the vas deferens and then use
four to six sutures to join them together. (5) Close the scrotal cuts with
sutures and apply a scrotal support.

These features allow for a highly precise water-tight mucosal anas-
tomosis, and thus, better vasovasostomy outcome consistent with
our findings. However, this highly precise technique has a learning
curve. According to the studies included in this review, surgeons’
performance—as assessed by patency rate and operative time—
improved with practice. The learning curve was shorter for the
pure microsurgical technique when compared with the robot-assisted

microsurgical technique. Furthermore, previous experience with the
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microsurgical technique was not found to shorten the learning curve
for the robot-assisted microsurgical technique.?83341 |n addition, the
high cost and unavailability of the robotic arm limit its use.*

This study updates the results of the previous meta-analysis con-
ducted by Duijn et al. in 2023.121 Qur review includes 95 stud-
ies that enrolled 48,069 participants, compared with 49 studies
(n = 6822) in the previous review. Our findings on pooled patency
and pregnancy rates were consistent with those of Duijn et al.12!
Our review is distinguished by the large number of included stud-
ies with different designs and the substantial total sample size. In
addition, the majority of the included studies were of good to fair
quality.

However, the results of the involved studies were heterogeneous.
This heterogeneity is thought to emerge from the variation between
the individual studies in outcome definitions. Some papers defined
patency as the presence of spermatozoa in the ejaculated semen. Other
studies required a certain number of spermatozoas (up to >20 million)
to define patency. This discrepancy in defining the outcomes decreases
the confidence in the pooled results. The definition of pregnancy
also varied across the involved studies. Many defined pregnancies by
natural or artificial means at 1 year. Others had varying lengths of
follow-up, some continuing to 10 years post-procedure. This biases
studies with longer follow-up and further adds to the heterogeneity.
Efforts should be made to standardize the definition with the goal of
accurate comparisons. Further heterogeneity can be attributed to sur-
gical technique including variation in suture material and anastomotic
technique. Furthermore, the lack of direct comparison between the
surgical techniques with statistical analysis limits our confidence in
favoring one technique over another. Additionally, the quality and accu-
racy of the procedure may depend on the experience of the surgeon,
which is an important factor in the success of the procedure. However,
almost all of the papers that we included in our analysis did not pro-
vide data on this factor. This is a limitation of the studies, as it may
confound the outcome of the surgery. Further research is needed to
compare the impact of surgeon experience on different techniques of
vasovasostomy.

The findings of this study favor conducting vasovasostomy through
a robot-assisted microsurgical technique over the pure microsurgi-
cal technique. Despite the absence of pregnancy data, patency rates
are clear markers of technical success in the vasovasostomy proce-
dure. The conventional macroscopic technique is the least favorable
vasovasostomy technique. Studies on robot-assisted microsurgical
techniques are scarce, and we recommend conducting further research
on this modern technique. In addition, we recommend conducting RCTs
on a large scale to compare the three surgical techniques. The charac-
terization of long-term outcomes such as vasovasostomy late-failure
rates would benefit from the extensive future investigation. Further-
more, the assessment of post-operative complication rate was not
sufficient due to the lack of data in most of the included studies so
we need more studies to evaluate the differences in the complication
rate among the three techniques. Moreover, we need more data on the
differences between the single-layer technique and the double-layer

technique.
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5 | CONCLUSION

Vasovasostomy for reversal of vasectomy is an effective operation for
natural fertility and reversal of post-vasectomy pain syndrome. Vaso-
vasostomy can be performed using three techniques, conventional
macroscopic technique, pure microsurgical technique, and robot-
assisted microsurgical technique. Our review found improved vaso-
vasostomy outcomes with the robot-assisted microsurgical technique,
followed by the pure microsurgical technique, and lastly the conven-
tional macroscopic technique. However, robot-assisted technique is
limited by the high cost, unavailability, and the learning curve. Ongo-
ing research investigating the robot-assisted technique outcomes and

RCTs is required to further support this evidence.
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Abstract

Background: Low testosterone concentrations affect 2-13% of adult males, with a
direct association between reduction in testosterone (T) concentrations and cardio-
vascular events. Lifestyle habits have been linked to visceral fat accumulation and
endocrine disorders like secondary hypogonadism. Alcohol intake has also been a topic
of debate, with studies showing a detrimental effect on sperm production and under-
lying mechanisms. This meta-analysis aims to comprehensively evaluate the effect of
alcohol consumption on T serum concentrations in adult men.

Methods: The literature search included only controlled clinical trials comparing men
who drink alcohol to men who do not, or who assumed placebo or nonalcoholic
beverages. The primary outcome was the comparison of total testosterone serum con-
centrations between the study and control groups. The publications were examined for
publication bias using Egger’s test.

Results: Twenty-one studies were included in the analysis for a total of 30 trials
that examined the effects of alcohol consumption on testosterone level in 10,199
subjects. The meta-analysis showed that alcohol consumption overall is related to sig-
nificant reduction in circulating concentrations of total testosterone (mean difference
[MD] = —4.02; 95% Cl —6.30, —1.73), free T (MD = —0.17; 95% Cl —0.23, -0.12), sex
hormone binding globulin (SHBG) (MD = —1.94; 95% Cl —3.37, —0.48), an increase in
estradiol (E2) (MD = 7.65; 95% Cl 1.06, 14.23) and neutral effect on luteinizing hor-
mone (LH) (MD = —0.15; 95% CI —0.36, 0.06), independently by age, body mass index
(BMI), E2, and LH serum concentrations and alcohol intake. However, these results are
evident only in healthy men exposed to chronic alcohol consumption and not in those
with a recognized diagnosis of alcohol use disorder or after acute alcohol intake.
Conclusion: This study suggests how chronic alcohol consumption may inhibit the
gonadal axis in healthy men, although the exact pathophysiological mechanisms

connecting alcohol exposure and steroidogenesis are still not completely clarified.
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alcohol, androgen, gonadotropin, SHBG, testosterone

© 2023 American Society of Andrology and European Academy of Andrology.

768 wileyonlinelibrary.com/journal/andr

Andrology. 2024,;12:768-780.


https://orcid.org/0000-0001-6477-9031
https://orcid.org/0000-0002-1210-2843
https://orcid.org/0000-0002-9894-2885
mailto:daniele.santi@unimore.it
https://wileyonlinelibrary.com/journal/andr
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fandr.13526&domain=pdf&date_stamp=2023-09-14

SANTI ET AL.

1 | INTRODUCTION

Low testosterone (T) serum concentrations are estimated to affect
the 2—13% of adult males in the general population.2 Alongside its
epidemiological relevance, a T deficiency has been associated with
earlier death from all causes, as well as cardiovascular diseases, and
reduced quality of life.3" Accordingly, several meta-analyses con-
firmed a direct association between T concentrations reduction and
the cardiovascular events onset.”8

Alongside known causes of male hypogonadism,” several lifestyle
habits have been advocated so far in its pathogenesis. In this setting,
recent findings demonstrated that obesity is frequently associated to
visceral fat accumulation and, consequently, to endocrine disorders,
such as secondary hypogonadism in both adults and adolescents.’°
Moreover, several experimental studies suggested that the diet itself
could alter both the production and the metabolism of T.1* Indeed, sev-
eral studies reported that the vegetarian diet, characterized by low
saturated fats and high fiber content, showed a reduced T produc-
tion compared with omnivorous diets, at least when bioavailable T is
considered.!! However, these old studies are burdened by small sam-
ple sizes and some methodological limits.!~2* In more recent times,
many other diet components have been evaluated so far in their influ-
ence on androgen production, such as soy flavonoids,'° coffee, 617 and
low carbohydrate intake.'8-20 Comprehensively, which components
of diet and with what weight could really influence T production in
humans is still a matter of debate.

Another conflicting issue is related to the role of alcohol intake.
Many studies in the literature evaluated the alcohol effects on male
reproductive tract using the rat model, in order to consider both
spermatogenic and steroidogenic compartments. A detrimental effect
exerted by alcohol on sperm production is supported by studies on
animal models, and several underlying mechanisms have been advo-
cated, from the alcohol-induced cell necrosis and apoptosis,?! to the
increased oxidative stress,2223 and opioid system activation.?* On the
other hand, since the 80s, both acute and chronic alcohol exposure
was demonstrated able to induce primary and secondary hypogo-
nadism, that is, reducing hypothalamic gonadotropin releasing hor-
mone (GnRH) and pituitary luteinizing hormone (LH) production,?°2¢
but also inhibiting T secretion by the testes.?” In addition, in vitro
studies reported the ethanol capability to promote the aromatization
of androgens to estrogens, although this effect in vivo remains to be
confirmed.286 Comprehensively, the exact pathophysiological mecha-
nisms connecting alcohol exposure and steroidogenesis are not yet
completely clarified.??

Several studies in the literature are available evaluating the cor-
relation between T serum concentrations and alcohol consumption.
However, a global view on this topic in adult men is still lacking.
Thus, this meta-analysis is aimed to comprehensively evaluate the
effect of alcohol consumption on T serum concentrations in adult

men.
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2 | MATERIALS AND METHODS

This meta-analysis was performed in line with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting
guideline and registered in the PROSPERO database for systematic
reviews (ID CRD42023409978).

2.1 | Search strategy

The literature search was performed using the following strategy:
((“alcohol s”[All Fields] OR “alcoholate”[All Fields] OR “alcoholates”[All
Fields] OR “alcohols’[Supplementary Concept] OR “alcohols’[All
Fields] OR “alcohols’[MeSH Terms] OR “ethanol”’[Supplementary
Concept] OR “ethanol”’[All Fields] OR “alcohol”’[All Fields] OR
“ethanol’[MeSH Terms] OR (“wine”[MeSH Terms] OR “wine”[All
Fields]) OR (“beer'[MeSH Terms] OR “beer”[All Fields]) OR
“red wine”[All Fields] OR “white wine”[All Fields] OR (“resver-
atrol”[Supplementary Concept] OR “resveratrol’[All Fields] OR
“resveratrol”[MeSH Terms] OR “resveratrol s"[All Fields] OR “resver-
atrols”[All Fields])) AND (“testosterone’[Supplementary Concept]
OR “testosterone’[All Fields] OR “testosteron’[All Fields] OR “testos-
terone”’[MeSH Terms] OR “testosterones”[All Fields] OR “testosterone
s”[All Fields])) OR (“androgen s”[All Fields] OR “androgene’[All
Fields] OR “androgenes’[All Fields] OR “androgenic’[All Fields]
OR “androgenicity”[All Fields] OR “androgenized”[All Fields] OR
“androgenizing”[All Fields] OR “androgenous”[All Fields] OR “andro-
gens”[Pharmacological Action] OR “androgens’[Supplementary
Concept] OR “androgens”[All Fields] OR “androgen’[All Fields] OR
“androgens”[MeSH Terms] OR “virilism"[MeSH Terms] OR “virilism”[All
Fields] OR “androgenization”[All Fields]). Three datasets were queried,
that is, Medline, Embase, and Cochrane library. The literature search
was completed using the “hand-searching” strategies applied to rel-
evant studies and reviews detected, to evaluate potential escaped
studies from the original search.

The search, which accrued data until December 31, 2022, was
restricted to English-language articles including human participants.

The identification of relevant studies was performed independently
by two of the authors (D.S., G.S.), and conflicts were resolved by

another investigator (A.C.).

2.2 | Study selection

We decided to consider only controlled clinical trials in which men
who drink alcohol, both acutely and chronically, were compared with
men (i) who do not or (ii) who assumed placebo or (iii) who assumed
nonalcoholic beverages. Moreover, T serum concentrations need to be
reported in all included trials, as primary or secondary outcome. On the

contrary, studies presenting other study designs and/or not reporting
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testosterone serum concentrations in both groups were excluded from

the analysis. In addition, to limit the presence of possible confounders,
pre-existing documented alcoholic liver dysfunction was considered as
an exclusion criterion.

The Endnote software (Version 21) was used for literature manage-

ment and duplication filtration and removal.

2.3 | Outcome and quality assessment

The principal outcome was the comparison of total T serum concen-
trations between study group, including subjects with acute or chronic
alcohol intake, to control group, consisting of abstainers. According
to studies description, the acute alcohol intake was defined as either
a single alcohol assumption or the evaluation performed immediately
after the alcohol assumption (i.e., alcohol intoxication). Otherwise, the
alcohol assumption was primarily defined as chronic.

Secondary endpoints were estradiol (E2), LH, follicle stimulating
hormone (FSH) and sex hormone binding globulin (SHBG) serum
concentrations, when available. Moreover, for each study, the charac-
teristics of alcohol intake was extracted, such as mode of intake (acute
or chronic), type, dosage, and duration.

The quality of trials included was assessed using the Cochrane

criteria.3®

2.4 | Statistical analysis

Total T serum concentrations were converted in nmol/L when reported
otherwise. When primary and secondary endpoints are differently
reported, mean + standard deviation was calculated. Free T was cal-
culated using mean total T and SHBG serum concentrations using
the Vermeulen formula and setting albumin serum concentrations to
43 g/L.3! The mean difference (MD) was used, and the 95% confidence
intervals (95%Cl) was calculated for each endpoint. Values of p < 0.05
were considered statistically significant. The percentage of variation
across studies because of heterogeneity rather than chance in contin-
uous variables considered was assessed using I2 statistics. Even when
low heterogeneity was detected, a random-effect model was applied
because the validity of heterogeneity tests can be limited with a small
number of component studies. Funnel plots and the Begg adjusted
rank correlation test were used to estimate possible publication or
disclosure bias.

Continuous data were compared first between subjects with alco-
hol intake and controls. Then, sensitivity analyses were performed,
performing subgroup analyses and comparing studies enrolling sub-
jects exposed to chronic alcohol intake with studies including subjects
exposed to acute alcohol intake. The effect of acute alcohol consump-
tion was evaluated also considering continuous data before and after
intake.

Meta-regression analyses were performed applying the random-
effect model with Hedges method, adapted by Knapp-Hartung test.

The meta-analysis was conducted using the Review Manager
(RevMan) 5.3 software (Version 5.3.5 Copenhagen: The Nordic

SANTI ET AL.

Cochrane Centre, The Cochrane Collaboration, 2014). All additional
analyses were performed used ‘Statistical Package for the Social Sci-
ences’ software for Macintosh (version 28.0.1.0; SPSS Inc., Chicago,
IL).

3 | RESULTS

A total of 162,479 manuscripts were first retrieved. Fifty-nine studies
were extracted after abstract evaluation and 21 studies were finally
included in the analysis,®2~>2 for a total of 30 trials (Figure 1). Among
studies excluded, 12 studies enrolled only females,”3-¢4 10 did not pro-
vide a control group,®>~74 7 studies did not report hormonal data within
the manuscript,”’>~81 5 did not measure T serum concentrations,82-8¢
and 4 were duplicates of previous publications®”-° (Figure 1). Table 1
summarizes data of included studies, of which 4 evaluated acute
alcohol intake and 17 considered chronic alcohol intake.
Comprehensively, the evaluation of total T serum concentrations
was performed in 10,199 subjects (age 44.7 + 7.3 years, body mass
index [BMI] 25.0 + 3.1 kg/m?) under either chronic or acute alcohol
intake in comparison to 6448 controls (Figure 2). When chronic alco-
hol intake was evaluated, the study group could be divided into two
subgroups, according to the alcohol habits. Indeed, 10 trials included
subjects that were chronic alcohol abuse and 15 trials healthy vol-
unteers who were enrolled and were asked to drink specific alcohol
quantity during the study protocol. On the contrary, the control group
consisted in 17 studies in which men did not used alcohol and four stud-
ies in which enrolled men were assigned to either placebo (two studies)

or not-alcoholic beverages (two studies) (Table 1).

3.1 | Acute alcohol intake

No significant differences in T serum concentrations were detected
when acute alcohol intake group was compared with placebo (Figure 2).
Among these studies, only one reported no alcohol consumption
in control group,®® thus the lack of significant difference between
study and controls persisted also after removing it. Similarly, total T
serum concentrations were comparable before and after acute alcohol
administration (MD 0.9 nmol/L, 95%Cl: —3.8, 5.6 nmol/L, p = 0.710).

Similarly, although only two studies evaluated the acute alcohol
effect on E2, no differences were detected between alcohol and con-
trols groups (p = 0.730) (Figure 3). In line with the latter observation,
no differences were detected on SHBG concentrations after acute
administration, although only two trials were analyzed (p = 0.910)
(Figure 4).

3.2 | Chronic alcohol intake

12 calculated in trials assessing total T was 99% (p < 0.001). The funnel
plot suggested no publication bias.

Total T serum concentrations were significantly lower in subjects
with chronic alcohol intake compared with controls (without any
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FIGURE 1 Flow chart of the literature search.

alcohol intake) (p < 0.001) (Figure 2). However, when data were fur-
ther analyzed in detail, the latter association was confirmed only when
healthy volunteers were considered (MD —6.5 nmol/L, 95%Cl: —7.5,
—2.3 nmol/L, p < 0.001) (Supplementary Figure S1). Conversely, total
T serum concentrations did not differ comparing alcohol-dependent
men to control subjects (MD —1.0 nmol/L, 95%Cl: —5.8, 3.7 nmol/L,
p=0.670) (Supplementary Figure S1).

The total T serum concentrations decrease observed in chronic
alcohol intake was not accompanied by any LH variation, resulting com-
parable in patients compared with controls (MD —0.03 IU/L, 95%Cl:
—0.20,0.13IU/L, p = 0.720) (Supplementary Figure S2).

Although E2 serum concentrations were reported only in a minority
of trials (n = 17), significant higher circulating estrogens were detected
in alcohol group compared with controls (p = 0.020) (Figure 3). More-
over, SHBG serum concentrations were significantly lower in men with
chronic alcohol intake compared with controls (p = 0.010). Accord-
ingly, calculated free T serum concentrations were significantly higher
in controls rather than in men exposed to chronic alcohol intake (MD
—0.19 nmol/L, 95%Cl: —0.25, —0.13 nmol/L, p < 0.001) (Supplemen-
tary Figure S3). However, as well observed in total T, this difference
was confirmed only considering healthy volunteers (MD —0.25 nmol/L,
95%Cl: —0.34,0.16, p < 0.001), but it was lost in chronic alcohol abuse
(MD —0.11 nmol/L, 95%Cl: —0.27,0.04, p = 0.150). On the contrary, no

difference in terms of free T serum concentrations was detected when
acute alcohol administration was evaluated (MD —0.02 nmol/L, 95%Cl:
—0.12,0.07 nmol/L, p = 0.620) (Supplementary Figure S3).

To evaluate whether total serum T concentrations difference in
chronic alcohol intake could be related to other variables, meta-
regression analyses were performed. Several parameters were consid-
ered including age (S: —6.0 [-13.9, 1.8]; I: —0.9 [-4.0, 2.2], p = 0.118;
see also Supplementary Figure S4), BMI (S: 2.2[-1.9,3.8]; 1: 0.1 [-1.6,
1.7], p = 0.088), E2 (S: —0.6 [-1.4,0.1]; I: —0.7 [-1.6, 0.2], p = 0.094;
see also Supplementary Figure S5), and LH serum concentrations (S:
1.6 [-3.3, 6.5]; I: —1.8 [-4.2, 0.6], p = 0.689; see also Supplementary
Figure S6). Another meta-regression analysis considered the amount
of alcohol intake, measured through the weekly units of alcohol taken
in the previous week. The analysis showed no significant association
(S: 5.3 [-2.1, 12.3]; I: =0.8 [-3.7, 1.9], p = 0.997), even when sub-
jects affected by alcoholism were considered separately from healthy

volunteers (p =0.911 and p = 0.823, respectively).

4 | DISCUSSION

Here, we confirm that alcohol consumption influences T serum con-

centrations in males. This effect is not evident considering acute
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alcohol intake, but it becomes clinically relevant after chronic alcohol
exposure. Indeed, acute alcohol intake does not influence total T con-
centrations, neither comparing with placebo groups, nor considering
pre- and postalcohol consumption. On the other hand, a reduction of
total T serum concentrations of an average 4.86 nmol/L (95%Cl: 7.46,
2.26 nmol/L) is evident subjects exposed to chronic alcohol intake com-
pared with abstainers subjects overall. Similar results were observed
considering both calculated free T and SHBG. Nevertheless, no rel-
evant modification in sex hormones was evident comparing subjects
affected by alcoholism.

The negative impact of chronic alcohol consumption on total T
serum concentrations is here confirmed in a large sample size, account-
ing for more than 16,000 subjects. This result is in line with recent
meta-analysis, showing that alcohol consumption affected semen vol-
ume and reproductive hormones.’ In our study, we focused on T
serum concentrations, showing the alcohol effect occurs in healthy
men and not in those subjects with a recognized diagnosis of alcohol
use disorder, according to the International Statistical Classification
of Diseases and Related Health Problems 11th (ICD-11) and to the
Diagnostic and Statistical Manual of Mental Disorders 5th edition
(DSM-V).7293This result should be carefully considered in light of
the potential liver dysfunction typical of chronic alcohol consumers.
Indeed, whether it is true that we excluded a priori studies enrolling
alcoholic men with a diagnosed liver dysfunction or insufficiency, we
cannot rule out a hidden liver dysfunction in the study group when
chronic alcohol consumption is considered. The direct correlation
between amount of alcohol consumed and liver dysfunction, fibro-
sis, cirrhosis and related mortality is strongly demonstrated in large
observational studies.”*?> Thus, we cannot establish whether chronic
alcohol consumers included in the study group display a normal liver
function. This is extremely relevant also for our aim, because a chronic
liver disease is characterized by progressive necrosis of hepatocytes
and development of liver dysfunction, which may remarkably affect
the metabolism of various substances including proteins, sex hor-
mones and lipids.”¢ In particular, the liver produces proteins essential
for the transport and the homeostasis of steroid hormones, such as
SHBG. It is well known how liver dysfunction could lead to an increase
of SHBG with consequent increase in total T serum concentrations
and a reduction in the amount of bioavailable T for the target tis-
sues. In addition, chronic alcohol intake can promote the accumulation
of lipids in the liver, leading to protein synthesis reduction, includ-
ing SHBG, with consequent total T serum concentrations decrease.””
Accordingly, several studies in men have already suggested that SHBG
production by the liver is related to intrahepatic fat?®?? rather than
fasting blood glucose, glycated hemoglobin (HbA1c), or circulating lipid
concentrations. In particular, it has been estimated that a reduction in
intrahepatic lipid content could be responsible for a 20% increase in

SHBG concentrations,100

as recently confirmed in a small prospective
study enrolling obese male patients treated with very low-caloric keto-
genic diet.1? Alongside a significant and persistent amelioration of the
body weight and body composition parameters, a significant increase
of total T concentrations was observed, mainly because of a significant

increase in SHBG serum concentrations.'? The interaction between
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Alcholics Control Mean Difference Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Chronic administration
Bertello 1982 168.585 337 12 1787 225 20 36% -2.32 [-4.47,-017)] -
Markianos 1987 2047 763 32 1839 6.59 32 34% 2.08[1.41,557] T
Gumus 1988 21.8 7.28 44 2086 10.06 30 33% 0.84 [13.36,5.04] -
Gomathi 1993 1423 1.04 5 2429 278 5  35% -10.06[12.66,-7.46] -
Heinz 1995 22.21 59 12 2255 B.25 14 3.2% -0.34 [-15.02, 4.34] T
lturriaga 1999 302 6.9 21 347 9.4 21 31% -4.50 [-9.49, 0.49] -
Sierksma 2004 15.3 36 10 164 29 10 35% -1A0[F3.87,1.77] -
Maneesh 2006 17.21 055 46 2623 045 85 37% -9.02[-9.22,-8.82] "
YWalter 2006 16.66  1.31 a1 1482 1.1 43 37% 1.74[1.25, 2.23] -
Hansen 2012a 17.7  BM 109 5694 17.52 54 3.2% -39.24 [[44.05,-34.43] —
Hansen 2012b 16.35 5.27 98 56.94 17.52 54 3.2% -40.59[-45.38,-35.80] —
Hansen 2012¢c 16.35 528 84 5694 17.52 54 3.2% -4059[-4540,-35.78] —
Jensen 2014a 223 66 2467 2181 664 1133 37% 0.79[0.32,1.26] [
Jensen 2014h 23.08 712 1635 2151 664 1133 37% 1.54[1.02, 2.06] -
Jensen 2014c 2334 646 1237 2151 BB4 1133 37% 1.83[1.30, 2.36] -
Jensen BMJ 20143 2156 15.04 352 2.7 1879 243 35% -0.14 [-2.98, 2.70] -
Jensen BMJ 2014b 2209 1579 293 .7 1879 243 35% 0.39 [-2.58, 3.36] I
Jensen BMJ 2014c 2236 1571 164 217 1879 243 34% 066 [-2.71,4.03] -1
Jensen BMJ 2014d 23558 18.44 TE 217 1879 243 32% 1.88 [2.89, 6.65] T
Jensen BMJ 2014 2435 169 BE 217 1879 243 3.21% 2.65[-2.06, 7.36] T
Rao 2015 16.41 671 2882 1676 6.28 1260 3.7% -0.35 [-0.77,0.07] 1
Heberlein 2016 349 3963 81 1773 1881 17 1.8% 17.17 [4.74, 29.60]
Kumari 2016 847 29 12 1187 146 14 3E6% -3.40[-5.22,-1.58] -
Ho 2019 14.52 96 29 1272 616 289 33% 1.80[2.35, 5.959] T
Koh 2022 17 59 236 177 59 78 36% -0.70[2.21,081] -1
Subtotal (95% CI) 10154 6404 84.4% -4.86 [-7.46, -2.26] L 3
Heterogeneity: Tau®= 40.56; Chi*= 5329.23, df= 24 {P = 0.00001}; F=100%
Test for overall effect 2= 3.66 (F = 0.0003)
1.1.2 Acute administration
Frias 2002 1414 nse 12 2186 0.4 11 3T7% -T.72[-8.23,-7.21] -
Sarkala 2003 16 16 13 135 1.2 13 37% 2.50[1.41,3.59] -
Yingren 2013 401 11.3 4 221 22 4 1.9% 18.00[6.72, 29.28]
Haugvad 2014a 99 49 8 103 a7 8 31% -0.40 [-5.61, 4.81] T
Haugvad 2014h 8.3 4.1 8 103 a7 8 32% -2.00 [-6.87, 2.87] T
Subtotal (95% CI) 45 44 15.6% 0.81[-5.86, 7.48] -
Heterogeneity: Tau®= 50.56; Chi*= 30112, df=4 (P = 0.00001); F= 99%
Test for overall effect Z=0.24 (F = 0.81)
Total (95% CI) 10199 6448 100.0% -4.02 [-6.30, -1.73] L 2
Heterogeneity: Tau®= 36.81; Chi*= 5660.42, df= 29 (P = 0.00001); IF= 99% 5_50 _155 b 255 50’

Test for overall effect: Z= 3.44 {P = 0.000&)
Test for subgroup differences: Chi*=2.41,df=1 (P=0.12), F=58.4%

FIGURE 2
with alcohol (acute administration) and controls.

liver function/dysfunction, total T serum concentrations and SHBG
contributes to a complicated balance which could mask the compre-
hensive effect of alcohol on T serum concentrations in alcoholic men.
Interestingly, the chronic alcohol intake on T serum concentrations
here highlighted is independent from patients’ age and alcohol amount
assumed, suggesting that several other unknown factors should be
considered in this interrelationship.

The mechanism linking chronic alcohol consumption and T decrease
is still not completely defined, so far. Experimental studies in ani-
mal models demonstrated an alcohol-related T decrement in male

72101-106 hossibly justified through actions at multiple sites.107

rats,
Here, we demonstrated an overall total T reduction in chronic alcohol
users compared with a control group not accompanied by a compen-
satory increase in LH. These results could be explained by a potential
action of alcohol mainly on the hypothalamus-pituitary gonadal (HPG)

axis, rather than to the gonad itself. Indeed, reinforcing this hypothesis,

Higherin controls  Higherin alcohol intake

Forrest plot showing testosterone serum concentrations between alcohol abuse men (chronic administration) or subjects treated

a compensatory increase in LH concentrations was not evident even
in presence of a reduction of free T in the study group. However, the
alcohol effect on LH concentrations and pulsatility is still unclear in the
literature. Whether the majority of in vivo studies on the topic showed

27,101,103,106,108,109

an alcohol-related LH decrease, confirming our

hypothesis, others experiments detected a gonadotropins increase2?
or unchanged concentrations’? after alcohol administration. Thus,
studies available failed to clarify the primary site of the actions of
alcohol on HPG axis. In vitro studies showed alcohol-related effects

in both isolated testicular tissue,110-116 117,118

pituitary gonadotropes,
and hypothalamic preparations.}1?-121 On the other hand, alcohol-
exposed patients showed comprehensively higher concentrations of
estrogens compared with controls; thus, the overall feedback effect on
LH because of T and E2 could result neutral. The E2 serum concentra-
tions increase during chronic alcohol consumption has been studied

in females, in which alcohol consumption has been evaluated among
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Alcholics Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
1.2.1 Chronic administration
Gumus 1988 117 59.2 44 106 31.2 30 43% 11.00[9.75, 31.74] ]
Gomathi 1993 179.51 12.48 8 113.07 954 8 57% 66.44[52.67, 80.21] E—
Heinz 1995 128.85 31.94 12 99.85 38.91 14 33% 29.00[1.76, 56.24]
Iturriaga 1999 34.5 7T 21 345 103 21 7.2% 0.00 [-5.50, 5.50] —
Sierksma 2004 BEE  11.7 10 G5.2 8.9 10  6E6% 1.40[7.71,1051] 1
Hansen 2012a 490 3017 109 9646 35.08 54 B1% -646[18.09,517] I
Hansen 2012k 100 304 98 96.46 38.08 54 B1%  3.54[8.24,15.37) I
Hansen 2012¢c 113,52 37.56 84 9646 38.08 54 589% 17.06[4.11,30.01]
Jensen BMJ 2014a 86,31 6253 352 8591 5966 243 65%  0.40[9.5510.35) —
Jensen BMJ 2014k 81.893 5923 293 8591 5966 243 64% -3.98[14.09,6.13] ]

Jensen BMJ 2014c 89.24 7592 164 B591 5966 243 57% 3.33[1050,17.16] 7
Jensen BMJ 2014d 84.29 6877 7B 8591 5966 243 50% -1.62[18.80, 1556 ——
Jensen BMJ 2014e 88.59 74.03 66 8591 59.66 243  45% 268[16.91,2227] —

Ran 2015 31.86 16.51 2982 27.34 73457 1260 7.4% 4.521[0.41, 8.63]
Ho 2019 7489 3341 29 6277 2863 29 52% 1212[3.89,2813] 7
Subtotal (95% CI) 4345 2746 86.2%  8.28[1.07, 15.49]

Heterogeneity: Tau®= 154.45; Chi*= 86.00, df= 14 (P < 0.00001); F= 85%
Testfor overall effect: Z= 2.25 (P = 0.02)

1.2.2 Acute administration

| omu'}w'\

Frias 2002 14.14 n.a 12 2186 041 1" 7B% -7.72[8.23,-7.21] "
Vingren 2013 401 113 4 221 22 4 B.2% 18.00[6.72, 29.28]
Subtotal (95% CI) 16 15 13.8% 4.50[-20.68, 29.67]

Heterogeneity: Tau?= 314.16; Chi#= 18.92, df= 1 (P = 0.000013; *= 95%
Testfor overall effiect Z= 0.35 (P=0.73)

a

Total (95% CI) 4361 2761 100.0% 7.65[1.06, 14.23]
Heterogeneity: Tau®= 148.52; Chi®= 212.51, df= 16 (P = 0.00001); F= 92%

Test for overall effect: Z=2.27 (P =0.02)

Testfor subgroup differences: Chi®=0.08, df=1 (P=0.78), F=0%

50 <25 0 25 &D
Higherin controls Higherin alcohol intake

FIGURE 3 Forrest plot showing estradiol serum concentrations between alcohol abuse men (chronic administration) or subjects treated with
alcohol (acute administration) and controls.

Alcholics Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight [V, Random, 95% CI IV, Random, 95% CI
1.4.1 Chronic administration
Heinz 1995 824 BOT 12 B33 183 14 0.2% 19.10[16.56, 54.76] >
lturriaga 1999 594 194 21 431 10 21 2.0% 16.30[6.97, 25.63]
Hansen 2012a 28 10486 108 2871 4914 54 B8.0% -1.71 [4.85,1.43] —
Hansen 2012h 257 903 98 2871 914 54 8.3%  -4.01[7.03,-0599]
Hansen 2012c 2408 877 84 2871 914 54  749%  -566[-8.87,-245]
Jensen 2014a 30035 1113 2467 307 11.88 1133 125% -0.35[1.17,0.47]
Jensen 2014b 2935 1113 1635 307 11.88 1133 124%  -1.35[2.23,-0.47)
Jensen 2014c 2835 8965 1237 307 11.88 1133 124%  -235[3.23,-1.47)

Jensen BMJ 20143 3028 2642 352 31.46 2008 243  56% -1.18 [-5.76, 3.40]
Jensen BMJ 2014b 306 26.07 293 31.46 2008 243 54% -0.86 [-5.58, 3.86]
Jensen BMJ 2014c 31,48 2805 164 31.46 2008 243 44% 0.02 [-5.62, 5.66]
Jensen BMJ 2014d 29.47 2796 76 3146 29.08 243 3.0% -1.99 [-9.26, 5.28]
Jensen BMJ 2014e 28,41 27.28 B 31.46 29.08 243  29% -3.05[-10.58, 4.48]

o LU

Rao 2015 4511 2344 2982 5193 2647 1260 11.0%  -6.82[8.41,-513]
Ho 2019 3|2 12 29 291 12 29 223% TAD[F1.77,15.97]
Subtotal (95% CI) 9625 6100 98.3% -1.94[-3.41,-0.46]

Heterogeneity: Tau®™= 4.32; Chi*= 76.56, df= 14 (P < 0.00001); = 82%
Testfor overall effect Z= 2.58 (P = 0.010)

1.4.2 Acute administration

Haugvad 2014a 348 151 g 353 158 8 08% -0.50[15.69,14.69
Haugvad 2014b 346 143 8 353 158 8 09% -070[1552,14.12]
Subtotal (95% CI) 16 16 1.7% -0.60[-11.21, 10.01] =R ER——

Heterogeneity: Tau®= 0.00; Chi*=0.00, df=1 (P=0.99); F=0%
Test for overall effect Z= 011 (P=0.91)

Total (95% CI) 9641 6116 100.0%  -1.93[-3.37,-0.48] &

Heterogeneity: Tau®= 4.17; Chi*= 76.61, df= 16 (P < 0.00001); F= 79% _250 _150 ) 150 2’0
Testfor overall effect: Z= 2.62 (F = 0.009) Higherin controls  Higher in alcohol intake
Testfor subaroup differences: Chi*= 0.06, df=1{P=0.81), F=0%

FIGURE 4 Forrest plot showing sex hormone binding globulin (SHBG) serum concentrations between alcohol abuse men (chronic
administration) or subjects treated with alcohol (acute administration) and controls.
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risk factors for cancer development.'22 Because circulating estrogens

are associated to an increased breast cancer risk in women,123-12>
and this cancer is related to alcohol intake,12%127 the alcohol effect
on estrogens has been suggested.'?8 However, less is known in males,
in which the E2 measurement suffers of important methodological
pitfalls.129-132 |n this setting, we could speculate that alcohol intake
could influence aromatase activity, throughout both direct and indirect
effects. From one side, several studies demonstrated that some compo-
nent of alcoholic beverages, such as procyanidin B and phytoestrogens
(i.e., flavones and isoflavones) could bind the active site of aromatase,
leading to functional dysregulations.133-135 On the other side, alcohol
could increase circulating sex hormones through an increased hep-
atic redox state and the inhibition of the activity of sulfotransferase
and 2-hydroxylase, resulting in a decrease in steroid degradation.!3¢
Thus, we cannot rule out that the alcohol-related E2 increase that we
detected in alcohol abuse are potentially explained by an increased
aromatization.

Our results should be carefully considered. Indeed, net of the large
number of subjects evaluated thanks to the meta-analytic approach,
our study has important limitations to be taken into consideration.
First, the high heterogeneity among studies remains the most impor-
tant issue. This variability reflects a great heterogeneity for patient
inclusion criteria in each study, different methodological steroids mea-
surements and various ways to evaluate alcohol consumption. This
latter is probably the main source of bias in our meta-analysis. In
particular, the amount of chronic alcohol intake is approximately quan-
tified by self-filled questionnaires and not accurately determined.
Similarly, the time span of chronic alcohol intake, although used in
our meta-regression analysis, is scanty reported and not all trials
evaluated this important variable. Moreover, the association between
BMI and both T and SHBG is well known. However, the majority
of studies included did not report BMI among variables, thus limit-
ing the evaluation of this potential confounding factor. Nevertheless,
the lack of potential confounders in all the studies included in our
study preventing the analysis with an eventual adjustment for several
parameters.

In conclusion, further proper designed studies are needed to clarify
the connection between alcohol intake and sex steroids homeosta-
sis, because this association appears evident from the meta-analytic

approach.
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The Network for Young Researchersin Andrology (NYRA) was founded
in 2006 during the 14th European Testis Workshop held in Bavaria,
Germany, by a group of enthusiastic young scientists with a strong
interest in male reproductive health.! From the beginning, NYRA’s
main goal has been to create safe spaces where early-stage researchers
feel confident to openly exchange scientific advances, while actively
promoting networking to foster their careers, develop their soft skills,
and facilitate international collaboration. While the aim has remained
the same, during these 17 years, the organization has proven to be
highly dynamic. Being founded as Young “Testis Club”, the network was

renamed to “International Network for Young Researchers in Male Fer-

© 2024 American Society of Andrology and European Academy of Andrology.

tility” in 2008.2 Finally,in 2017, it rebranded to NYRA, its current name.
This dynamism is not only reflected in terms of name, but also of board
members, geographical distribution of activities, and ways of commu-
nicating with its audience. To date, more than 40 young scientists from
different parts of the world have been part of the NYRA board, each
contributing in a unique way to the development of the organization
and the growth of its activities. Past board members have successfully
moved into their careers in or outside academia, highlighting their pas-
sion and motivation to develop themselves professionally in the field.
On a yearly basis, the NYRA Board organizes an international
NYRA Meeting, which is undoubtedly NYRA’s main and most fruitful

Andrology. 2024;12:781-784.
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FIGURE 1 Albertode lalglesia (Network for Young Researchers in Andrology [NYRA] President) and Ewa Rajpert-De Meyts (European
Academy of Andrology [EAA] Secretary) introducing the NYRA-EAA merger proposal during the EAA General Assembly 2022.

FIGURE 2 Network for Young Researchers in Andrology-European Academy of Andrology (NYRA-EAA) first online meeting developing the
practical details to implement the merger. From upper left to down right, Davor Jezek (EAA Treasurer), Daniel Marcu (NYRA Treasurer), Ewa
Rajpert-De Meyts (EAA Secretary), Kriszti Jeszenoi (EAA Office), Hermann M. Behre (EAA President), Alberto de la Iglesia (NYRA President),
Emily Delgouffe (NYRA Board), Guillaume Richer (NYRA Board), Dorte Egeberg (NYRA Secretary), Krisztina Csongradi (EAA Office), Gulizar
Saritas (NYRA Board), and Omar Ammar (NYRA Board).
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activity.2> Nowadays, NYRA Meetings are a reference hub for
top-level science and scientific discussions on male (in)fertility, bring-
ing together all stages of early career researchers (MSc students,
PhD candidates, and early post-doctoral researchers) with interna-
tionally renowned group leaders, company CEOs, and professionals
of leadership and self-awareness. As a non-profit organization, the
development of NYRA activities heavily relies on the support from
collaborating societies and sponsors. Historically, NYRA has remained
particularly close to the European Academy of Andrology (EAA), a
collaborating society that has strongly promoted all NYRA-endorsed
events in both economic and promotional ways. In addition to the
direct generous support for NYRA activities, the European Congress
of Andrology, organized by the EAA, hosts a “NYRA Session” within its
program, and former NYRA board members have become prominent
EAA members after their time in NYRA.

In the context of a global decline in fertility rates, in which the
male contribution still remains overlooked, it is critical to build strongly
structured networks to guarantee the development of educational
and scientific activities to forge new frontiers in the andrology field.
Despite male factors contributing to 50% of infertility cases, major
attention is paid to the examination of women.®” Moreover, the exact
causes of male infertility remain elusive in half of the cases due to its
heterogeneous and complex etiology.® There is thus a strong need to
promote basic, translational, and clinical research.? Of equal impor-
tance is to support the new generations of basic and clinical scientists
in andrology, who hold future milestones in their hands and are respon-
sible for the development of the field. Therefore, in such a social and
scientific scenario, and based on the previous good and strong relation-
ship between NYRA and EAA, a merger between both organizations
arose naturally, incorporating NYRA as the ‘young arm’ of the EAA.

While the two organizations share similar backgrounds as inter-
national non-profit societies gathering members with a focus on
andrology, important differences between them still remain, indicating
that this merger will lead to a unique synergy and mutual benefits for
the field. The EAA was established in 1992 in Germany by a group of
prominent European andrologists, most of them heading established
groups of clinicians and scientists.° Since then, the EAA has developed
a well-functioning society focusing on improving education in androl-
ogy through several means, such as congresses (ECA), EAA Schools,
webinars, and the specialist scientific journal International Journal of
Andrology, which in the spirit of global collaboration in 2012 merged
with the American counterpart, Journal of Andrology, to form Androl-
ogy (https://onlinelibrary.wiley.com/journal/20472927), jointly owned
by the EAA and the American Society of Andrology.!! Similarly, NYRA
was founded by a group of young scientists with a strong interest
in male reproduction, as a more informal means to develop projects
and career goals through networking. NYRA has always been open
and free to all young scientists in the field and is orchestrated by a
board formed by early-stage researchers. While EAA mainly engages
senior-level clinicians, NYRA predominantly consists of younger basic
scientists. Therefore, the synergy this collaboration will bring is evi-
dent and it will lead to years-long mutual support between the two

organizations. Within this merger, NYRA will hold a semi-autonomous
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status, maintaining its own name, board, website, and communication

systems, as well as the ability to plan NYRA-endorsed activities and
establish relationships with collaborating societies. Independently of
the NYRA-EAA membership, the subscription to the NYRA newsletter
remains open and free of charge, to stay updated with NYRA'’s latest
news.

This initiative was worked through during the second term of the
EAA presidency of Csilla Krausz and pre-approved during the EAA
General Assembly on October 20, 2022, held as part of the 12th ECA
in Barcelona (Spain). It was the first time NYRA had direct participa-
tion in the biennial EAA General Assembly, the most important internal
event of the EAA, in which Ewa Rajpert-De Meyts (EAA Secretary)
and Alberto de la Iglesia (NYRA President) introduced the proposal
of the merger to the EAA members (Figure 1). The official approval
of the Memorandum of Understanding for the implementation of this
merger took place on May 27, 2023, and the document was signed
by Hermann M. Behre (EAA President), Ewa Rajpert-De Meyts (EAA
Secretary), Alberto de la Iglesia (NYRA President) and Dorte Egeberg
(NYRA Secretary), on behalf of the members of the EAA Executive
Council and the NYRA Board. From that moment, NYRA had a direct
representation in the EAA Executive Council, with the NYRA Presi-
dent becoming an ex-officio member of the EAA Executive Council.
The communication between the two organizations is fluid and NYRA
is receiving direct support from the EAA Office in the development of
new activities (Figure 2).

This merger has already brought important benefits to the young
andrology community. A new NYRA-EAA registration yearly fee at
a reduced cost was introduced to facilitate the incorporation of
younger members to the EAA, allowing them to enjoy EAA member-
ship benefits. They include the possibility to actively participate in
EAA Committees and educational activities; priority access to EAA
Schools, webinars, and courses; priority access to EAA travel grants
to attend any EAA-endorsed meetings announced in EAA newsletters
and website; access to fellowships in EAA-certified training centers;
access to monthly EAA literature alerts; the possibility to participate
in EAA-organized meetings with discounted fees for EAA members;
and membership to the International Society of Andrology. All infor-
mation and most recent updates can be found on the EAA and NYRA
websites (www.andrologyacademy.net and www.nyra-youngresearch.
eu, respectively).

Both the NYRA Board and EAA Executive Council are excited to see
what is about to come after this merger, hoping it marks a new begin-
ning for the andrology community. New activities are in development
under the new NYRA-EAA umbrella, keeping the same goal in mind:
improving andrology research and clinical practice by investing in the
education and career development of the next generation of scientists

and clinicians.
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Abstract

Background: Sildenafil, a selective inhibitor of phosphodiesterase type 5 (PDES5), is
widely used for the treatment of erectile dysfunction (ED). However, the safety profile
of sildenafil, including adverse event (AEs), requires comprehensive evaluation.
Methods: This retrospective pharmacovigilance study aimed to evaluate AEs linked to
sildenafil by analyzing data sourced from the FDA Adverse Event Reporting System
(FAERS) database. A case/non-case design was utilized, and various algorithms includ-
ing the reporting odds ratio (ROR), the proportional reporting ratio (PRR), the Bayesian
confidence propagation neural network (BCPNN), and the multiitem gamma Poisson
shrinker (MGPS) were employed to measure the signals indicating the presence of
sildenafil-related AEs.

Results: Among 339,230 reports, 33,692 specifically mentioned sildenafil use. Most
of AEs occurred in males over 60 years old. The United States accounted for the
highest proportion of reported AEs. Severe outcomes, including death, disability, and
life-threatening events, were reported. Significant system organ class (SOC) included
“Reproductive system and breast disorders” (SOC: 10038604), “Neoplasms benign,
malignant and unspecified” (SOC: 10038738), “Vascular disorders” (SOC: 10047065),
and “Blood and lymphatic system disorders” (SOC: 10005329). Noteworthy preferred

» « » o«

terms (PTs) associated with sildenafil included “Vision blurred,” “Flushing,” “sudden

» o«

hearing loss,” “Painful erection,” and “Priapism.” Unexpected AEs, such as “Malignant

» o« » o« » o«

melanoma,” “Pulmonary hypertension,” “Malignant melanoma in situ,” “Pulmonary

”a« » o«

arterial hypertension,” “Metastatic malignant melanoma,” “Malignant melanoma stage

”«

111,” “Malignant melanoma stage I1,” “Acquired hemophilia,” “Aortic dissection rupture,”
and “Intracranial artery dissection” were also identified.

Conclusions: These findings emphasize the importance of monitoring and understand-
ing the potential risks associated with sildenafil. Further investigation is warranted to

validate these associations and address previously unrecognized safety concerns.
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adverse event, data mining, FAERS database, pharmacovigilance, sildenafil
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1 | INTRODUCTION

Erectile dysfunction (ED), often colloquially termed impotence, refers
to the inability of males to achieve or maintain a sufficiently rigid penile
erection during sexual stimulation, thereby hindering satisfactory sex-
ual intercourse.! ED can result from a multitude of factors, including
physiological, psychological, and environmental elements.2 Within the
spectrum of etiological factors, phosphodiesterase 5 (PDE5) plays a
crucial role in the erectile function.® In typical physiological conditions,
sexual arousal initiates a series of biochemical reactions, in which the
release of a signaling molecule known as nitric oxide (NO) plays a piv-
otal role.* NO activates an enzyme called guanylate cyclase within the
penile corpus cavernosum, leading to an increase in intracellular cyclic
guanosine monophosphate (cGMP) levels. Elevated cGMP levels sub-
sequently induce relaxation of penile smooth muscles and increased
blood flow, resulting in the occurrence of penile erection.® However,
when ED occurs, increased PDES5 activity leads to cGMP degradation,
ultimately hindering penile erection. To address this issue, many PDE5
inhibitors have been extensively utilized for the therapeutic manage-
ment of ED.> Among these PDE5 inhibitors, sildenafil stands out as the
most prominently recognized therapeutic agent.® Since its approval for
treating ED in 1998, sildenafil has gained increasing popularity among
a multitude of individuals.

Sildenafil is widely recognized for its intrinsic safety, and its poten-
tial adverse events (AEs) are frequently disregarded in clinical assess-
ment and practice. Although some common AEs such as headaches,’
and more severe AEs like heart attacks® have been documented, these
data primarily originate from succinct clinical trials, case studies, and
meta-analyses, often constrained by specific systems due to rigor-
ous diagnostic and selection criteria.”"1* Furthermore, the sample
size is relatively modest, and limitations exist in terms of follow-up
duration. Prolonged sildenafil usage could reveal previously unnoticed
or significant safety considerations. In addition, it is vulnerable to
improper utilization, encompassing both the erroneous administration
of dosages intended for sexual potency and its misuse to augment
athletic performance.!213 These actions subsequently elevate the
probability of experiencing adverse reactions. Hence, a meticulous
scrutiny of sildenafil-associated AEs is imperative and essential.

The FDA Adverse Event Reporting System (FAERS) database is a
publicly available voluntary reporting system that contains a wide
range of records documenting adverse drug incidents reported by med-
ical practitioners, pharmacists, manufacturers, and other individuals.1#
As the largest pharmacovigilance database globally, FAERS serves as
avaluable tool for identifying AEs associated with medication use.1>1¢
This study aimed to analyze data from the FAERS database and perform

post-marketing surveillance to assess the AEs linked with sildenafil.

2 | PATIENTS AND METHODS
2.1 Data source and collection

To evaluate the safety of sildenafil in the post-marketing phase, a

retrospective pharmacovigilance study was conducted. Data were
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obtained from the publicly available FAERS database, covering a sub-
stantial timeframe from Q1 2004 to Q4 2021. The FAERS database
comprises seven comprehensive datasets, providing diverse infor-
mation on different aspects of drug usage and adverse events.
These datasets include demographic and administrative informa-
tion (DEMO), drug-related details (DRUG), reports on adverse drug
reactions (REAC), patient outcomes (OUTC), sources of the reports
(RPSR), drug therapy duration (THER), and indications for use or
diagnosis (INDI). In adherence to the FDA’s guidelines, our study
implemented a rigorous process to identify and eliminate duplicate
reports. We selected the most recent FDA_DT entry with the same
CASEID.™ In cases where the CASEID and FDA_DT were identi-
cal, we prioritized the higher PRIMARYID to ensure the exclusion
of redundant data. This meticulous approach aimed to enhance the
accuracy and reliability of our analysis by avoiding duplicate entries
and ensuring a comprehensive assessment of the safety profile

of sildenafil.

2.1 | Adverse event and drug identification

The AEs reported in FAERS are classified according to the Medical Dic-
tionary for Regulatory Activities (MedDRA) terminology, specifically
using the Preferred Terms (PTs). To ensure a comprehensive assess-
ment of the toxicity spectrum, we meticulously identified individual AE
reports associated with sildenafil at both the system organ class (SOC)
and PT levels. It is important to note that FAERS allows for the report-
ing of adverse events related to various drug names. The role of the
reported drug in each event is indicated by specific codes, including
preferred suspect (PS), secondary suspect (SS), concomitant (C), and
interacting (1).

In our study, we focused on analyzing the target drugs, namely silde-
nafil (the generic name) and Viagra (the trade name), as documented
in the DRUG file. To ensure consistency, we specifically selected the
role code as “PS” to designate the reported drug as the PS in the
adverse event. By utilizing this approach, we aimed to obtain a com-
prehensive understanding of the specific AEs associated with sildenafil,

considering its generic and trade name variants.

2.2 | Data mining algorithm and statistical analysis

Our study follows a case/non-case design, which can be considered
as a case-control study. We specifically focused on analyzing AEs
attributed to the investigated drugs rather than those caused by under-
lying disease states. To explore the relationship between a specific
drug and an adverse event (AE), both Frequentist and Bayesian tech-
niques were utilized in the disproportionality analysis. The measures
employed in this study included the reporting odds ratio (ROR),!” the
proportional reporting ratio (PRR),!® the Bayesian confidence propa-
gation neural network (BCPNN),'? and the multiitem gamma Poisson
shrinker (MGPS).2° Prior to performing calculations for ROR and PRR,
it is imperative to acquire the values of variables a, b, ¢, and d. Here,

variable ‘a’ signifies the count of individuals encountering the desired
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TABLE 1 Table matrix.

Sildenafil Non-sildenafil
Target AEs a C
Non-target AEs b d

N =a+b+c+d

Abbreviation: AE, adverse event.

AEs subsequent to sildenafil exposure; variable ‘b’ signifies the count
of individuals experiencing non-target adverse events post sildenafil
exposure; variable ‘c’ denotes the count of individuals facing the tar-
get adverse event subsequent to non- sildenafil exposure; and variable
‘d’ represents the count of individuals experiencing non-target adverse
events following non-sildenafil exposure. The total count N is given by
thesumofa,b,c,andd (N=a + b + ¢ + d, refer to Table 1). The specific
formulas for the four algorithms are outlined below:

(i) ROR algorithm
ROR = (ad) / (bc)

1,1,1,1
IN(ROR)+£1.964/ =+ =+=+=
95%Cl =e a bocd

The criteria of positive safety signal detection: the lower limit of
95%Cl>1,N>3;

(i) PRR algorithm
PRR =[a(c+d)] /[c(a+ b)]

(@+b+c+d)(ad — bc)?
(a+b)(c+d)(@+c)(b+d)’

x2 =
The criteria of positive safety signal detection: PRR>2, y2 >4, N>3;
(iii) BPCNN algorithm

al@+b+c+d)

IC =log, < i h@+r o

95%Cl = E(IC) + 2 x y/V(IC).

The criteria of positive safety signal detection: IC025 > 0 (IC025:
the lower bound of 95% Cl);

(iv) EBGM algorithm

EBGM = (aN)/[(a +b)(a + )]

1.1 1 1
IN(EGBM)+1.964/ S+ 14+ 242,
95%Cl =e a b ocd

The criteria of positive safety signal detection: EBGMO0O5 > 2
(EBGMO5: the lower bound of 95% Cl).
In our study, we defined “cases” as patients who were treated with

a drug and reported a specific AE. Conversely, all other possible pairs
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TABLE 2 Characteristics of reports associated with sildenafil from
2004 Q1-2021 Q4.

Case Number Percentage
Total counts 33692
Gender
Male 24279 72.06%
Female 5879 17.45%
Unknown 3534 10.49%
Age
<20 656 1.95%
20-29 492 1.46%
30-39 879 2.61%
40-49 1878 5.57%
50-59 3766 11.18%
60-69 4953 14.70%
70-79 3459 10.27%
>80 1559 4.63%
Unknown 16050 47.64%
Reported Countries (Top five ranked)
US (United States) 27657 82.09%
CA (Canada) 738 2.19%
UK (United Kingdom) 738 2.19%
JP (Japan) 476 1.41%
Germany 409 1.21%
Serious outcomes
Death 4613 13.69%
Disability 517 1.53%
Hospitalization 4008 11.90%
Life-threatening 345 1.02%

were considered “non-cases.” In our analysis, we also considered unex-
pected AEs, which refer to significant AEs that were not listed in the
FDA drug labeling. These unexpected AEs could potentially indicate
previously unrecognized or significant safety concerns associated with
the use of sildenafil. To perform the data processing and statistical anal-
yses, we employed the R software (version 4.0.2), which enabled us to
conduct rigorous and comprehensive analyses of the collected data.

3 | RESULTS

3.1 | General characteristics

During the study period, which spanned from the first quarter of 2004
to the last quarter of 2021, a total of 339,230 reports were submitted
to the FAERS database. Out of these, 33,692 reports specifically men-
tioned the use of sildenafil. Table 2 provides a comprehensive overview
of the clinical characteristics associated with sildenafil-related events.

Notably, a larger proportion of AEs were reported in males (72.06%)
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compared to females. This observation aligns with the intended usage

of sildenafil, primarily for the treatment of ED, although it is also
utilized for pulmonary hypertension (PHT) in female patients.

In terms of age distribution, most of patients experiencing AEs
were aged over 60 years, which is notably higher than the median
age typically seen in clinical trials. It is worth noting that in a sep-
arate clinical study, the clearance rate of sildenafil was found to be
reduced in healthy elderly volunteers (over 65 years old), which could
potentially explain the higher incidence of AEs observed in elderly
individuals.

Geographically, the United States accounted for the highest pro-
portion of reported AEs, comprising 82.09% of all cases. Among the
reported outcomes, death was the most frequently mentioned severe
outcome, occurring in 13.69% of cases. Additionally, disability and life-
threatening events were reported in 517 (1.53%) and 345 (1.02%)

cases, respectively.

3.2 | Signal values associated with sildenafil ranked
by reporting odds ratio algorithm

Table 3 displays the significant SOCs identified in our analysis. The
noteworthy SOCs were “Reproductive system and breast disorders”
(SOC: 10038604), “Neoplasms benign, malignant and unspecified”
(SOC: 10038738), “Vascular disorders” (SOC: 10047065), and “Blood
and lymphatic system disorders” (SOC: 10005329). The section
addressing “Reproductive system and breast disorders” encompasses
a total of 5,918 cases. The relative reporting odds (ROR) along with
its 95% confidence interval (Cl) were calculated to be 51.74 (95% Cl:
50.22-53.31). The proportional reporting ratio (PRR) was determined
as 42.83 (95% Cl: 41.76-43.92). The Chi-square value (y?) yielded a
substantial result of 210,810.61. Additionally, the information com-
ponent (IC) at IC025 was computed as 5.22 (95% Cl: 5.12). Moreover,
the Empirical Bayes Geometric Mean (EBGM) at EBGMO5 stood at
37.3(95% Cl: 36.21). The category “Neoplasms benign, malignant, and
unspecified” comprised a total of 1,117 cases. The ROR along with
its 95% Cl was calculated as 8.03 (7.56-8.53). Similarly, the PRR with
a 95% Cl was found to be 7.8 (7.36-8.27). The x? reached 6,470.14,
and the IC at IC025 stood at 2.93 (2.73). Furthermore, the EBGM
calculated at EBGMOS5 was determined to be 7.62 (7.17). The category
“Vascular disorders” encompassed a total of 144 cases. The ROR with
a 95% Cl was calculated to be 9.15 (7.74-10.8), while the PRR, also
with a 95% ClI, yielded a value of 9.11 (7.72-10.75). Furthermore,
the 2 reached 1007.63, and the IC at the 0.25 quantile (IC025) was
determined to be 3.15 (2.59). Notably, the EBGM at the 0.05 quantile
(EBGMO5) exhibited a score of 8.86 (7.5). The section on “Blood and
Lymphatic System Disorders” encompassed seven cases. The ROR
with a 95% Cl was calculated at 5.76 (2.72-12.17), while the PRR, also
with a 95% Cl, was 5.76 (2.72-12.17). The Chi-square value was found
to be 26.97. Additionally, the 1C025 indicated a value of 2.5 (0.31),
and the EBGMO5 was determined to be 5.66 (2.68). These findings
provide valuable insights into the specific areas where adverse events

associated with sildenafil were frequently reported.

WANG ET AL.

To further investigate the safety profile of sildenafil, we exam-
ined the PTs that exhibited significant associations with the use of
this medication. Table S1 presents all the AEs that emerged from our
study. Among these, we observed the common AEs including “Vision

»u »u »u

blurred,” “Flushing,” “sudden hearing loss,” “Painful erection,” and “Pri-
apism.” Furthermore, our study uncovered unexpected adverse events
that had not been previously documented extensively. These top 10

» o«

unexpected AEs include “Malignant melanoma,” “Pulmonary hyper-

» o« » o«

tension,” “Malignant melanoma in situ,” “Pulmonary arterial hyperten-

» o« » o«

sion,” “Metastatic malignant melanoma,” “Malignant melanoma stage
I1,” “Malignant melanoma stage Il,” “Acquired hemophilia,” “Aortic

dissection rupture,” and “Intracranial artery dissection” (Table 4).

4 | DISCUSSION

This study analyzed a total of 33,692 reports that were specifically
linked to AEs attributed to the use of sildenafil. Notably, there was
a predominant occurrence of these reported AEs that was observed
among male patients, which aligns with sildenafil’s primary indica-
tion for treating ED. Given that sildenafil’s primary prescription is
for addressing ED-related concerns, a higher proportion of reported
AEs from male users is expected. It is important to acknowledge,
however, that sildenafil also finds application in treating other med-
ical conditions such as PHT,2! cancer,?? and ophthalmology.?® For
example, sildenafil has demonstrated efficacy and good tolerability for
persistent PHT of the newborn,2* particularly in cases where alterna-
tive therapies like inhaled nitric oxide and extracorporeal membrane
oxygenation are not available.2> Consequently, reports from female
patients were also included in this analysis.

The distribution of reported AEs linked to sildenafil demonstrates
a significant bias toward individuals aged 60 years and older, suggest-
ing a heightened occurrence of AEs within this specific age cohort.
This particular observation gives rise to apprehensions concerning the
safety and tolerability of sildenafil among the elderly population, as
physiological changes associated with aging can exert influence over
drug metabolism and elimination processes.!! Age-related alterations
in hepatic and renal functions, coupled with changes in drug absorp-
tion and distribution, can give rise to disparities in drug clearance and
pharmacokinetics within the elderly population.?2¢ These physiolog-
ical changes may affect the metabolism and elimination of sildenafil,
potentially leading to a higher risk of AEs.

Specifically, our findings highlighted significant links between
sildenafil and the SOCs of “Eye disorders.” Traditionally, the visual
disturbances associated with sildenafil use were attributed to its
inhibition of phosphodiesterase 6 (PDE6) in the photoreceptor cells.2”
However, recent investigations have revealed that sildenafil also
affects bipolar cells, expanding our understanding of its impact on the
visual function.2® Additionally, emerging evidence suggests that silde-
nafil may exert beneficial effects on ocular health, such as preventing
thickening of the Bruch membrane and promoting regeneration of
the ellipsoid zone in cases of dry age-related macular degeneration.2?

These novel findings underscore the complex interplay between

85U8017 SUOWIWIOD BAeaI) 8|eol|dde au Aq peusnob a1 91 YO '8N JO Se|nl Joj AkigIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WICD A8 1M AIq 1 jBU UO//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseiuewnsoq @ A sueydniny| S818IBAIUN SIAB N ZNYOPUO - IPeLULLRYOW WeAiw AQ EESET IpUB/TTTT OT/I0p/W00 A3 imAlIq1puI|uO//SAY WO papeojumoq ‘' *v20Z ‘L262L702



20472927, 2024, 4, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13533 by mryam mohammadi - Ondokuz Mayis Universitesi Kutuphane Ve Dokumantasyon , Wiley Online Library on [28/07/2024]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

40M33U |eanau uoijededoud 9ousplyuod
uelsaAeg ‘NNdDg ‘ueaw 2L13owoas ueisakeg [ealidws ‘NDgT Jusuodwod uoljewiojul ‘| patenbs-1yd ‘zX ‘oijes Suijiodau [euoiiodoud “Y¥d ‘o13e sppo Suiziodas YOy {|eAI2IUI 9OUBPIUOD ‘| :SUOIIRIARIGQY
‘|ENUEW UOI12NJISUI 3Y] UO pay.ew Jou sl DOS 3yl 18yl sa1edipul, :210N

WILEY--Z

(£16)T9'9T (660) SOt STvy (P7'95-8%'G) 85°LT (S¥'95-81'S) 85°LT € sdapJosip Aseurin pue euay 65€8€00T

(609) L6T (Tcr ey ev'es (61'89-€59)T'1C (T2'89-€59)T'TC € sJapJosip AeljiqojedaH G086T00T

(€9°5)¥8€T (STT)6L°€ 9L°65 (t9'se-6'5)SHT (€9'5€-6'G) SHT S S19pJ0s|p WajsAs sunwiw| 8Z¥TC00T

= (€zs)eseT (STT)89¢€ 7L YS (58'2e-91'S) el (98'2€-91'S) T S S19pJosip aulidopu3 86971007

(89'2)99'S (T€e0)sc L6'9C (L1°21-2LT)9L'S (L1°21-2LT)9L'S L «S19pJosip wasAs d1jeydwiA| pue poojg 62€5000T

> (€s¥) S8 (8T°T)60°€ 7799 (6€9T-99'%) #£8 (F'9T-99%) ¥£8 (0] suoijipuod |ejeultad pue ‘wniiadiand Aoueusald G859€00T

O (€T'TT) 9502 (6¥2) 9¢Y 81'50C (€8'0r-L6'TT)T'CC (58'0p-L6'TT)TT°CT 1T SI9P.0S|p [eUIISAIUIOIISED L¥6/100T

m (¢55) 8T8 (9271)S0°€ YTYST (9£21-£9'6) 58 (LL2T-£99) 158 144 SUO13e}SaJul pue SUOIIRJU| 18812007

O (6T°2) £8°0T (L12)vre L6'7TT (18'91-954) LT TT (¢891-95£)8TTT (14 SIOUEBJSUWINDIID [B120S ¥¥ZT¥00T

o (L8'ET)T68T (rze)vey S6TEL (16°£2-28%1) 61°0C (95°£2-€8'%1) 2T0T 154 S19p.0SIp 2132USS pue ‘[el]iwey ‘|e3Iuasu0) T€E0T00T

m (r09)zeL (¥T2) 18T 60985 (L0'6-8T'9) 6¥7'L (T6-619)1SL L0T $19pJOS|p 3NSSI} SNOBUBINIYNS PUE UIS §8£0¥00T

A (T8'01) LO°ET (8o€)TLE 12°€5¢T (S9T-€T1)99°€T (96'9T-€€TT) L €T 2Ll SJ9pJosIp J143elydAsd G/LTLE00T

(52)98'8 (652)ST°E €9°'£00T (S£01-2LL)1T°6 (80T-¥L'L)ST°6 144 £S19pJoSIp JendseA $90/¥00T

(ce9eeL (8€C) L8 SE'L66 (£98-LV'9) 6¥'L (¢L8-6v'9)TS'L z8tT slapJosip oelpJed T¥#5/000T

(9€9)e€L (r'2) 8T 26'9L0T (r98-159)5L (69'8-759) 5L 96T sainpadoud |edlpawl pue [ed184ng €192¥00T

(6:0T) ¥€TT (tze)eoe €0TVLT (PS¥T-9€TT) 98°CT (99%T-E¥'TT) S6CT 29¢ suolesisau| 16822007

(T192) 6€°62 (8v'v) 88t ¥8'9058 (9£9€-L0'62) 69°CE (crLe-€'627) 86°CE 60€ SaNss| 3onpo.d 9€6/£00T

(86€)CEY (€8T)1TC TTELYT (VL Y-€0Y) LEY (T8%-80") €V €LS S19pJosIp YjuLAde| pue le3 €66£T00T

«(sdAjod pue s3sAd>

LrL)eoL (€Le)eee ¥1°0LY9 (LT8-9¢°L)8L (€5'8-95°£) €08 LTITT [out) payydadsun pue Jueusijew ‘usjuaq swse|doaN 8€/8€00T

(S¥ey) vé vy (€9) 6v'S 80°£92E9 (92°95-2%°05) 92°€S (68'85-95°CS) ¥9'SS 99%T S19pJosIp [euljseipaw pue dideloy) ‘Auojelidsay 70162007

(€eV) ¥SY (coz)81C 9G5°€2CS (18Y-v¥) 9t (PO'S-657) 18+ 7981 S19PJOSIP W3IsAs SNOAISN 50262001

(897)8¢C (€CT) 67T €9°07¢C (s6'z-L2)28C (Loe-872)€6C 88T suoijesl|dwod [ednpado.d pue Suluosiod ‘Aunfu LTTCT00T

(66°5)8T9 (6t°2) 59T vTH158 (699-€1°9) 9 (SO°L-2¥'9)TL9 €681 siap.osip 243 6T6S100T

(tz9e)eLe (crs)ces 19°0180T¢ (T6er-9LT1) €8'CY (1€'€5-22°09) ¥L TS 8T6S £S19pJ0sIp 3sea.q pue WajsAs aAizoNpo.day #098€00T

(8€)68°€ (68T)96'T z8'TL6VT (P-18°€)€6°E (T¥'5-L1'S) 6T°S LE90T SUOIHPUOD 9)S UOIIEIISIUIWUPE PUE SISPIOSIP [BJ2UID $908100T

(Ssowog3) woa3 (s2021) 21 24 (12 %56) ¥ud (12 %56) 4O¥ syiodas aseD 20S 3p0) D0S

3 ‘aseqelep (SYFvH) WalsAS Suilioday JUSAT 9SISAPY UoIjeJlSIUIWPY SnuQ pue poo Ul |9A3| (DOS) Sse|D uesuQ WwalsAS ayi e [1Jeuap|is Jo s3y Jo yiduaais jeusis € 379V.L

m
2



ARV ANDROLOGY

WANG ET AL.

TABLE 4 Top 10 unexpected adverse event of sildenafil at the preferred terms level in Food and Drug Administration Adverse Event Reporting

System (FAERS) database.

Preferred terms Case reports ROR (95% CI) PRR (95% Cl) IC (1C025) EBGM (EBGMO05)
Malignant melanoma 979 50.79 (47.42-54.41) 49.34(46.14-52.77) 5.4(5.17) 42.13(39.33)
Pulmonary hypertension 547 17.53(16.07-19.12) 17.26 (15.84-18.8) 4.03(3.74) 16.32(14.96)
Malignant melanoma in situ 240 148.46 (126.94-173.62) 147.4(126.14-172.26) 6.6(6.11) 97.06 (83)
Pulmonary arterial hypertension 117 5.01(4.17-6.02) 5(4.17-6) 2.3(1.7) 4.93(4.1)
Metastatic malignant melanoma 76 21.8(17.25-27.53) 21.75(17.23-27.46) 4.34(3.57) 20.26 (16.04)
Malignant melanoma stage Il 28 87.59(57.3-133.87) 87.52(57.27-133.73) 6.07 (4.73) 66.99 (43.83)
Malignant melanoma stage Il 21 67.94(42.18-109.43) 67.9(42.17-109.34) 5.78(4.28) 54.89(34.08)
Acquired hemophilia 7 5.76(2.72-12.17) 5.76(2.72-12.17) 2.5(0.31) 5.66(2.68)
Aortic dissection rupture 6 51.15(21.43-122.09) 51.15(21.43-122.06) 5.44(2.9) 43.43(18.2)
Intracranial artery dissection 4 225.06 (60.43-838.18) 225.04 (60.43-838.01) 6.97 (3.5) 125.47 (33.69)

Abbreviations: Cl, confidence interval; EBGM, empirical Bayesian geometric mean; EBGM, empirical Bayesian geometric; EBGMOS5, the lower limit of 95%;
IC, information component; IC025, the lower limit of 95% Cl of the IC; PRR, proportional reporting ratio; ROR, reporting odds ratio.

sildenafil and ocular physiology, warranting close monitoring of ocular
manifestations in patients undergoing sildenafil therapy. Beyond
ocular effects, our analysis identified significant associations between
sildenafil and adverse events related to the nervous system and
general disorders. Therefore, it is crucial to diligently monitor patients
receiving sildenafil for any neurological manifestations, as well as
general AEs that may arise during treatment.

Moreover, our analysis at the PT level revealed additional note-
worthy AEs associated with sildenafil use. Consistent with previous
clinical trials and known risks, we observed expected AEs such as “Car-
diac failure acute” and “myocardial fibrosis.!'” These findings further
substantiate the existing knowledge regarding the potential cardio-
vascular effects of sildenafil. In a recent multicenter, double-blind,
randomized clinical trial, researchers investigated the efficacy of silde-
nafil in patients with persistent pulmonary hypertension (PH) following
the successful correction of valvular heart disease (VHD). Surprisingly,
the study found that treatment with sildenafil (40 mg three times daily)
in this specific patient population was associated with worse clinical
outcomes.2! Therefore, caution should be exercised when consider-
ing the off-label use of sildenafil for treating PH secondary to left
heart disease. These findings emphasize the importance of tailored
and evidence-based treatment strategies for patients with different
etiologies of PH.

Regarding the “Cerebral small vessel ischemic disease,” a study
examined the infusion of sildenafil and its impact on cerebral perfu-
sion. Interestingly, despite a significant reduction in cerebral perfusion
pressure, the study did not observe any changes in global or regional
perfusion.?? This suggests that the proximal vasodilatory effects of
sildenafil may not effectively alter brain perfusion. However, it isimpor-
tant to note that the cerebral autoregulatory function remained intact
in this group, highlighting the potential preservation of the brain’s
ability to regulate blood flow. Future investigations should explore
whether sildenafil has the potential to restore or enhance autoregula-
tioninindividuals affected by subarachnoid hemorrhage, presenting an

intriguing avenue for further research.

In our analysis, the most frequently documented severe out-
come was death, indicating the significance of closely monitoring and
addressing potential risks associated with sildenafil use. Furthermore,
disability and life-threatening events were also reported, underscor-
ing the importance of comprehensive surveillance and management
of AEs in patients receiving sildenafil therapy. These findings pro-
vide valuable insights into the cardiovascular effects of sildenafil
and highlight the need for cautious monitoring, especially in patients
with preexisting hypertension or concurrent use of antihypertensive
drugs.

In addition to the anticipated AEs commonly associated with silde-
nafil use, our study uncovered several unexpected AEs that warrant

further investigation and evaluation. These unexpected AEs include

» »

“Acquired hemophilia,” “Malignant melanoma,” “Aortic dissection rup-
ture,” and “Intracranial artery dissection.”

Acquired hemophilia, a rare autoimmune disorder characterized by
the development of autoantibodies against clotting factors,3! is an
unexpected AE that was reported in association with sildenafil use.
Thrombocytopenia subsequent to the administration of sildenafil has
been documented in the existing literature. However, no mention of the
utilization of sildenafil as a potential instigator of acquired hemophilia
has been found in ref32 The potential link between sildenafil and
acquired hemophilia raises questions about the underlying mecha-
nisms and whether there is a causal relationship. Further research
is needed to explore this association and determine the extent of
the risk.

Another unexpected AE that emerged from our analysis is malig-
nant melanoma, a type of skin cancer.3® While previous studies have
investigated the relationship between sildenafil and melanoma, the
findings have been inconclusive.?* The research by Li et al. demon-
strated that sildenafil facilitated melanoma cell invasion, shedding
light on potential factors contributing to the differences in survival
rates between sexes.>> Arozarena et al. demonstrated that PDE5A was
downregulated in numerous melanoma cell lines expressing oncogenic
BRAF.3¢ This observation suggests that this intrinsic phenotype may
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potentially serve as a biomarker for increased invasiveness and poorer
prognosis. Although there exists a theoretical possibility for PDE5A-
targeting drugs to facilitate melanoma metastasis, the administration
of sildenafil did not lead to an augmentation in melanoma cell lung col-
onization in mouse models.3¢ Our study adds to the existing evidence,
suggesting the need for continued surveillance and exploration of this
potential association.

Aortic dissection rupture®” and intracranial artery dissection3® are
vascular complications that have not been reported in association with
sildenafil use. Some studies revealed an occurrence of cerebral hem-
orrhage subsequent to the administration of sildenafil.>?-*! However,
it solely observed the phenomenon without conducting a comprehen-
sive causal analysis. These unexpected AEs raise concerns regarding
the impact of sildenafil on vascular integrity and the potential risk for
severe cardiovascular events. Further investigation is necessary to elu-
cidate the underlying mechanisms and assess the magnitude of the risk
in individuals using sildenafil.

Our study has some inherent limitations that must be acknowl-
edged. First, the voluntary nature of reporting to the FAERS database
makes it susceptible to underreporting, resulting in potentially incom-
plete data. Less severe or common adverse events may be underrep-
resented, while more serious or rare events could be overreported.
Second, subjectivity and reporter biases may influence the report-
ing process, potentially introducing reporting bias. Third, the FAERS
reports vary in quality and level of detail. Some reports may lack suffi-
cient granularity, which could hinder robust analysis and interpretation

of the events.

5 | CONCLUSIONS

This study has revealed a considerable occurrence of acquired
hemophilia, malignant melanoma, aortic dissection rupture, and
intracranial artery dissection among the reported adverse events
linked to sildenafil use. This implies a possible connection between
sildenafil and these conditions that warrants further investigation.
More research is needed to confirm these associations and examine
potential safety issues that may have been previously missed regarding

sildenafil.
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Abstract

Background: The interaction between intestinal microbiota and erectile dysfunction
(ED) is less investigated. This study was performed to explore the association between
intestinal microbiota and ED.

Methods: In this two-sample Mendelian randomization (MR) study, genetic variants
of gut microbiota were obtained from MiBioGen consortium containing 18,340 indi-
viduals. Six methods including inverse variance weighting (IVW), MR-Egger, weighted
median, maximum likelihood, MR robust adjusted profile score, and MR pleiotropy
residual sum and outlier were used to investigate the causal links between intestinal
microbiota and ED. Furthermore, reverse MR analysis was performed to exclude the
causal impact of ED on gut microbiota.

Results: As revealed by the IVW estimator, the risks of ED were raised by genet-
ically proxied Lachnospiraceae (OR: 1.27), Lachnospiraceae NC2004 group (OR: 1.17),
Oscillibacter (OR: 1.20), Senegalimassilia (OR: 1.32) (All P < 0.05) and Tyzzerella-3 (OR:
1.14, P < 0.05). It was observed that Ruminococcaceae UCG0O13 exerted protective
effect against ED (OR: 0.77, P < 0.05). These results were consistent with other esti-
mators in sensitivity analyses. In reverse MR analyses, genetic liability to ED did not
alter the abundances of Lachnospiraceae, Lachnospiraceae NC2004 group, Oscillibacter,
Senegalimassilia, Tyzzerella-3, and Ruminococcaceae UCG013 (All P > 0.05). No hetero-
geneity and pleiotropy were detected by Cochran’s Q-test, MR-Egger, and global test
(All P> 0.05).

Conclusions: This study provided novel evidence that genetically proxied Lach-
nospiraceae, Lachnospiraceae NC2004 group, Oscillibacter, Senegalimassilia, Tyzzerella-3,
and Ruminococcaceae UCGO13 had potentially causal effects on ED. Further stud-
ies are needed to clarify the biological mechanisms linking intestinal microbiota
to ED.
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causal association, erectile dysfunction, genome-wide association study, intestinal microbiota,
Mendelian randomization
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1 | BACKGROUND

Erectile dysfunction (ED) is defined as the inability to achieve or
maintain sufficient erection for satisfactory sexual performance. This
non-lethal condition is prevalent globally and seriously affects men’s
physical and psychological health.! According to the report from
European Male Ageing Study (EMAS), the average prevalence of ED
was 30% in men aged 40-79 years.?2 Another milestone study, Mas-
sachusetts Male Ageing Study (MMAS), revealed a prevalence of 52%
in men aging from 40 to 70 years.® Meanwhile, the high prevalence of
ED should not be attributed to aging exclusively. Several studies from
different geographical regions reported a prevalence of ED ranging
from 5% to 30% among men below 40 years.** ED is usually consid-
ered as a mixed organic and psychogenic nature, and associated with
multiple risk factors such as aging, metabolic dysfunction, depression,
and so on.® In all, many risk factors are modifiable and have been inves-
tigated for a long time. However, few studies focus on the role of gut
microbiota in the onset of ED.

It has been well documented that human health and conditions
can be maintained or mediated by microbial communities.” For
example, aberrant composition and function of intestinal microbiota
have been detected in metabolic or allergic diseases.®? Moreover,
in non-metabolic conditions such as cancers, intestinal microbiota
can be considered as a risk or preventive element.'° However, lim-
ited attention was paid on the role of gut microbiota in ED in
the past. It has been reported that gut microbiota diversity of ED
patients was significantly different with healthy controls.!112 More-
over, a cross-sectional study found that Alistipes and Clostoridium
XVIIl were associated with ED through sequencing technologies.'3
Additionally, metabolites of altered gut microbiota may participate
in the development of ED through immune-inflammatory axis or
endothelial injury.’*1> Nonetheless, given the cross-sectional design
and limited sample size of previous studies, the causal link between
gut microbiota and ED still remains unclear and needs further
investigation.

In recent years, Mendelian randomization (MR) has been exten-
sively used to evaluate the causal association of intestinal micro-
biota with diseases, such as metabolic and cardiovascular diseases.®
To control the biases from limited sample size and cross-sectional
design, we used MR to investigate the role of intestinal microbiota
in ED. MR is an epidemiological approach using single nucleotide
polymorphisms (SNPs) as instrumental variables (I1Vs) to replace expo-
sures (i.e., intestinal microbiota) and outcomes (i.e., ED).2” SNPs are
assigned randomly when forming zygote, which are not affected
by postnatal confounding factors. Therefore, under MR framework,
causal inference can be yielded. In this study, we used summary
statistics from MiBioGen consortium and Medical Research Coun-
cil Integrative Epidemiology Unit (MRC-IEU) to perform two-sample
MR analysis, which provided novel evidence linking gut microbiota
to ED.

ZHANGET AL.

2 | METHODS

2.1 | Data sources and selection of instrumental
variable

Summary statistics of human gut microbiota were obtained from
MiBioGen consortium.’® This study included 18,340 individuals from
24 cohorts. The microbial composition and relative abundances of gut
microbiota were detected using 16S ribosomal RNA gene sequencing.
Microbiota quantitative trait loci mapping analysis was performed
to identify genetic variants of the host and evaluate the association
between human genetic variants and intestinal microbiota. In this
study, the lowest taxonomic level was genus. Summary statistics
of ED were retrieved from one previous genome wide association
study by Bovijn et al.® This study included 223,805 male partici-
pants (6,175 ED cases and 217,630 controls) to identify the closely
associated SNPs of ED. All the participants were from European
descent.

The flowchart of this study is showed in Figure 1. To obtain ade-
quate IVs and increase the statistical power, |Vs were filtered from the
identified SNPs at a genome-wide statistical significance of P < 1 x
1073, The left SNPs were further pruned if the linkage disequilibrium
r2 were > 0.01 at a window size of 10,000 kb. SNPs with minor allele
frequency (MAF) < 0.01 are generally accepted as rare SNPs, which
have limited impact on the traits. Therefore, only SNPs with MAF >
0.01 were reserved.

2.2 | Statistical analysis

Six methods were used to investigate the effects of gut microbiota on
ED, including inverse variance weighting (IVW), MR-Egger, weighted
median, maximum likelihood (ML), MR robust adjusted profile score
(MR.RAPS) and MR pleiotropy residual sum and outlier (MR-PRESSO).
In IVW models, all the IVs are assumed as valid Vs and then combined
using a meta-technique. This method is used as the main analyses.
When heterogeneity existed, the random effects’ IVW model was
used; otherwise, fixed effects’ IVW estimator was deemed as the
main analysis. To produce unbiased results even when pleiotropy
existed, MR-Egger and weighted median methods relax this precon-
dition (have invalid 1Vs) and were used as sensitivity analyses. In
addition, given the minimal bias in limited sample sizes, ML method
was also used . The MR.RAPS method could produce consistent results
when weak and pleiotropic SNPs exist. After excluding pleiotropic out-
liers, MR-PRESSO estimator combined the effects from Vs as the
IVW model. This estimator could be used to detect the presence
of pleiotropy.

Cochran Q-test was applied to evaluate the heterogeneity of 1Vs.
Q-statistics with P-value < 0.05 indicated the presence of heterogene-

ity, and the random-effects’ IVW method was used to generate more
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FIGURE 1 Study design and flow chart.

Abbreviations: ED, erectile dysfunction; Vs, instrumental variables; MR, Mendelian randomization; MAF, minor allele frequency; SNPs, single

nucleotide polymorphisms.

conservative but robust estimates. To assess the horizontal pleiotropy,
MR-Egger intercept term and global test from MR-PRESSO estima-
tor were used. Furthermore, to verify the absence of pleiotropy and
reverse causality, reverse MR analysis was conducted using ED as the
exposure and intestinal microbiota as the outcome. The strength of
SNPs was quantified via calculating F-statistics of each bacterial taxon
as previously reported.1? The F-statistic greater than 10 indicated less
likelihood of weak instrumental bias.

All statistical analyses were conducted using R 4.0.3 (R Foundation
for Statistical Computing, Vienna, Austria). “TwoSampleMR,” “MR-
PRESSO,” and “MendelianRandomization” packages were used for data
analyses. “forest” package was used to draw the forest plot.

3 | RESULTS

3.1 | Genetically proxied lachnospiraceae and
lachnospiraceae nc2004 group increased the risk of
erectile dysfunction

A total of 17 SNPs were used as Vs of Lachnospiraceae with an aver-
age F-statistic of 20.98 (Table 1). Genetically proxied Lachnospiraceae
could increase the risk of ED as revealed by the IVW estimator (OR:
1.27,95% Cl: 1.05-1.52, P = 0.012) (Figure 2). This finding remained
significant in different estimators (All P < 0.05), except the MR-Egger
method. However, the direction and effect size of MR-Egger estimator
were similar to other methods (OR: 1.50,95% Cl: 0.95-2.36,P =0.099).

The scatter plots displayed an increasing risk of ED with the increase of
SNP effect on Lachnospiraceae (Figure 3A). No pleiotropy was identified
by the global test and the MR-Egger method (both P > 0.05) (Table 1).
Meanwhile, no heterogeneity was detected according to the funnel
plot (P> 0.05) (Table 2 and Figure 4A).

Lachnospiraceae NC2004 group is a genus of Lachnospiraceae fam-
ily. Similar to Lachnospiraceae, Lachnospiraceae NC2004 group could
increase the risk of ED as revealed by the IVW method (OR: 1.17, 95%
Cl: 1.01-1.37,P < 0.05) (Figure 2). The direction and effect size of sen-
sitivity analyses were in line with the IVW method (Figure 2). With the
increase of the SNP effect on Lachnospiraceae NC2004 group, the effect
of SNP on ED also ascended (Figure 3B). In all analyses, no pleiotropy
and heterogeneity were identified (All P > 0.05) (Tables 1 and 2 and
Figure 4B).

3.2 | Genetically proxied oscillibacter increased the
risk of erectile dysfunction

Oscillibacter is a genus of Oscillospiraceae family. A total of 13 SNPs
were used as Vs of Oscillibacter with an average F-statistic of 22.33
(Table 1). In line with the sensitivity analyses, IVW estimator revealed
an increased risk of ED (OR: 1.20, 95% Cl: 1.04-1.39, P < 0.05)
(Figure 2). Genetically predicted Oscillibacter abundance was positively
associated with the risk of ED (Figure 3C). There were no heterogene-
ity and pleiotropy in MR analyses, supporting the robustness of results
(All P> 0.05) (Tables 1 and 2 and Figure 4C).
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TABLE 1 Strength and pleiotrophy of instrumental variables.
Number P for Intercept for P for
Family/Genus of SNPs F-statistics Global test Egger regression Egger
Lachnospiraceae 17 20.98 0411 —-0.0125 0.431
Lachnospiraceae NC2004 group 9 20.72 0.585 —0.0290 0.449
Oscillibacter 13 22.33 0.531 —-0.0224 0.456
Ruminococcaceae UCGO13 12 21.82 0.307 0.0278 0.251
Senegalimassilia 5 20.94 0.683 0.0005 0.990
Tyzzerella-3 13 22.84 0.558 0.0057 0.905
Abbreviations: ED, erectile dysfunction; MR, Mendelian randomization; SNPs, single nucleotide polymorphisms.
Methods OR (95% CI) P values Methods OR (95% CI) P values Methods OR (95% CI) P values
T T T
Lachnospiraceae ! Oscillibacter ! Senegalimassilia ]
VW 1.27(1.05-1.52) ot 0.012 VW 1.20 (1.04-1.39) o 0.016 VW 1.32 (1.06-1.64) ——— 0.012
MR-Egger 1.50 (0.95-2.36) e 0.099 MR-Egger 1.54 (0.81-2.92) H—— 0217 MR-Egger 1.31 (0.62-2.78) — 1 % 0528
Weighted median 1.32 (1.02-1.71) A 0.036 Weighted median 1.16 (0.93-1.43) e 0.180 Weighted median 1.24 (0.93-1.66) e 0.139
Maximum likelihood 1.27(1.06-1.53) E»—o—a 0.009 Maximum likelihood 1.21(1.04-1.41) :Lo-a 0.014 Maximum likelihood 1.33(1.06-1.66) i —_—— 0.013
RAPS 1.29 (1.04-1.59) :»-..—4 0.018 RAPS 1.22(1.04-1.43) 'r... 0.016 RAPS 1.33(1.05-1.68) : —— 0.018
MR-PRESSO 1.27(1.05-1.52) :-—H 0.023 MR-PRESSO 1.20 (1.04-1.38) ‘,.4 0.027 MR-PRESSO 1.32(1.11-1.56) : —— 0.032
1
Lachnospiraceae ! Ruminococcaceae E i
NC2004 group 1 UCGo13 1 Tyzzerella-3 1
i H i
VW 1.17(1.01-1.37) ,—.—4 0.039 vw 0.77 (0.61-0.96) ;..4: 0.023 VW 1.14(1.02-1.27) :'—.—4 0.024
MR-Egger 151 (0.80-282) +1—e— 4 0243 MR-Egger 0.54 (0.30-0.99) o— 0.076 MR-Egger 1.09 (0.58-2.06) —te———% 078
Weighted median 1.23 (0.99-1.51) iy 0.056 Weighted median 0.73(0.55-0.97) oy 0.027 Weighted median 1.20 (1.03-1.41) s 0.019
MR LSO e 0033 R G 077062099 red 0011 Maxinum keliood 114(1.02-1.28) o 0024
RAPS 1.19 (1.01-1.41) 0.039 RAPS 0.74(0.58-0.94) o) 0.013 RAPS 1.15(1.02-1.30) —e— 0.022
MR-PRESSO 1.17 (1.02-1.35) :r" 0.038 MR-PRESSO 0.77 (0.61-0.96) -o-i 0.044 MR-PRESSO 1.14(1.02-1.27) :r-.—. 0.039
10 15 20 25 1 2 3 10 15

FIGURE 2 The results of MR estimating the causal association between intestinal microbiota and ED.
Abbreviations: Cl, confidence interval; ED, erectile dysfunction; IVW, inverse variance weighted; MR, Mendelian randomization; OR, odds ratio;
PRESSO, pleiotropy residual sum and outlier; RAPS, robust adjusted profile score.

TABLE 2 Detailed results for heterogeneity of instrumental variables.

Q-values P-values

Family/Genus MR Egger VW ML MR Egger VW ML

Lachnospiraceae 16.535 17.256 17.001 0.347 0.369 0.386
Lachnospiraceae NC2004 group 6.509 7.151 6.995 0.482 0.520 0.537
Oscillibacter 10.476 11.073 10.849 0.488 0.523 0.542
Ruminococcaceae UCGO13 12.101 13.899 13.595 0.278 0.239 0.256
Senegalimassilia 2452 2.452 2.315 0.484 0.653 0.678
Tyzzerella-3 11.249 11.264 11.101 0.423 0.506 0.520

Abbreviations: IVW, inverse variance weighting; ML, maximum likelihood; MR: Mendelian randomization.

3.3 | Genetically proxied Ruminococcaceae UCG013
decreased the risk of erectile dysfunction

Ruminococcaceae UCGO13 is a genus of Ruminococcaceae family. There
were 12 SNPs used as IVs of Ruminococcaceae UCGO13 with an aver-
age F-statistic of 21.82 (Table 1). Of note, this germ was the only genus
that exhibited protective effect against ED in the gut microbiota. All
the methods yielded consistent causal estimates (OR for IVW: 0.77;

OR for MR-Egger: 0.54; OR for weighted median: 0.73; OR for ML:
0.77; OR for RAPS: 0.74; and OR for MR-PRESSO: 0.77) All P values
were < 0.05 except MR-Egger estimator (P = 0.076). The marginal sig-
nificance of MR-Egger may be attributed to the relatively low statistical
power of this method for valid IVs. Genetically proxied Ruminococ-
caceae UCGO13 abundance was negatively associated with the risk of
ED (Figure 3D). No heterogeneity and pleiotropy for IVs were detected
(All P> 0.05) (Tables 1 and 2 and Figure 4D).
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FIGURE 3 Scatter plots for the causal effects of gut microbiota on ED.

Abbreviations: ED, erectile dysfunction; IVW, inverse variance weighted; RAPS: robust adjusted profile score.

3.4 | Genetically proxied senegalimassilia increased
the risk of erectile dysfunction

Senegalimassilia is a genus of Coriobacteriaceae family. A total of
five SNPs were used as IVs of Senegalimassilia with an average F-
statistic of 20.94 (Table 1). IVW estimator disclosed a causality of
Senegalimassilia for ED (OR: 1.32, 95% Cl: 1.06-1.64, P < 0.05)
(Figure 2). The direction and effect size of causal estimates were
accordant in sensitivity analyses. The scatter plots showed that
with the increment of SNP effect on Senegalimassilia abundance, the
SNP effect on ED also elevated (Figure 3E). No heterogeneity and
pleiotropy for Vs were detected (All P > 0.05 in Tables 1 and 2 and
Figure 4E).

3.5 | Genetically proxied tyzzerella-3 increased the
risk of erectile dysfunction

There were 13 SNPs used as |Vs of Tyzzerella-3 with an average F-
statistic of 22.84 (Table 1). A 1.14-fold risk of ED (OR: 1.14, 95% Cl:
1.02-1.27, P < 0.05) was detected for genetically proxied Tyzzerella-3
by the IVW method (Figure 2). This finding was also accordant with
the results of sensitivity analyses. In Figure 3F, genetically predicted
Tyzzerella-3 abundance was positively associated with the risk of ED.
No heterogeneity and pleiotropy were detected (All P> 0.05) (Tables 1
and 2 and Figure 4F).

3.6 | Reverse Mendelian randomization analyses

To further exclude reverse causality, we extracted Vs from ED genome-
wide association study (GWAS) as an exposure to explore the influence
of ED on intestinal microbiota (Figure 5). Due to only one SNP
(rs57989773) was extracted, the Wald ratio method was used to calcu-
late the ORs. Reverse MR analyses did not support the causal effects
of genetically proxied ED on the identified six germs. The ORs were
1.12 (95% Cl: 0.98-1.59, P = 0.101) for Lachnospiraceae, 0.90 (95% ClI:
0.71-1.14, P = 0.370) for Lachnospiraceae NC2004 group, 1.13 (95%
Cl: 0.93-1.38, P = 0.229) for Oscillibacter, 1.02 (95% Cl: 0.88-1.18,
P = 0.795) for Ruminococcaceae UCG013, 1.07 (95% Cl: 0.86-1.33,
P =0.558) for Senegalimassilia, and 1.05 (95% Cl: 0.81-1.37,P =0.701)
for Tyzzerella-3, respectively.

4 | DISCUSSION

As the second genome of human beings, the intestinal microbiota plays
an important role in the onset and progress of various diseases.2°
The gut microbiota might participate the development of diseases by
generating microbial metabolites or activating downstream signaling
pathways which ultimately change cellular physiology.2! Currently,
several risk factors of ED have been recognized and described.?? For
instance, diabetes and low levels of testosterone may deteriorate

erectile performance through different mechanisms, including the

85U8017 SUOIWIOD BAeaID) 8|eol|dde au Aq peuenob a1 91 YO '8N JO Se|n. Joj ARigIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WIC0 A8 1M AIq 1 jBU UO//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseluewnsoq @ A sueydniny| S818IBAIUN SIAB I ZNYOPUO - IPeLULLRYOW WeAiw AQ YESET IpUe/TTTT OT/I0p/W0o A] 1M AeIq1jpul|uo//Sdiy WOy papeojumoq ‘' *v20Z ‘L262L702



LARYVE=Y ANDROLOGY @

ZHANGET AL.

(A) P for Cochrane Q test (IVW) >0.05 : (B) 4751 P for Cochrane Q test (IVW) >0.05 : (C) 42 P for Cochrane Q test (IVW) >0.05 :
‘ ; I
” 1 i 1
[ 4504 1 39 |
1 1 1
1 i +
1 1 1
WZ T ‘E 1 WZ 1
8 | 8 ey i B :
= i = A = \
3 Ll 1 1
1 1 1
L 4001 ! 33 !
1 1 1
H 1 1
1 1 1
1 1 1
2 i 37s] E 30 !
7 L 7 55 o 03 5 - 03 T
Lachnospiraceae Lachnospiraceae N2004 group Oscillibacter
(D) P for Cochrane Q test (IVW) >D.05: (E) P for Cochrane Q test (IVW) >0.05 : (F) P for Cochrane Q test (IVW) >0.05 :
: . : 680 :
404 1 1 1
1 1 1
1 1 1
' ! 3 !
' ! !
3351 I 3 42] 1 z T
2 1 @2 1 2 1
T 1 o 1 " 1
1 ! - !
Wl | ! i
' ! !
1 i i 1
1 1 1
1 1 1
25 1 1 45 i
 § 1 1
L 1 1
; o i o " 7 35 O s
Ruminococcaceae UCG013 Senegalimassilia Tyzzerella-3
FIGURE 4 Funnel plots for the heterogeneity of instrumental variables.
Abbreviations: IVW, inverse variance weighted; SE, size effect.
Method Family/Genus OR (95% CI) P values F statistic
T
1
Lachnospiraceae 1.12 (0.98-1.29) h—e—] 0.101
1
1
Lachnospiraceae '
0.90 (0.71-1.14 —_ K
NC2004 group ¢ ) 1 037
1
1
Wald ratio Oscillibacter 1.13 (0.93-1.38) Fr—e——| 0.229 56.54
1
1
. 1
Ruminococcaceae o
UCGO13 1.02 (0.88-1.18) |_Ib_| 0.795
1
1
Senegalimassilia 1.07 (0.86-1.33) |_=_._| 0.558
1
1
1
Tyzzerella3 1.05 (0.81-1.37) _ — 0.701

FIGURE 5 Reverse MR for the causal effects of ED on gut microbiota.

Abbreviations: ED, erectile dysfunction; MR, Mendelian randomization.

endothelial impairment of corpus cavernosum, aberrant expression
and activation of phospho-diesterase type 5, and so on.232* However,
few studies have investigated the causal association between gut
microbiota and ED.

Recently, a pilot study detected significantly altered composition of
intestinal microbiota in ED patients comparing with health controls,
and found that Actinomyces as a key pathogenic bacteria was corre-
lated with ED.12 Nevertheless, given the limitation of pilot design and
small-sample size, this study did not revealed the causality between

gut microbiota and ED. In our study, genetic data were used to explore

T : T I
08 1.0 12 14

the causal association between intestinal microbiota and ED, avoiding
the bias from confounding factors. Our analysis revealed that Lach-
nospiraceae, Lachnospiraceae NC2004 group, Oscillibacter, Senegalimas-
silia, and Tyzzerella-3 were causally associated with an increased risk
of ED. Conversely, the protective effect of Ruminococcaceae UCG0O13
on erectile function was also identified. These results provide novel
evidence of gut microbiota on the diagnose or treatment of ED.
Lachnospiraceae can be found in the meconium of early infants,
and increased abundance of Lachnospiraceae in the intestinal lumen

was detected to be associated with several different diseases. For
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instance, Blautia and Roseburia, the main genera of Lachnospiraceae,
are involved in the control of atherosclerosis and maturation of the
immune system, which might be mediated by the end products of
Lachnospiraceae metabolism, toll-like receptor and arachidonic acid-
dependent signaling pathway.?>2¢ Meanwhile, Lachnospiraceae family
appears to be correlated with inflammatory conditions such as inflam-
matory bowel disease (IBD), and chronic kidney disease (CKD), in
which nuclear factor kappa-B (NF-xB) signaling is involved.?” In this
study, we found that Lachnospiraceae and Lachnospiraceae N2004
group might be causally associated with ED. Thus, we hypothesized
that the dysbiosis of Lachnospiraceae may induce low-grade sys-
temic inflammation through toll-like receptor, arachidonic acid or
NF-xB signaling, consequently harming the vascular system and then
triggering ED.

Although genus Oscillibacter was identified many years ago, the
infection of Oscillibacter in human was rarely described.?® As in a
previous study explored the relationship between gut microbiome and
blood metabolites, increased abundances of fecal Oscillibacter showed
causality with decreased concentration of triglyceride, which seems
to be beneficial to the erectile function.2’ However, it is established
that the metabolic end product of Oscillibacter is homologous to the
neurotransmitter y-aminobutyric acid (GABA), and one clade consist-
ing of five Operational Taxonomic Units within Oscillibacter showed a
significant association with depression.?® Meanwhile, high abundance
of genus Oscillibacter has been found in patients with depression.3!
Thus, Oscillibacter may incur depressive disorders and subsequently
aggravate ED, which might be mediated by neurotransmitter-like
metabolite of Oscillibacter and GABA signaling pathway in the central
nervous system.

Ruminococcaceae, belong to Firmicutes, canproduce several short-
chain fatty acids (SCFAs) by hydrolyzing starch or sugars.®? It is
reported that SCFAs are major source of nutrition for epithelial cells
in colon, and are conducive to improve the epigenetic states of histone
and decrease the expression of inflammatory markers in the hosts.33
Meanwhile, SCFAs produced by Ruminococcaceae may mediate the pro-
liferation of intestinal stem cells through activating the Wnt/S-catenin
signaling pathway, suggesting the possibility of Ruminococcaceae as a
preventative agent for inflammatory diseases.3* On the other hand, the
effects of fatty acids on the erectile function are complicated, as well
as the deranged metabolism of fatty acids may represent a marker of
vasogenic ED.353¢ Our results demonstrated the protective effect of
Ruminococcaceae UCG013 against ED, which may attribute to the role
of SCFAs in the inhibition of inflammatory response and the regulation
of fatty acids metabolism.

Genus Senegalimassilia were reported to be significantly associated
with the production of enterolactone.?” Meanwhile, Senegalimassilia
might be a protective factor for hypertension as previous study
reported.3® However, Senegalimassilia was causally linked with ED in
our study, which is inconsistent with the results of this study. Due to
little information of Senegalimassilia was disclosed, more evidence of
causal association between Senegalimassilia and ED development is still
needed. Moreover, we found that Tyzzerella-3 was a risk factor for ED

in this MR study. Previous evidence showed that genus Tyzzerella of

ANDROLOGY
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Firmicutes was associated with incident diabetes and abundant pro-

duction of aromatic amines.®3? Meanwhile, it is reported that lower
levels of Tyzzerella-3 were associated with acute myocardial infarc-
tion, in which the SCFAs pathway was involved.?° Thus, it seems that
dysbiosis of Tyzzerella-3 may mediate the endocrine or endothelial dys-
function through the SCFAs’ pathway, which produce adverse effects
on the erectile function.

Several limitations in our study should be noted for interpreting
our results. First, the original dataset collected data from 24 multi-
ethnic cohorts in order to expand the sample size to 18,340 individuals.
Although we have adopted this biggest dataset of gut microbiome
to date, the sample size still needs to be enlarged, which could fur-
ther strengthen the statistical power. Second, the multi-ethnic genetic
background may generate bias into the genetic association between
gut microbiota and host genetic variations. Therefore, further GWAS
study with larger sample sizes, simpler ethnic background, and unified
sequencing techniques should be considered. Third, due to the usage
of summary-level data, the nonlinear association between the germs’
abundances and ED risk cannot be explored. Fourth, our results were
not adjusted for documented risk factors of ED, such as metabolic con-
ditions and testosterone abnormality. Additionally, we did not stratify
outcome as psychogenic, vasculogenic, and other etiology in analy-
sis. All those limitations should be evaluated and addressed in future

studies.

5 | CONCLUSIONS

In this two-sample MR study, we found that genetically proxied
Lachnospiraceae, Lachnospiraceae NC2004 group, Oscillibacter, Senegal-
imassilia, Tyzzerella-3, and Ruminococcaceae UCGO13 had potentially
causal effects on ED. Further studies are needed to investigate the
biological mechanisms linking gut microbiota to the ED.
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Abstract

Background: Erectile dysfunction (ED), premature ejaculation (PE), and low libido (LL)
are reported as the most common male sexual dysfunctions.

Objective: To evaluate the prevalence of ED, PE, and LL and associations with lifestyle
risk factors and comorbidities in middle-aged men.

Materials and methods: This study included a population-based random sample of
2500 50-year-old men who completed validated questionnaires, including the Interna-
tional Index of Erectile Function, the Erection Hardness Score, the Sexual Complaints
Screener, and further questionnaires. Multiple logistic regression of outcomes ED, PE,
and LL was used to model the association with explanatory factors.

Results: The prevalence of at least one sexual dysfunction was 30%. 21%, 5.2%, and
7.2% of men had ED, PE, and LL, respectively. The risk of ED increased with PE (odds
ratio [OR]: 1.94, 95% confidence interval [95%Cl]: 1.22-3.08), LL (OR: 2.04, 95%Cl:
1.26-3.29), higher waist circumference (OR: 2.23, 95%Cl: 1.67-2.96), and lower uri-
nary tract symptoms (LUTS) (OR: 1.88, 95%Cl: 1.39-2.55), partnership was associated
with a lower risk (OR: 0.57, 95%Cl: 0.39-0.85). The risk of PE increased with ED (OR:
1.94, 95%Cl: 1.23-3.07), partnership (OR:5.42, 95%Cl: 1.30-22.60), depression (OR:
2.37, 95%Cl: 1.09-5.14), and LUTS (OR: 2.42, 95%Cl: 1.52-3.87), and decreased with
physical activity (OR: 0.44, 95%Cl: 0.21-0.93). The risk of LL increased with ED (OR:
2.09, 95%Cl: 1.31-3.34) and poorer self-rated health (OR: 2.97, 95%Cl: 1.54-5.71).
Discussion and conclusions: Roughly one in three 50-year-old men experience some
form of sexual dysfunction and risk factors identified in this study underline the mul-
tifactorial nature of ED, PE, and LL. Many risk factors are modifiable which underlines
the role of patient education. Modifiable risk factors should be addressed in patient
education and men should take active measures to remove the risk posed by these

factors.
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1 | INTRODUCTION

Erectile dysfunction (ED), premature ejaculation (PE), and low libido
(LL) are frequently reported as the most common male sexual
dysfunctions observed in the general population.-3

ED is defined as the inability to achieve or maintain an erection suffi-
cient for satisfactory sexual performance.* It can be estimated that the
prevalence, although presenting a great deal of variation according to
the age of the population studied and the diagnostic tool used, ranges
from 15% to 50% in middle-aged men in the general population.*-®
The most often used diagnostic tool is the International Index of
Erectile Function-Erectile Function (IIEF-EF) domain.” However, the
IIEF-EF domain does not capture men without sexual intercourse, few
sexual attempts or non-heterosexual orientation identity. Therefore, a
considerable number of men are not captured by this tool. To capture
all men independent of their sexual orientation identity and sexual
activity further additional tools such as the Erection Hardness Score
(EHS)® could be used.

PE is a three-dimensional condition that includes () short intrav-
aginal ejaculation latency time (IELT) within about one minute (lifelong
PE) or within about 3 min (acquired PE), (Il) inability to delay ejacula-
tion, and (I11) personal distress and/or avoidance of sexual intimacy.?
Next to ED, PE is the most common type of male sexual dysfunction,
with a prevalence rate ranging from 3.4% to 31% in men aged 40—80
years.10-12

LL is defined as a “deficiency or absence of sexual fantasies or
desire for sexual activity” and additionally requires “marked distress or
interpersonal difficulty”.23 A Danish population-based study published
in 2007 revealed that the range of men reporting LL varied, depending
on age, between 2.3% and 7.7%.2* A large German population-based
survey showed similar results with a prevalence rate between 0.5%
and 4.2% in men aged 41—50 years.?

The causes of the aforementioned three male sexual dysfunc-
tions are physical, psychological, or a combination of these factors.
They occur most often due to comorbidities (diabetes, hypertension,
endocrine alterations, urogenital tumors, urinary infections, incon-
tinence, and surgical damage to nerves and organs), psychological
problems (depression and anxiety), and psychoactive and antihy-
pertensive drug use.!® Lifestyle (smoking, alcohol abuse, inactivity,
and obesity) and sociodemographic factors (age, income, education,
and employment status) may also be associated with male sexual
dysfunction.’®1” Sexual dysfunction can impact the quality of life of
affected men and their partners.’® Given the frequent concomitant
occurrence of ED, PE, and LL and their burden on affected men, it is
important to detect their prevalence and associations with potential
modifiable lifestyle risk factors and comorbidities in middle-aged men.
While there is some evidence regarding the interplay between ED
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and PE,? little is known about interactions between all these three
aforementioned and most common sexual dysfunctions, especially in
population-based samples of middle-aged men.

Thus, the objectives of this analysis were first, to investigate the
prevalence of ED, PE, and LL in a large community-based sample of
50-year-old men, and secondly, to determine the association between
these sexual dysfunctions and lifestyle, comorbidities, and other

potentially modifiable risk factors.

2 | MATERIALS AND METHODS
2.1 | Bavarian Men’s Health Study

The Bavarian Men’s Health Study (BMH-Study) is an ongoing study
that focuses on various aspects of male physical, mental, and sexual
health in a large, population-based random sample of 50-year-old
Bavarian men concomitantly participating in a prostate cancer screen-
ing trial. Men were invited from the local population registers within
a radius of 100 km around the study center by using simple random
sampling. A short postal inquiry and invitation to participate in the
trial were sent. Address information was provided by local registration
offices. To obtain a representative overview of the population, we
decided to include all participants without applying any exclusion
criteria. The study protocol was reviewed and approved by the ethical
review committee of the Technical University of Munich. All par-
ticipants are informed about study procedures and provide written
informed consent. At three time-points, comprising study entry, 5
and 10 years afterward, participants visit the clinical center for an
interview and brief physical examination, where they complete stan-
dardized questionnaires. The report here contains the cross-sectional
results of the baseline measures for men enrolled between April 2020
and April 2021.

3 | PARTICIPANTS AND MEASURES

3.1 | Sociodemographic, lifestyle, and psychosocial
factors, comorbidities, and sexual behavior

A self-report sheet was used to assess sociodemographic variables,
including being in a partnership, duration of the partnership, living with
the partner, having children, level of education, employment status,
and self-perceived economic situation. Lifestyle factors included
among others, smoking, alcohol consumption, physical activity, and
waist circumference (in cm, measured by an instructed study physi-

cian). Lower urinary tract symptoms (LUTS) were assessed with the
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validated German version of the International Prostate Symptom
Score (IPSS).1? All further comorbidities (hypertension, diabetes
mellitus, dyslipidemia, depression, etc.) and current medication were
assessed in the clinical interview. Self-rated health was measured
with the first question of the Short Form-36 Health Survey.2° Anxi-
ety and depression were assessed using the German version of the
two-question screening tool Generalized Anxiety Disorder-2 and
the Patient Health Questionnaire-2.2! Both measures are rated on a
4-point Likert scale (0-3). A summary score >3 indicates clinical levels
of anxiety and depression, respectively. These measures have proven
reliable and valid in previous studies.2! Sexual behavior included
among others, the six items: sexual orientation identity, partnered
sexual activity/solo masturbation within the past 3 months, the impor-
tance of sexuality, sexual satisfaction, and number of lifetime sexual

partners. Details of group categorizations are provided in Table 1.

3.2 | Erectile dysfunction

The presence of ED was assessed using the German version of the
IIEF-EF7 and the Erection Hardness Score (EHS).2 Severity of ED was
classified as mild (IIEF-EF score 22—25), mild to moderate (I|IEF-EF
score 17—21), moderate (IIEF-EF score 11—16), or severe (IIEF-EF
score 6—10). Since men with failed sexual intercourse, few sexual
attempts, or non-heterosexual orientation identity are not suitable to
be evaluated by the IIEF-EF domain the EHS was additionally asked.?2
The EHS is a validated single-item patient-reported outcome (PRO) on
the hardness of erection ranging from O (penis does not enlarge) to 4
(completely hard and fully rigid). The presence of ED was defined as an
IIEF-EF score <25 or an EHS score <3.78

3.3 | PE and delayed ejaculation

PE and delayed ejaculation (DE) were assessed using the Sexual Com-
plaints Screener for Men (SCS-M),23 an evidence-based screening tool
estimating men’s sexual complaints during the past 6 months. The SCS-
M was developed based on expert opinion to assess sexual problems
in a medical practice setting, with its validity and reliability recently
established for Turkish men.24 Participants were classified into three
groups according to the International Society for Sexual Medicine Ad
Hoc Committee for the Definition of Premature Ejaculation? (no PE vs.
lifelong/acquired PE vs. variable/subjective PE) and into two groups for
DE (no DE vs. DE). The screening measure comprised the following two
items.

(I) “Some men cannot control their sexual excitement so that
they cum (ejaculate) before or shortly (within approximately 2 min)
after penetration. Has this happened to you during the last 6

n, «

months?” Response options were “no sexual activity”; “never/almost

n, o«

never”;

n, o« n, o« n, o«

rarely”; “sometimes”; “often”; “almost all the time/almost
always”.

(I1) “Has this been a personal problem for you?” Here, response

n, « », o«

options were “not at all a problem”; “a very small problem”; “some

», o« »,

problem”; “a considerable problem”; “a very great problem”.
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TABLE 1
The numbers indicated are among the completed entries and not
always adding up to the total sample size. Percent refers to the
observed data and does not include missing data.

Baseline characteristics of the study sample (n = 2500).

n %

Sexual dysfunctions
IIEF-EF domain

no (26-30) 1458 63

mild to moderate, mild (17-25) 386 17

moderate, severe (<16) 460 20
EHS

0 12 0.5

1 23 10

2 55 2.3

3 612 25

4 1708 71
Erectile dysfunction

No 1929 79

Yes (IIEF-EF score <25 or EHS score <3) 504 21
Premature ejaculation

No 1762 84

Yes (lifelong/acquired) 109 5.2

Yes (variable/subjective) 240 11
Delayed ejaculation

No 2195 99

Yes 27 1.2
Low libido

No 2254 93

Yes 175 7.2
Sociodemographic factors
Partnership 2173 87
Duration of partnership (months)

0 319 13

1-60 201 8.2

>60 1931 79
Living with the partner 2025 84
Children

0 758 30

1 494 20

>2 1248 50
Level of education

low 255 10

intermediate 514 21

high 1731 69
Employment status

unemployed 74 3.0

employed part-time 110 4.4

employed full-time 2299 93

(Continues)
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TABLE 1 (Continued)
n
Self-perceived economic situation
poor 48
satisfactory 307
good 2133
Lifestyle factors
Smoking
non-smoker 1449
former smoker 717
current smoker 334
Alcohol consumption
low 414
moderate 1885
excessive 148
Physical activity
<1time/week 354
2-5 times/week 1519
>6 times/week 622
Waist circumference (cm)
<94 1048
>94-<102 692
>102 744
Comorbidities
Hypertension 412
Diabetes mellitus 58
Dyslipidemia 123
Depression 105
Lower urinary tract symptoms (IPSS)
no/mild (<7) 2087
moderate, severe (>7) 381
Psychosocial factors
Self-rated health
good 2332
poor 148
Depression (PHQ-2)
<3 2372
>3 107
Anxiety (GAD-2)
<3 2380
>3 101
Sexual behavior
Sexual orientation identity
heterosexual 2349
homosexual 126
bisexual 25

NDROLOGY

%

1.9
12
86

58
29
iLE

17
77
6.1

14
61
25

42
28
30

17
223
4.9
4.2

85
15

94
6.0

96
4.3

4.1

94
5.0
10

(Continues)
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TABLE 1 (Continued)
n %

Partnered sexual activity within the past 3 months

none 374 15

up to one time/month 512 21

afew times/month to one time/week 1110 45

2-3 times/week 389 16

>4 times/week 82 3.3
Solo masturbation within the past 3 months

none 221 9.3

up to one time/month 430 22

a few times/month to one time/week 916 38

2-3times/week 532 22

>4 times/week 188 7.9
Importance of sexuality

very unimportant 18 0.7

unimportant 125 5.1

more or less important 826 34

important 1128 46

very important 352 14
Sexual satisfaction

very unsatisfied 148 6.1

unsatisfied 328 14

more or less satisfied 854 35

satisfied 907 37
very satisfied 202 8.3
Number of lifetime sexual partners

0 16 0.7

1 193 8.0

2-10 1455 61

11-30 531 22

>30 205 8.5

Abbreviations: EHS, Erection Hardness Score; GAD-2, Generalized Anxiety
Disorder-2; IIEF-EF, International Index of Erectile Function-Erectile Func-
tion; IPSS, International Prostate Symptom Score; PHQ-2, Patient Health
Questionnaire-2.

Participants were classified into two groups according to the ISSM
definition of PE: “no PE” and “lifelong/acquired PE”. They were iden-
tified as having “no PE”, if they answered the first question with
“never/almost never” and the second question with “not at all a
problem”. In contrast, participants were identified as having life-
long/acquired PE when answering the first question with “often” or
“almost all the time/almost always” and the second question with “some

» o«

problem”, “a considerable problem” or “a very great problem”. If partic-

» o«

ipants answered the first question with “never/almost never”, “rarely”
or “sometimes” and the second question with “some problem”, “a con-
siderable problem” or “a very great problem” they were identified as

having variable/subjective PE.
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34 | Low libido

The presence of LL was assessed with the question “How often have
you felt sexual desire during the past 4 weeks?” (very frequently, fre-
quently, occasionally, rarely, very rarely/never), which was adopted
from a study of men and women in Germany.? The latter two answer

options were defined as LL.

3.5 | Statistical analysis

Descriptive statistics were used to summarize participant characteris-
tics and simple logistic regression to explore individual characteristic
associations with the outcomes of ED, PE, and LL. Three separate multi-
ple logistic regression models with backward selection were performed
for the outcomes ED, PE, and LL to measure associations with lifestyle
factors and comorbidities. For each specific outcome modeled, part-
nership, lifestyle factors, comorbidities, psychosocial factors, and the
other two outcomes were included as explanatory variables. Results
were reported in terms of odds ratios (ORs), along with 95% confidence
intervals (Cls). All statistical tests were two-sided, exploratory, and per-
formed at the 0.05 level of significance. Data analyses were conducted
using the Statistical Analysis System (SAS), version 9.4 (SAS Institute

Inc.).

4 | RESULTS
41 | Study population

Note that, 2500 Bavarian men with a mean age of 50.4 + 0.8 years
were included in the BMH-Study between April 2020 and April
2021. The overall response rate was 95% (2500/2637). The overall
prevalence of at least one sexual dysfunction was 30% (677/2254).
The prevalence of ED (IIEF-EF score <25 or EHS score <3) was 21%
(504/2433). 5.2% (109/2,111) of men had lifelong or acquired PE
and 11.0% (240/2111) of men had variable or subjective PE. Few men
reported delayed ejaculation (1.2%(27/2222)) and the prevalence of LL
was 7.2% (175/2429). Further cohort characteristics are summarized
in Table 1, and results of simple logistic regression analyses of ED, PE,
and LL with characteristics in Tables S1-S3.

4.2 | Factors associated with ED, PE, and LL

PE and LL were both associated with ED (OR: 1.94, 95%Cl: 1.22-3.08;
OR: 2.04, 95%Cl: 1.26-3.29, respectively). Men in a partnership
were less likely to have ED (OR: 0.57, 95%Cl: 0.39-0.85). Men
with a higher waist circumference showed a higher likelihood of
having ED (compared to <94 cm, >94-<102 cm: OR: 1.51, 95%Cl:
1.12-2.03; > 102 cm: OR: 2.23, 95%Cl: 1.67-2.96). Men with
LUTS had higher odds of having ED (OR: 1.88, 95%Cl: 1.39-2.55).
(Table 2)
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TABLE 2 Multiple logistic regression analysis of factors
associated with erectile dysfunction.

OR 95% CI p-value
Sexual dysfunctions
1.22-3.08 0.005

1.26-3.29 0.004

Premature ejaculation (ref: no) 1.94
Low libido (ref: no) 2.04
Sociodemographic factors

Partnership (ref: no) 0.57 0.39-0.85 0.005

Lifestyle factors

Waist circumference (cm) (ref: <94) <0.001

>94-<102 1.51 1.12-2.083

>102 223 1.67-2.96

Comorbidities

Lower urinary tract symptoms (ref: 188 1.39-2.55 <0.001
IPSS <7)

Abbreviation: IPSS, International Prostate Symptom Score.

TABLE 3 Multiple logistic regression analysis of factors
associated with premature ejaculation.

OR 95% CI p-value
Sexual dysfunctions

Erectile dysfunction (ref: no) 1.94 1.23-3.07 0.005
Sociodemographic factors

Partnership (ref: no) 542 1.30-22.60 0.020

Lifestyle factors

Physical activity (ref: <1 time/week) 0.036
2-5 times/week 0.94 0.54-1.65
>6 times/week 0.44 0.21-0.93

Comorbidities

Lower urinary tract symptoms (ref: 242 152-387 <0.001

IPSS < 7)
Psychosocial factors

Depression (ref: PHQ-2 < 3) 237 1.09-5.14 0.029

Abbreviations: IPSS, International Prostate Symptom Score; PHQ-2,
Patient Health Questionnaire-2.

ED showed an association with PE (OR: 1.94, 95%Cl: 1.23-3.07).
Partnership was associated with 5.4-fold increased odds of having PE
(OR: 5.42, 95%Cl: 1.30-22.6). Men physically active >6 times/week
were less likely to report PE (OR: 0.44, 95%Cl: 0.21-0.93) and men
with LUTS were more likely to report PE (OR: 2.42, 95%Cl: 1.52-3.87).
Regarding psychosocial factors, symptoms of depression were asso-
ciated with 2.4-fold increased odds of having PE (OR: 2.37, 95%Cl:
1.09-5.14). (Table 3)

ED was associated with LL (OR: 2.09, 95%Cl: 1.31-3.34). Sociode-
mographic/lifestyle factors and other comorbidities showed no associ-
ation with LL. The greatest odds ratio for having LL was allotted to men
with poorer self-rated health (OR: 2.97, 95%Cl: 1.54-5.71). (Table 4)
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TABLE 4 Multiple logistic regression analysis of factors
associated with low libido.

OR 95% ClI

p-value

Sexual dysfunctions
Erectile dysfunction (ref: no) 2.09 1.31-3.34 0.002
Psychosocial factors

Self-rated health (ref: good) 2.97 1.54-5.71 0.001

Abbreviations: GAD-2, Generalized Anxiety Disorder-2; IPSS, International
Prostate Symptom Score; PHQ-2, Patient Health Questionnaire-2.

5 | DISCUSSION

This cross-sectional study provides a basis for the understanding of
men’s sexual health and the most common male sexual dysfunctions
in a large population-based random sample of middle-aged men. One
in three middle-aged men experience some form of sexual dysfunc-
tion and risk factors identified in this study underline the multifactorial
nature of ED, PE, and LL. Every fifth 50-year-old man reported being
affected by ED, defined as both IIEF-EF score <25 and EHS <3. A
previously published US-American study assessing ED in prostate can-
cer patients before treatment reported a comparable prevalence of
20% in healthy 50-year-old men.® ED prevalence was higher in other
large European studies including more than 3000 and about 2000
German men, respectively, for example, 29.5% in 40-59-year-old men
living in a heterosexual, well-established relationship,2> and among
sexually active German men, 17% and 31% in 40-49-year-old men
and 50-59-year-old men, respectively, versus among all men, 28% in
40-49-year-old men and 45% in 50-59-year-old men, respectively.2®
However, both studies were hampered by low response rates of 31%
and 32%, respectively. Further, when applying the same ED definition
(IIEF-EF score <25) used in the abovementioned studies, ED preva-
lence in the cohort of this study is comparable at 37%.2>2% Notably,
the IIEF-EF-domain does not capture men without sexual intercourse,
few sexual attempts, or non-heterosexual orientation identity. Adding
the EHS in this study captures all men independent of their sexual
orientation identity and sexual activity.

The results observed underline the well-known link between ED and
PE.2 However, men complaining of both ED and PE should be consid-
ered and treated primarily as men with ED and treatment should be
predominantly focused on the erectile problem.2” Men with ED had
likewise higher odds of reporting LL, which is in line with previous
studies.?® ED leads to low self-confidence and avoidance behavior that
might result in LL.28

Fromthe investigated lifestyle factors and comorbidities only higher
waist circumference and LUTS were associated with ED. A waist cir-
cumference >102 cm was associated with 2.2-fold increased odds of
having ED. Previous studies reported that the relative risk of ED was
nearly twice as high (risk ratio: 1.9) in obese men compared with men
with normal BMI,2? and that the prevalence of ED increased from
32.1% to 74.5% with increasing waist circumference.? The Cologne
Male Survey described the relationship of LUTS and ED,%! and this
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analysis showed likewise a 1.8-fold increased odds of ED in men with
LUTS (IPSS > 7).

Contrary to the results of previous studies,®32 ED was not associ-
ated with other lifestyle factors and comorbidities. In simple logistic
regression, less physical activity, hypertension, diabetes, and depres-
sion were associated with ED, but the effect failed to reach significance
when controlling for concurrent confounders in the multiple regres-
sion analyses. Notably, the aforementioned studies showing an effect
of these risk factors investigated mainly older men. Shorter existence
and lower severity of symptoms caused by these risk factors might mit-
igate ED severity, however, with increasing age symptoms of ED might
aggravate. The correlation between ED and cardiovascular events is
an issue of major interest warranting further studies on older high-risk
populations.

In the present analysis, the prevalence of lifelong/acquired PE was
5.2%, and 11% of men had variable/subjective PE. This is consistent
with findings from two large observational studies, which also used the
ISSM evidence-based definition of PE. In these studies, the prevalence
of lifelong/acquired PE was 6.2% and 8.0%, respectively; however,
the prevalence of variable/subjective PE was higher in these sam-
ples (14% and 18%, respectively).3334 This underlines the assumption
that the higher prevalence of subjective PE might partly be due to

cultural reasons,3>

since these samples were from Turkey and China,
respectively.

Regarding lifestyle factors, physically active men had lower odds of
having PE. This was consistent with previous findings, which reported
that engaging in physical exercise is associated with lower levels of PE
symptoms.3¢ Physical activity is attributed to have a regulating effect
onthe serotonergic neurotransmission, which activates the ejaculatory
reflex.®”

The prevalence of LL was 7.2% in this analysis which is compara-
ble to other large, population-based surveys. The prevalence of LL in
men aged 41—-50years increased from 0.5% to 4.2% in two comparable
population-based German samples in 2005 and 2016 comprising 1106
and 1095 men, respectively.? In a large nationally representative Dan-
ish population (N = 10,458, response rate 84.8%), a prevalence of 7.7%
in men aged 45-66 years was reported.*

Interestingly, an association between LL and various lifestyle fac-
tors/comorbidities could not be found in the multiple analyses. In
fact, when assessing the factors separately, an association of LL
with less physical activity, alcohol consumption, depression, and LUTS
was found, whereas higher waist circumference, smoking, hyper-
tension, diabetes, and dyslipidemia showed no association. Studies
investigating older men showed that age itself, low physical activity,
obesity, depression, and diabetes were associated with lower sexual
desire. 1438

The findings of this study provide a good generalizability due to
the large, population-based, and randomly selected sample of 50-
year-old men. Additionally, instructed physicians surveyed all men;
thus detailed medical history was obtained and a physical examina-
tion was conducted. Furthermore, sexual dysfunctions (i.e., ED and
PE) were assessed using validated questionnaires, allowing compari-

son of results. The BMH-Study will also provide longitudinal data in
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the future, which will enable a more profound understanding of male
sexual health and sexual dysfunctions.

However, several limitations of the current analysis should be men-
tioned. Data from the BMH-Study are collected from men who are
attending a prostate cancer screening trial and might include more
health-concerned men, as well as men who are suffering from prostate
symptoms resulting in a recruitment bias. Patients with controlled
comorbidities who are under specific therapies were not distinguished
from patients with uncontrolled comorbidities without therapy and
duration of comorbidities or lifestyle factors were not considered.
However, these factors have various severity levels. For instance, the
risk of ED is different between men with severe or mild cases of dia-
betes, and between patients with controlled and uncontrolled diabetes
or different length of time. Further limitations include the lack of serum
testosterone levels and the use of a single item to assess LL. Therefore,
data do not necessarily correspond to a clinical diagnosis. Lastly, out-
come measures are subjective and self-reported and are therefore at

risk for exaggeration.

6 | CONCLUSIONS

Results of the current analysis provide a basis for the understanding of
men’s sexual health and the most common male sexual dysfunctions in
alarge population-based random sample of middle-aged men. ED mea-
sured with both the IIEF-EF domain and the EHS was more precise and
independent of men's sexual orientation identity. Factors associated
included not only typical risk factors and comorbidities but also other
sexual dysfunctions and LUTS, underlining the multifactorial nature of
these sexual dysfunctions. Most associated risk factors and comorbidi-
ties are modifiable, which should be addressed in patient education as
well asin men’s health campaigns and men should take active measures
to remove the risk posed by these factors.
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Abstract

Background: Penile squamous cell carcinoma (PSCC) is a rare disease that is more
prevalent in developing countries, such as Brazil, and is linked to poor genital hygiene,
which promotes the proliferation of microorganisms. Dysbiosis has an effect on the
local immune response, increases the risk of viral infection, and can generate inflamma-
tory processes. Current knowledge of the microbiota found in penile tissues is limited,
and the bacterial diversity of the PSCC remains unknown. In this investigation, the
microbiota associated with penile cancer and its potential role in tumor development
and progression were identified.

Methods: The 16S rRNA gene was analyzed by next-generation sequencing in 19
tumors and their respective non-tumor adjacent tissues to perform taxonomic classi-
fication, analysis of core microbiome, abundance, and diversity of amplicon sequence
variants (ASVs) (QIIME2 v.2020.2), and in silico functional prediction (PICRUST2,
p <0.05).

Results: In both tissues, the phyla Proteobacteria and Firmicutes, and genera Alcali-
genes and Fusobaterium, were the most prevalent. Tumors presented a greater relative
abundance of Fusobacteriota, Campilobacteria, and Fusobacterium (p = 0.04, p = 0.04,
and p =0.039, respectively). In addition, the beta diversity analysis revealed a tendency
for the formation of two distinct groups when only advanced tumors (pT2 and pT3)
were considered. Further, the functional analysis identified the top 35 pathways, and
79.5% of PSCC samples contained pro-inflammatory microorganisms.

Conclusion: We describe the first microbiome of penile carcinoma, which revealed
an abundant and diverse microbiota as well as inflammatory-related taxa (the phyla
Proteobacteria and Firmicutes, the genera Fusobacterium and Prevotella, and the
species Finegoldia magma and Pseudomonas geniculata) and molecular pathways (chitin

derivates degradation, the protocatechuic acid pathway, inositol metabolism, and the
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1 | INTRODUCTION

In developed countries, penile carcinoma is a rare tumor that predom-
inantly affects men in their sixth decade of life; however in developing
countries, such as those in Africa and South America, the incidence is
higher (5.7% and 13.8%, respectively)! and affects younger men.23
In North America and Europe, the incidence ranges from 0.1 to 1.0,
although some studies indicate an upward trend attributed to an
increase in human papillomavirus (HPV) infection.*° Penile cancer
has a favorable prognosis when detected at an early stage, but it
has a high mortality rate in economically deprived regions due to
the difficulty of obtaining health care.® In recent years, however,
the proportion of patients who died in the United States (3.6%) has
increased significantly.!

More than 95% of penile cancer are epidermoid or squamous cell
carcinoma (PSCC). The clinical and histopathological characteristics
(pathological subtype, perineural invasion, lymph vascular invasion,
depth of invasion and grade in the primary tumor) are directly related
to the prognosis, enabling the choice of an appropriate treatment.”
World Health Organization (WHO) classifies SCC according to the
TNM system, which considers T (describe the size of the primary tumor
and its invasion into adjacent tissues), N (absence or presence and the
extent of metastasis in regional lymph nodes), and M (absence or pres-
ence of distant metastasis). The T1 category is subdivided into two risk
groups based on the presence or the absence of lymphovascular inva-
sion and tumor grade. T2 denotes invasion of the corpus spongiosum,
whereas T3 denotes invasion of the corpora, and these two patterns
are associated with distinct prognosis.”

The main PSCC risk factors include phimosis, poor hygiene,
smoking, chronic inflammation, and HPV infection. Other tumors,
such as vulva,® uterine cervix,’ and anogenital region?1° have also
been associated with HPV, and around 20% of cancer cases are
strongly associated with particular viral or microbial infections.!
Moreover, it has been established that inadequate hygiene practices
in the penile region contribute to the accumulation of secretions
known as smegma and the growth of bacteria, including Mycobac-
terium smegmatis.>21° Furthermore, Liu et al.'2 conducted a study in
which they discovered a significant association between the pres-
ence of anerobic bacteria in penile tissue, increased expression of
cytokines in the coronal sulcus, and an individual’s vulnerability to HIV

infection.
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sucrose pathway), which have also been linked to inflammation and carcinogenesis.
Moreover, we found specific and abundant ASVs in both tumor and non-tumor tissues.
Our data encourage further study to better understand the role of these microor-
ganisms in penile carcinogenesis, offering an opportunity for advances in diagnosis,

prognosis, and early therapy.

human papillomavirus, inflammation, microbiome, penile cancer

Different factors, including nutrition, lifestyle, inflammatory and
infectious diseases, and pharmaceuticals, can promote an unhealthy
shift in the abundance, composition, and function of microbial commu-
nities (dysbiosis). Although the abundance of intratumoral microbes is
low in comparison to cancer cells, the microorganisms metabolize and
produce energy, which promotes their replication and survival, influ-
encing both immune response and cancer.?? Studies have shown that
bacteria can initiate cancer via three primary mechanisms: (1) pro-
ducing oncometabolites that increase mutation rate (cancer initiation);
(2) triggering sustained and chronic inflammation (cancer promotion);
and (3) modeling the microenvironment of the tumor and promot-
ing metastasis (cancer progression).114 This complex interaction of
microorganisms and host cells can be both a challenge and a potential
therapy opportunity.

Microorganism communities may differ in terms of richness (i.e.,
number of species) and of relative species abundance in space and
time. Diversity depends not only on richness, but also on even-
ness, and becomes a crucial factor in evaluating the microbiota’s
composition, function, and dynamics. Alpha diversity measures the
local diversity of samples or communities. Even though there is no
consensus on which diversity index is the most effective, Shannon-
Weaver and Simpson diversity indices have traditionally been used
to measure community diversity, and both indices increase when
the richness and evenness increase.!® On the other hand, beta
diversity measures the compositional dissimilarity across samples or
communities.!”

High-throughput sequencing of 16S rRNA genes has generated
massive data on bacterial communities in different tissues with greater
accuracy. In addition, microbiome-specific computational pipelines
have been developed to enable a more robust analysis of the vast quan-
tity of data produced by next-generation sequencing. Consequently,
it is possible to gain a greater understanding of the role of microor-
ganisms in the development and progression of a number of diseases,
including cancer.1® Nevertheless, it is important to note that currently
there is a lack of available data regarding the microbiome of PSCC.1?
In the present study, we examined the 16S rRNA gene through high-
performance sequencing to characterize the microbial profile of a
subset of PSCC, previously evaluated by our group.2° All samples were
positive for HPV, most of them having a high oncogenicrisk. In addition,
functional prediction analysis revealed the main molecular pathways

potentially involved in the genesis of PSCC.
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2 | MATERIALS AND METHODS
2.1 | Study population

This study enrolled 19 pairs of tumor tissue and adjacent non-
tumor tissue, a subset of a larger cohort (n = 55) analyzed in our
previous study.2® All patients were from the Aldenora Bello Can-
cer Hospital in Sdo Luis, Maranhdo, Brazil, and signed a Human
Research Ethics Committee-approved consent form (UFMA; CAAE:
46371515.5.0000.5087). No patient had been treated, including with
antibiotics, for at least 1 month prior to surgery. Adjacent tissues were
collected 2 cm away from the primary tumor, within the surgical safety
margin, and classified through histopathological and immunohisto-
chemical analysis.2° In addition, gene expression, miRNA expression,
copy number alteration, and exome sequencing data support that
penile tumor-adjacent tissues are a suitable normal control in relation
to the tumors.2-23 The cancer staging was determined using the
2016 World Health Organization tumor-node-metastasis (TNM)
classification.2425

The mean age of patients at the time of diagnosis was 62.6 + 16.5
years, with a range of 32-85 years. The majority of patients (79%)
had a low level of education, 50% had postectomy surgery, and 42%
were smokers. The most common types of tumors were condylomatous
(52.6%) and usual (31.5%). In 26.4% of cases, perineural and lymphatic
invasion were observed. The majority of tumors (73%) had advanced
staging (pT2 or pT3), necessitating total (21%) or partial (73%) penec-
tomy procedures. For stratifying tumor stages, pT2 and pT3 tumors (14
samples) were categorized as advanced, while pT1 tumors (5 samples)
were categorized as initial to identify a potential microbial signa-
ture according to the clinical profile of advanced and early diseases,
respectively. The data were analyzed using the same criteria and are
presented in Table 1.

Using a standard phenol-chloroform protocol, genomic DNA with
a 260/280 ratio of ~1.8 was isolated.22” HPV genotyping was
performed by nested-PCR in accordance with BioGenetics Molec-
ular Technologies (Uberlandia, Minas Gerais, Brazil, patent number
BR102017004615.0), which allows identifying 40 viral subtypes clas-
sified as high risk (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59,
66, 68, 73, and 82), intermediate risk (MM7, MMS8, 26, 30, (6, 11,
42, 43, 44 and 57). Briefly, the first-round amplification was per-
formed using one consensus primer MY092% and nine degenerate
primers modified from the MY09/11 primer to cover nonspecifi-
cally all types of HPV. The -globin gene (BGS1 and BGA2 primers)
was used as a positive internal control. The second PCR amplifica-
tion was carried out by a nested multiplex reaction using 40 specific
primers designed and labeled with fluorophores to identify HPV sub-
types. The first amplification reaction consisted of 40 cycles of 1
min at 94°C, 1 min at 50°C, 2 min at 72°C, and 5 min at 72°C.
Using the MY11/09 PCR products as a template, the second reac-
tion was conducted for 36 cycles at 95°C for 2 min, 56°C for 1 min,
72°C for 40 s, and 72°C for 5 min. The PCR product was detected
by capillary electrophoresis (MegaBase 1000, Amersham Pharmacia
Biotech) using the internal molecular weight standard ETRox550 (GE

Healthcare).
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DNA sequencing was also used for HPV genotyping (Big Dye Kit
Terminator v 3.1 method in ABI PRqual ISM 3500 Genetic Analyzer
Sequencer; Applied Biosystems). MEGA 6.0 Sequences software and
the GenBank/NCBI/Blast Database (http://blast.nchi.nlm.nih.gov/
Blast.cgi) were utilized for data analysis and sequencing comparison,
respectively. If note, the samples were characterized for inflammatory
gene alterations in our previous study.2° Briefly, the gene expression
analysis was performed by Tagman Universal PCR Mix Il (2x) no UNG
(Fluorochrome FAM) and amplification reactions were conducted in
ABI 7500 Fast thermocycler with 100 ng of cDNA and 0.5 uL of primer
and probe (KIT Tagman Gene expression assay) for target genes (EGFR,
COX2,TP53,and RB1), as detailed in Table S1A.

2.2 | Bacterial 165 rRNA V3-V4 sequencing

DNA library was prepared by using MiSeq Reagent Kits v2 according
to the manufacturer’s instructions. The V3-V4 region of the 16S rRNA
gene was amplified using primers 341F (CCTACGGGRSGCAGCAG)
and 806R (GGACTACHVGGGTWTCTAAT). The size, quantification,
and quality control of the DNA library were evaluated on TapeS-
tation (Agilent Technologies, Santa Clara, CA, USA). The captured
DNA was subjected to high-performance sequencing; using MiSeq
Sequencing System (lllumina Inc, San Diego, CA, USA) to generate
250pb paired-end reads (Neoprospecta Microbiome Technologies, Flo-
riandpolis, SC, Brazil). Further, the sequences were analyzed using the
Sentinel pipeline.2? Each tissue’s DNA was sequenced at the same con-
centration, and the sequencing quality was determined by a Phred
score greater than 30. Before analyzing microbial community diversity,
we normalized the number of sequences in all samples to avoid biases
in the results.®

2.3 | Taxonomic classification through amplicon
sequence variants

Using the FastQC v0.11.8 program, Phred quality (QP) was assessed
for FastQ files.2? Low-quality primers and sequence trimming
(QP < 20) were carried out on Fastq files. To exclude structures typi-
cally associated with chimera sequences, clusters with abundances < 2
were excluded from the analyses.3 Adapters were trimmed with
cutadapt (https://cutadapt.readthedocs.io/en/stable/v1.10/) utilizing
the default parameters. Reads were converted into amplicon sequence
variants (ASVs) by using Divisive Amplicon Denoising Algorithm-2
(DADA-2) from the QIIME2-pipeline®! with a truncation length of
250 bp and the default parameters. The taxonomic classifier was
trained on V3-V4 regions using scikitlearn®? and the SILVA v.132
database (https://arb-silva.de/documentation/release-132/).33

2.4 | Diversity analysis

Microbiome differences were evaluated by comparing both alpha
and beta diversity metrics (QIIME2 v.2020.2 at https://view.giime.
org).%* The metrics observed_otus, shannon, and faith_ph were used

for alpha diversity analysis, while Bray-Curtis, Jaccard, and Unifrac
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TABLE 1 Clinical and histopathological data of patients with HPV-positive penile squamous cell carcinoma (n = 19).

Tumor
Case Age Phymosis HPV subtype grade
1 72 no 16 G2
2 80 ni 16 G2
3 81 yes 18,53 G2
4 76 yes 30 G1
5 78 yes 6,16 G3
6 44 yes 16 G2
7 85 no 16 G3
8 83 no 16 G3
9 51 yes 16 G2
10 40 no 59,66 G2
11 68 ni 16,66 G1
12 41 yes 56 G2
13 74 no 11,35,59 G2
14 65 yes 16,74 G2
15 51 yes 16,35,59 G2
16 32 no 16,44,74 G2
17 71 no 16 G3
18 69 no 16,33 G1
19 73 yes 16 G2

Abbreviation: ni, no information.

(weighted and unweighted) were used for beta diversity. Bray-Curtis
index take into account occurrence and abundance data, whereas
the Jaccard index does not include abundance information (i.e.,
presence/absence).’”:3> The Unifrac index, in turn, also incorporates
the phylogenetic relatedness between organisms when quantifying
compositional dissimilarity.?¢ Both, alpha and beta diversity, were
demonstrated at a Principal Coordinate Analysis graphic (PCoA-plot).
The Plugin Qiime Feature-table Core-features were used to conduct
microbiome core analyses. For relative abundance analysis and data
visualization, we utilized the deseq2 and ggplot2 libraries, respectively

(R environment; v4.0.2).

2.5 | Predicting the functional potential of the
microbiome

PICRUST2 (Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States)3” was used to predict the functional compo-
sition from Metabarcoding amplicon 16S data. The metabolic pathways
were identified by using the g2-picrust2 plugin from QIIME2 v.2020.2.
For sequence positioning, the p-placement-tool epa-ng parameter was
used.3® Metabolic pathways were predicted based on Enzyme (EC)
abundance using the MinPath program®? to predict MetaCyc pathways
(https://metacyc.org/). Beta diversity analyses based on the inferred
functional profile were performed using the g2-core-metrics plugin
for the Bray-Curtis and Jaccard metrics. To determine which EC num-
bers, KOs, and metabolic pathways would be analyzed, a t-test was
performed between the values generated for samples treated as non-

de DEUS ET AL.
Tumor Lymphatic Perineural
Tumor stage size (cm) invasion invasion
pT3 2.5 yes yes
pT2 10 no no
pT1 2.1 no no
pTlb 3 yes no
pT1b 4 no no
pT1 1.7 no no
pT3 4 no yes
pT3 4.5 no yes
pT2 ni ni ni
pT2 3 no no
pT3 5.5 no no
pT2 3.5 no no
pT3 9 no no
pT2 3.5 no no
pT2 3 yes no
pT2 3.7 no no
pT3 3.2 no no
pT2 3.5 no no
pT1 ni ni ni

tumor versus tumor, and those with a p-value < 0.05 were selected for
analysis.

2.6 | Statistical analysis

Numerical variables were presented by mean and standard deviation,
while categorical variables were by frequency and percentage. The
statistical tests used in the analysis of beta diversity were the Per-
manova and Anosim. Test t-student to paired samples was used. The
value of p < 0.05 was considered statistically significant. All tests were

conducted using Bioedit v7.2 software.

3 | RESULTS

The sequencing of 16S rRNA gene amplicons yielded 7,904,583 high-
quality (Phred > 30, non-chimeric) reads from a total of 38 paired
samples, 19 of which were representative of tumor microbiome (T1-
T19) and 19 adjacent non-tumor tissue microbiomes (N1-N19). Each
sample generated an average of 161,136 + 143,236 reads, ranging
between 30,053 and 645,916 reads. The sequences were classified into
4,595 ASVs.

3.1 | Alfa and beta diversity

Shannon and Simpson indices revealed no statistically significant dif-
ference between tumor and non-tumor samples in terms of alpha
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FIGURE 2 Relative abundance of phyla in non-tumor (N) and tumor (T) samples. The relative abundance (%) in the tumor (T) and non-tumor
(N) samples is shown in the vertical bars. The sample groups in this study are separated into two categories: tumors and non-tumors adjacent to
the primary tumor. Each of these categories is further divided based on the stage of the tumor, namely into initial tumor (pT1) and advanced tumor
(pT2 or pT3). Colors indicate one of the 7 phyla presented according to the legend on the right.

diversity (p > 0.05). Similarly, Bray-Curtis analysis of beta diversity
between tumor and non-tumor samples did not reveal a qualitative
trend of divergence and formation of distinct groups (Figure 1A). How-
ever, considering only patients with advanced staging (pT2 or pT3)
there was a tendency of formation of two groups in the PcoA plot
(Figure 1B).

3.2 | Global analysis: penile tumor versus adjacent
non-tumor tissues

In at least one of the two paired tissues, only 7 of the 22 phyla exhib-
ited relative abundances greater than 0.5% (Figure 2). Proteobacteria
and Firmicutes were the most abundant in both tumor and non-tumor
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TABLE 2 Relative abundance of phyla in tumor and adjacent
non-tumor tissue in patients with penile squamous cell carcinoma.

Relative abundance (%)

Adjacent
Phylum Tumor non-tumor p-value
Proteobacteria 42.03 54.59 0.16
Firmicutes 22.82 22.25 0.9
Fusobacteriota 15.82 7.70 0.04*
Bacteroidota 11.28 8.15 0.2
Actinobacteriota 3.89 4.12 0.82
Campilobacterota 3.26 143 0.04*
Deinococcota 0.15 0.64 0.26

*p < 0.05 (Student’s t-test paired samples).

TABLE 3 Relative abundances of genera detected in penile
squamous cell carcinoma and adjacent non-tumor tissues.

Genus Relative abundance (%) p-Value
Adjacent

Tumor non-tumor
Alcaligenes 41.80 31.05 0.57
Fusobacterium 10.50 7.87 0.039*
Prevotella 4.90 1.97 0.18
Parvimonas 245 0.9 0.42
Peptoniphilus 241 1.93 0.8
Porphyromonas 2.21 2.29 0.37
Bacteroides 0.78 249 0.34
Chromobacterium 0.60 243 0.045%+
Anerococcus 1.84 0.99 0.5
Geobacillus 0.54 2.32 0.16
Anoxybacillus 0.06 2.15 0.16
Corynebacterium 1.38 2.01 0.23
Alcaligenaceae® 1.96 3.12 0.11
Eubacterium Yurii Group 1.88 0.12 0.3

*p < 0.05 (Student’s t-test paired samples);.
*Analysis of four sample pairs in which the genus occurred.
ldentified at the family level.

samples. However, only the relative abundance of Fusobacteriota
and Campylobacterota significantly differed between tumor and adja-
cent non-tumor tissues (Table 2), with both having a greater relative
abundance in tumors.

A total of 437 genera were identified, from which the most preva-
lent (frequency > 1% in at least one paired tissue) are listed in Table 3.
Alcaligenes and Fusobacterium were the most prevalent in both tissues
(tumor and non-tumor), with a relative abundance of 41.8% and 31%,
and 10.5% and 7.8%, respectively. In tumor samples, Prevotella (4.9%),
Parvimonas (2.45%), Peptoniphilus (2.41%), Porphyromonas (2.21%),
and Eubacterium Yurii group (1.88%) were also identified. Based on

phosphatase and saccharolytic activities and DNA renaturation stud-

de DEUSET AL.

ies, this last microorganism is a subspecies, not a genus.*® Regarding
non-tumor tissues, the third ASV was only classified at the family
level (Alcaligenaceae), but with significant incidence (3.12%). Bac-
teroides ranked fourth (2.49%), followed by Chromobacterium (2.43%),
Geobacillus (2.32%), Porphyromonas (2.29%), Anoxybacillus (2.15%),
Corynebacterium (2.01%), and Prevotella (1.97%). Noteworthy, there
was a significant difference in the relative abundance of Fusobacterium
and Chromobacterium, with Fusobacterium being more abundant in
tumors, and Chromobacterium in non-tumor tissues (Table 3 and
Figure 3). We highlight the fact that Mycobacterium was detected with

alow relative abundance in both tissue samples (0.005%).

3.3 | Core microbiome analysis

The ASV core analysis performed in the advanced staging group (pT2
and pT3) revealed the presence of three distinct and abundant ASVs
of the genus Alcaligenes in 55% of the non-tumor adjacent tissues and
another ASV exclusive to the genus Alcaligenes in 50% of the tumor tis-
sues. Regarding the pT1 group, no ASV core was detected in the tumor
samples, whereas the bacteria Finegoldia magma and Pseudomonas

geniculata were detected in 60% of the non-tumor samples.

3.4 | Differential abundance of paired amplicon
sequence variants

We detected unique and abundant ASVs in both tumor and adjacent
non-tumor tissues. For instance, the genera Peptoniphilus, Peptostrep-
tococcus, and Fusobacterium have been identified in both tissues, albeit
with different ASVs. Alcaligenes, Streptobacillus, Bacillus, Anerococcus,
Campylobacter, Fastidiospila, and Pseudoglutamicibacter ASVs were only
abundant in tumor samples, whereas ASVs from the other genera were
abundant only in non-tumor tissues (Figure 4).

3.5 | Functional prediction based on the
microbiome

Based on the microbiome identified in the tumor and adjacent non-
tumoral tissues, 35 statistically significant (p < 0.05) functional path-
ways were predicted (Figure 5; Table S2). The relative abundances were

higher in non-tumoral tissues.

4 | DISCUSSION

This is the first study to describe the microbiome in penile can-
cers. Globally and in pairs, we assessed tumors and their respective
non-tumor tissues adjacent to the primary tumors. Analysis of alpha
diversity revealed that the bacterial composition of both tissues did not
differ significantly. Allali et al.** found similar results when comparing
the microbiome of colorectal cancer (CRC) tissue with adjacent non-
tumor tissue from Spanish and American patients. In addition, although
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FIGURE 5 Relative abundance of functional pathways in tumor (T) and non-tumor (N) samples. Circles represent the total relative abundance
of microorganisms that were used to generate the possible functional pathways in tumor (T) and non-tumor (N) samples. The larger the circle, the
greater the ratio (%) of microorganisms in the functional pathway, as shown in the caption on the right. The figure was generated using the R

software (R Studio, vegan and ggplo2 packages).

the beta diversity analysis did not reveal a difference between tumors
and non-tumor tissues, the stratified analysis of advanced tumors (pT2
and pT3) versus early tumors (pT1) revealed a trend of divergence
between the two groups, suggesting a possible relationship between

the microbiota and tumor prognosis.

Proteobacteria was the most abundant phylum, followed by Fir-
micutes in both tumor and non-tumor samples. They are considered
intestinal commensals, that in some case, show pathogenic properties
and have been associated with CRC associated with colitis,*2 bladder

cancer,*3 HPV-positive oropharyngeal cancers,** bacterial vaginosis
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associated with reduced mucosal immunity and induction of chronic
inflammation.*> According to Schwabe and Jobin,*® Proteobacteria
are related to inflammation and carcinogenesis by activating toll-like
receptors or Nucleotide Oligomerization Domain (NOD), producing
genotoxins, virulence factors, and tumor-promoting metabolites. Our
PSCC microbiome data corroborate these findings, indicating that,
in addition to inflammatory pathways disturbed by gene alterations
related to the inflammatory process, such as EGFR and COX22°;
Table S1), members of the Proteobacteria phylum may be involved in
inflammation in HPV-associated PSCC.

Firmicutes, the second phylum more abundant, are gram-positive
bacteria that are commonly associated with the Bacteroidetes, whose
ratio between the two phyla is an indicator of dysbiosis.*” Firmi-
cutes has both representatives with beneficial immunomodulatory
activity, and with harmful properties to the organism, and may be a
biomarker for the early and non-invasive detection of CRC.*® The rela-
tive abundances of two phyla, Fusobacteriota and Campylobacterota,
were statistically different between the paired samples, with higher
abundances in tumor tissues. In developed countries, Campylobac-
terota infection has been associated with intestinal inflammation.*?
More recently, species of the genus Campylobacter have been linked
to esophageal cancer associated with poor oral hygiene.”® Further-
more, co-occurrence of Fusobacteria and Campylobacter spp. has been
observed in patients with CRC, with increased prevalence of Escherichia
and Campylobacter spp. in tumors compared to normal adjacent
tissues.”!

Fusobacterium was more abundant in PSCC tissues than in nor-
mal tissues. The anerobic gram-negative species of this genus are
typically found in the human oral cavity (Fusobacterium spp.), gastroin-
testinal system, and urogenital tract (Leptotrichia spp. and Sneathia spp.,
respectively).”2 However, they are invasive, capable of releasing RNA
into the cytoplasm of the host cell, stimulating the activation of NF-
kB and activating inflammatory genes and oncogenes,”® as well as
promoting inflammation via the expression of IL-6, IL-8, and IL-18.°%
Rubinstein et al.>” identified this same mechanism through FadA, a
membrane adhesion protein, which binds to E-cadherin on the surface
of the epithelial cell, causing its phosphorylation and internalization
and activating-catenin signaling pathways. Consequently, this genus
has been identified as an indicator of dysbiosis associated with CRC,>¢
the prognosis of pancreatic cancer,” the progression of oral cancer,
and the worst of gastric cancer.”®

Alcaligenes was the second most frequent genus in both tissues.
They are gram-negative bacteria whose species have a great genetic
diversity and a predisposition to cause opportunistic infections in
humans, but this genus is not often pathogenic.2! On the other
hand, Chromobacterium was more abundant in non-tumorous tissues.
Interestingly, the gram-negative bacterium Chromobacterium violaceum
produces violacein, a purple pigment that showed activity against trop-
ical pathogens as well as bactericidal, cytotoxic, antiviral, antifungal,
antioxidant, and anticancer activities.’? In addition, Corynebacterium,
Prevotella, and Porphyromonas were among the most abundant genera

in non-tumor penile tissues, consistent with previous studies evalu-

ANDROLOGY @ EH VSRS

ating the penile microbiota of normal tissues.®%¢1 Noteworthy the
relative abundance of Prevotella in human mucosa sites has been linked
to inflammatory pathologies, such as bacterial vaginosis and periodon-
titis, through elevation of innate cytokines (IL-1-«, IL-1-8, 1I-8, and
TNF-a) in cervicovaginal fluids.®? In addition, some species of this
genus are involved in immune escape mechanisms that predispose to
chronic inflammation, triggering an IL-17 tumor response and tumor
progression.®® Interestingly, Prevotella has been found in other HPV-
associated squamous cell carcinomas, such as head and neck®* and
cervix.

We highlight the presence of F. magma and P. geniculata in 60%
of early disease patients’ non-tumor tissues. F. magma is an anerobic
gram-positive bacterium related to inflammation through neutrophil
activation,®® whereas Pseudomonas is an opportunistic pathogen, with
P. aeruginosa having more clinical significance.®” The presence of these
species in normal tissues adjacent to pT1 tumors encourages future
investigation into the prognostic value of these microorganisms in
penile carcinogenesis. On the other hand, unique and abundant ASVs
of Alcaligenes, Streptobacillus, Bacillus, Anerococcus, Campylobacter, Fas-
tidiospila, and Pseudoglutamicibacter were found in tumor samples and
will be investigated further to determine their involvement in PSCC.

As mentioned previously, our results revealed the presence of phyla
and genera that have been linked to inflammatory processes. How-
ever, Mycobacterium, which has been associated with penile cancer,1°
was found at a low relative abundance (0.005%). We did not expect
this finding since poor genital hygiene leads to the accumulation of
smegma in the foreskin, hence promoting the growth of bacteria such
as Mycobacterium smegmatis.

A microbiota-based functional prediction analysis allowed us
to identify 35 molecular pathways with significantly lower abun-
dance in tumor tissues. We highlight some pathways already asso-
ciated with cancer, such as chitin derivates degradation. Chitin
and chitosan derivates can exhibit anti-tumor activity via apopto-
sis stimulation, immunomodulation, anti-oxidative, and anti-angiogenic
mechanisms.?86? The protocatechuic acid pathway is especially
notable since it was demonstrated that this phenolic acid can promote
apoptosis in colorectal tumor cells.”? Different diseases, including
glioblastoma and medulloblastoma, have been associated with a dis-
ruption in inositol metabolism.”* Myo-inositol and D-chiro-inositol
are involved in insulin and glucose metabolism, and myo-inositol dys-
regulation has been linked to a number of disorders associated with
diabetes or insulin resistance.”? Both insulin resistance and IGF-1 are
associated with an increased risk of cancer.”2 In addition, sucrose path-
way enrichment has been identified in healthy patients, but not in
patients with cervix cancer.? In contrast, Hale et al.”# identified the
sucrose pathway in adenomas, and it was suggested that a diet rich
in sugars would affect the microbial composition of the gastrointesti-
nal tract and, as a result, be a risk factor for CRC. Characterization of
these different pathways is the first step in explaining their function in
healthy and tumor tissues, but further research is required to deter-
mine the implications of the PSCC microbiome on disease development

and clinical outcomes.
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5 | CONCLUSIONS

We describe for the first time the bacterial composition and diversity,
as well as the 35 major metabolic pathways that may be involved in the
pathogenesis of HPV-associated PSSC. All of these metabolic pathways
have a lower abundance in tumor tissues and include chitin derivates
degradation, the protocatechuic acid pathway, inositol metabolism,
and the sucrose pathway. Moreover, the presence of bacteriarelated to
inflammation and carcinogenesis, such as the phyla Proteobacteria and
Firmicutes, the genera Fusobacterium and Prevotella, and the species F.
magma and P. geniculata, encourages further study into the diagnostic
and prognostic value of these microorganisms in penile carcinogenesis.
In addition, the presence of specific and abundant ASVs in both tumor
and adjacent non-tumor tissues drives us to investigate these poten-
tial biomarkers. The small-sample size is a limitation of this research,
but based on our findings, future functional studies will be conducted
to better understand the role of bacteria in this rare and severe tumor,
thereby offering an opportunity for advances in diagnosis, prevention,

and early therapy.
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Abstract

Background: Little is known about patients’ pre-treatment expectations in Peyronie’s
disease (PD).

Objective: To evaluate in detail patients’ expectations of conservative therapy and
surgery.

Patients and methods: This multi-center study prospectively enrolled 317 PD patients,
who were scheduled to receive conservative therapy or surgery between 2019 and
2022 at the Department of Urology of the University Medical Center Hamburg-
Eppendorf, and the Center of Reproductive Medicine and Andrology, University
Medical Center Muenster, both Germany. The primary end-point was patients’ pre-
treatment expectations of conservative therapy and surgery, measured with the
Stanford Expectations of Treatment Scale (SETS). Secondary end-points included
patient-reported psychological and physical symptoms, penile pain, symptom bother
and erectile function, measured with the Peyronie’s disease questionnaire (PDQ) and
International Index of Erectile Function Erectile Function Domain (IIEF-EF).

Results: In total, 239 (75%) and 78 (25%) patients were scheduled for the con-
servative therapy and surgery, respectively. Patients undergoing surgery had higher
positive and negative mean SETS expectations scores (14 vs. 11, p < 0.001; 9.6 vs. 6.0,
p < 0.001). In multivariable analysis, surgery was an independent predictor of pos-
itive and negative patients’ pre-treatment expectations (all p < 0.001). In thematic
analysis, patients undergoing surgery emphasized distinct themes of pre-treatment
expectations. Patients undergoing surgery had higher mean PDQ symptom bother as
well as higher psychological and physical symptom scores (14 vs. 10, p < 0.001; 9.2 vs.
7.1, p = 0.001). There were significant positive correlations between SETS negative
expectation score and PDQ symptom bother (|p| = 0.25; p < 0.001) as well as PDQ
psychological and physical symptoms score, respectively (|o| = 0.21; p = 0.001).
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1 | INTRODUCTION

Peyronie’s disease (PD) is an acquired chronic connective tissue dis-
order of the penile tunica albuginea, and may cause penile pain and
plaque formation, as well as deformity, curvature, and length loss of
the penis.12 Consequently, PD patients may have severe impairment
of sexual activity and satisfaction, and suffer from detrimental psycho-
logical sequelae, for example, depression, negative self-perceptions,
and self-attitudes of sexuality, as well as emotional and relationship
problems (3-5). Depending on the phase and the severity of the dis-
ease, as well as patients’ preferences, the therapy of PD consists
of non-surgical, that is, conservative, and surgical treatment options.
Conservative treatment options include oral medications, penile trac-
tion therapy, intralesional injections, extracorporal shock wave treat-
ment, and multimodal treatment combining different conservative
therapies.2® Surgical therapy, that is, penile corporoplasty with or
without grafting, is the gold standard treatment for patients with
severe PD, who have stable disease for three months, and allows for
correction of penile curvature and deformity, but may have important
side effects, including penile shortening, hypoesthesia, and erectile
dysfunction (ED).12 In patients with concomitant severe ED, penile
prosthesis surgery represents an accepted approach.2

Patients’ expectations of treatment are defined as “the positive and
negative experiences a patient believes that they will have as a result
of receiving treatment”, and may be influenced by various aspects, for
example, predetermined ideas, online medical content, or psycho-
social factors.” As demonstrated in several studies, unrealistic pre-
treatment expectations may impair the process of the informed
consent, jeopardize the physician-patient relationship, and result
in medico-legal issues.® Thus, a deeper understanding of patients’
pre-treatment expectations may reduce barriers between patients
and surgeons and improve treatment decision-making.® Importantly,
the position statement of the European Society of Sexual Medicine
(ESSM)! and the European Association of Urology (EAU) guidelines on
Sexual and Reproductive Health? strongly recommend the evaluation
of patients’ expectations as a clinical principle. Yet, patients’ expecta-
tions of conservative therapy and surgery remain undetermined in the
current body of the literature.

Against this backdrop, we aimed to provide a detailed evalua-
tion of patients’ pre-treatment expectations in PD. We hypothesized
that patients undergoing surgery have more positive and more neg-
ative expectations compared to patients receiving the conservative

therapy.

SCHAFERET AL.

Conclusion: PD patients expect both more benefit and more harm from surgery. In
addition, patients undergoing surgery have more psychological and physical symptoms
and more symptom bother. To set realistic expectations, it is of pivotal importance to
assess patients’ expectations before starting treatment.

expectation, Peyronie’s disease, prospective study, therapy, treatment

2 | PATIENTS AND METHODS
2.1 | Patient cohort

The local ethics committee approved this prospective study (2021-
100657-BO-ff). The study has been performed according to the
Declaration of Helsinki. Male patients >18 years with PD were eligible.
Exclusion criteria were psychiatric disorders or cognitive impairment,
and non-German speaking patients. Between October 2019 and
November 2022, we enrolled 317 PD patients from two academic
centers in Germany, that is, 162 (51%) patients from the Department
of Urology, University Medical Center Hamburg-Eppendorf, and
155 (49%) patients from the Department of Clinical and Surgical
Andrology, Center of Reproductive Medicine and Andrology (CeRA),
University Medical Center Muenster. Informed written consent was
obtained from all patients.

2.2 | Patient evaluation and treatment
decision-making

In both centers, the standardized pre-treatment patient evaluation
included an in-depth history of onset and duration of PD-specific
symptoms, prior PD-specific treatment and general medical history, as
described previously.> The age-adjusted Charlson comorbidity index
(ACCI) was calculated,’ to evaluate the comorbid conditions present
inthe patients. Auto-photographic documentation determined degree,
direction, shape and severity of penile curvature, as described in detail
previously.’? Physical examination and penile ultra-sonography deter-
mined location and size of plaques of the tunica albuginea of the
penis.

In both centers, the standardized treatment decision-making
corresponded largely to the recommendations of the Position
Statement of the ESSM! and the EAU guidelines on Sexual and
Reproductive Health.2 In both centers, the modes of action of dif-
ferent conservative therapy options as well as the single steps of
surgery were explained in detail to the patients in a standardized
manner. In addition, the positive effects and potential side effects
of different treatment options were thoroughly discussed with
the patients in a standardized fashion in both centers, before a
shared decision between patient and physician was made for a
specific therapy. All patients underwent the recommended specific
therapy.
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2.3 | Standardized, prospective assessment of
patients’ pre-treatment expectations,
patient-reported psychological and physical
symptoms, penile pain, symptom bother and erectile
function

Patients’ pre-treatment expectations of therapy, patient-reported psy-
chological and physical symptoms, penile pain, symptom bother and
erectile function were assessed in a standardized fashion in both
centers before starting the treatment. Following patient evaluation,
counseling about positive effects and potential side effects of dif-
ferent treatment options, and shared treatment decision-making,
patients were asked to complete a standardized questionnaire. The
questionnaire included (a) the Stanford Expectations of Treatment
Scale (SETS),” which allows a multidimensional assessment of patient-
reported positive and negative treatment outcome expectations. The
six-items SETS includes two subscales, corresponding to positive and
negative expectations, reaching total scores from O to 18, respec-
tively. Lower and higher scores correspond to low and high levels
of expectations, respectively. Finally, SETS includes two open-ended
questions regarding patients’ expectations of specific benefits and
specific harms resulting from the recommended therapy. Patients’ pre-
treatment expectations of conservative therapy and surgery, measured
with SETS, were the primary end-point; (b) the Peyronie’s disease ques-
tionnaire (PDQ)'!; and (c) the International Index of Erectile Function
Erectile Function Domain (IIEF-EF).12 Patient-reported psychologi-
cal and physical symptoms, penile pain, symptom bother and erectile
function, measured with PDQ and IIEF-EF, were secondary end-points.

2.4 | Statistical analyses

Our statistical analysis consisted of several steps. First, we performed
descriptive analyses of clinical characteristics in patients stratified by
the recommended treatment, that is, conservative therapy and surgery.
The distribution of frequencies and proportions of categorical vari-
ables across the groups was compared using the chi-squared or Fisher’s
exact test, as appropriate. The normal distribution of continuous vari-
ables was tested by the Kolmogorov-Smirnov and the Shapiro-Wilk
test. Means and standard deviations (SD) were compared by Student’s
t-test and Mann-Whitney U-test, respectively.

Second, we calculated means of the positive and negative expec-
tation scores of SETS with SD and stratified patients by the rec-
ommended treatment, that is, conservative therapy and surgery, to
compare positive and negative expectation scores between the groups.
Similarly, means of PDQ subscale scores as well as the IIEF-EF score
were calculated and compared between the groups.

Third, qualitative data of the answers to the open-ended questions
were categorized through thematic analysis (grounded theory).!® In
the first step, five authors (AS, LS, BW, VS, JFC) independently used half
of the data to generate a framework with final themes. In the second
step, the remaining data were used for internal validation. All authors
approved the final themes. In the third step, the final themes were

ANDROLOGY @ EH RYSRISRR*

stratified by the recommended treatment, that is, conservative therapy
and surgery, and graphically displayed using bar charts.

Fourth, we tested for correlations between SETS positive and nega-
tive expectation scores, respectively, and PDQ subscale scores as well
as the IIEF-EF score using Spearman’s rank correlation. The level of
correlation was interpreted according to Cohen: |p| = 0.1, |p| = 0.3,
and |p| = 0.5 corresponding to weak, moderate, and strong correlation,
respectively.1*

Finally, multivariable linear regression analysis was performed to
identify predictors of positive and negative pre-treatment expecta-
tions.

Reporting was performed according to the recommendations of the
Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement (15).

All tests were two-sided and p < 0.05 was considered statistically
significant. All analyses were performed with SPSS Statistics (IBM
Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0,
Armonk, NY).

3 | RESULTS
3.1 | Clinical characteristics

Clinical features are presented in Table 1. Surgery was recommended
in 78 (25%) patients and consisted of corporoplasty with grafting
in all patients. The conservative therapy was recommended in 239
(75%) patients, and consisted of the multimodal treatment combin-
ing different conservative therapies in 190 (80%) patients (i.e., penile
traction therapy combined with phosphodiesterase type 5 inhibitors
(PDE5i) in 141 (59%) patients; potaba and PDE5i combined with
the penile traction therapy in 34 (14%) patients; potaba and PDES5i
in 13 (5.4%) patients; penile traction therapy combined with potaba
in 2 (0.8%) patients), and mono-therapy in 49 (20%) patients (i.e.,
penile traction therapy in 23 (9.6%) patients; PDE5i in 21 (8.8%)
patients; extracorporal shock wave treatment in 3 (1.3%) patients;
potaba in 2 (0.8%) patients). Patients undergoing surgery had longer
duration of PD and more penile curvature, compared to patients
receiving the conservative therapy. In addition, patients undergoing
surgery had previously received other PD-specific treatments than
their counterparts receiving conservative therapy (all p < 0.001;
Table 1).

3.2 | Patients’ pre-treatment expectations

Patients undergoing surgery exhibited both higher positive and higher
negative mean SETS expectations scores compared to patients receiv-
ing conservative therapy (all p < 0.001; Table 2).

Thematic analysis of patients’ positive expectations revealed three
major themes, including “straightening of the penis,” “better sex life,”
and “stopping the disease progression” (Figure 1A). In addition, the-

matic analysis of patients’ negative expectations revealed three major
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TABLE 1 Clinical characteristics of 317 patients with Peyronie’s disease undergoing conservative therapy and surgery.

Patients; N (%)
Number of presentations per patient; N (%)
1
2
3
Age (years); mean (SD)
ACCI (N = 316); mean (SD)
Duration of PD (months) (N = 311); mean (SD)
Phase of PD; N (%)
Acute
Chronic
Previous PD-specific treatment (N = 286); N (%)
None
Potaba
Potaba + PDE5i
Potaba + penile traction therapy
Potaba + PDES5i + penile traction therapy
PDESi
PDEDS5i + penile traction therapy
Penile traction therapy
ESWT
Surgery
Radiotherapy
Vitamin E
Plaque location; N (%)
Dorsal
Ventral
Left
Right
None
Unknown
Maximum plaque dimension (mm) (N = 188); mean (SD)
Direction of penile curvature; N (%)
Dorsal
Ventral
Left
Right
None
Unknown

Penile curvature (degree) (N = 299); mean (SD)

Abbreviations: ACCIl, age-adjusted Charlson comorbidity index; ESWT, extracorporal shock wave therapy; PD, Peyronie’s disease; PDES5i, phosphodiesterase

type 5 inhibitor; SD, standard deviation.
Percentages may not add up to 100%, as they are rounded.

s SCHAFERET AL.
Conservative
Overall cohort therapy Surgery p Value
317(100) 239(75) 78(25) -
0.99
235 (74) 177 (74) 58 (74)
70(22) 53(22) 17 (22)
12(3.8) 9(3.8) 3(3.8)
54(9.6) 54(9.9) 55(8.7) 0.38
1.7 (1.5) 1.7 (1.5) 1.9(1.7) 0.52
22(26) 20(27) 30(21) <0.001
<0.001
134 (42) 134 (56) 0(0)
183(58) 105 (44) 78(100)
0.001
73(26) 63(29) 10(14)
52(18) 43(20) 9(13)
30(11) 18(8.4) 12(17)
1(0.3) 1(0.5) 0(0)
14(4.9) 9(4.2) 5(6.9)
50(18) 37(17) 13(18)
45 (16) 29 (14) 16 (22)
5(1.7) 0(0) 5(6.9)
2(0.7) 2(0.9) 0(0)
12(4.2) 10(4.7) 2(2.8)
1(0.3) 1(0.5) 0(0)
1(0.3) 1(0.5) 0(0)
0.23
173(55) 127(53) 46 (59)
11(3.5) 8(3.3) 3(3.8)
16 (5.0) 13(5.4) 3(3.8)
4(1.3) 4(1.7) 0(0)
106 (33) 84 (35) 22(28)
7(2.2) 3(1.3) 4(5.1)
15(11) 14 (10) 16 (12) 0.54
0.23
188 (59) 134 (56) 54 (69)
26(8.2) 19(7.9) 7(9.0)
66(21) 52(22) 14 (18)
20(6.3) 17(7.1) 3(3.8)
11(3.5) 11 (4.6) 0(0)
5(1.6) 5(2.1) 0(0)
53(25) 46 (24) 71(19) <0.001
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TABLE 2 Positive and negative pre-treatment expectations in 317 patients with Peyronie’s disease undergoing conservative therapy and

surgery.
Overall cohort Conservative therapy Surgery p Value
Patients; N (%) 317(100) 239(75) 78(25) -
SETS; mean (SD) <0.001
Positive expectations 12(3.8) 11(3.8) 14 (2.9)
SETS; mean (SD) <0.001
Negative expectations 6.9 (4.9) 6.0(4.7) 9.6 (4.8)

Abbreviations: SETS, Stanford Expectations of Treatment Scale; SD, standard deviation.

(A) Overall cohort (N=317)

94 [30]
N (%)
63 [20] 63 [20]
52 [16]
17 [5.4] 15 [4.7]
4[1.3] 3[0.9] els
—
‘5‘1\& §\o“ 2 6\\\9 d.'\o(\ . & e S » ess\o o *\\\ ) e‘\\(\%
\° 3 & o8 o o XX RS
Y\aQQ é\s?»"’ N
‘(\0
Q‘s\x\%‘
N

(B) Conservative therapy (N=239; crosshatched) vs. surgery (N=78; filled), p<0.001

N (%)

53 [22]
%

»
Lo
=

L

10 [13]

N

E\\\\\\\\\\\\\\\\\\\\\\\\

N

1 [5.9]3 8 spe 2 (5.0) s
2[2.6] . c % . Z
EARTOREL ] | sl %é || %Z I

40[51]

54[23) 52 [22]

71104

S R OO e A0 5
xs'@.& $°v°‘ e‘,;\\v &o“ \‘g(\ 8 S zs,,\o“

WO &
R o

FIGURE 1 Themes of patients’ positive pre-treatment expectations.

themes, including “erectile dysfunction,” “side effects of treatment,” and
“incomplete straightening of the penis” (Figure 2A). Quantitative anal-
ysis revealed that the major themes differed significantly between
patients undergoing surgery and conservative therapy: the most fre-
quent major themes of positive and negative expectations in patients
undergoing surgery represented “better sex life” and “erectile dysfunc-
tion”, respectively. In patients receiving conservative therapy, the most
frequent major themes of positive expectations represented “better

» o«

sex life,” “straightening of the penis,” and “stopping the disease progres-

sion,” whereas “side effects of treatment” and “incomplete straightening of

\ & <
& < Qe.(@ W o< N & & K

N\ g
(<@ . Q}\\e‘\\
X
R \\es

Percentages may not add up to 100%, as they are rounded

the penis” represented the major themes of negative expectations (all
p < 0.001; Figures 1B and 2B).

3.3 | Patient-reported psychological and physical
symptoms, penile pain, symptom bother, and erectile
function

Patients undergoing surgery had higher mean PDQ symptom bother

as well as psychological and physical symptoms scores, compared to
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FIGURE 2 Themes of patients’ negative pre-treatment expectations.

patients receiving conservative therapy (all p < 0.001; Table 3). There
was no difference in the IIEF-EF score between patients undergoing
surgery and conservative therapy. There was a weak negative corre-
lation between SETS positive expectation score and PDQ penile pain
score (|p| = —0.15; p = 0.019), as well as weak positive correlations
between SETS negative expectation score and PDQ symptom bother
(J]ol = 0.25; p < 0.001) as well as PDQ psychological and physical
symptoms score, respectively (|o| = 0.21; p = 0.001).

3.4 | Predictors of pre-treatment expectations

In multivariable linear regression analysis, surgery was an independent
predictor of both positive (coefficient: 2.8; 95% confidence interval
(95% Cl): 1.2-4.3; p < 0.001) and negative patients’ pre-treatment
expectations (coefficient: 3.6; 95% Cl: 1.7-5.5; p < 0.001). The remain-
ing co-variables, that is, age, ACCI, duration and phase of PD, penile
curvature, |IEF-EF score, PDQ symptom bother, penile pain as well as
psychological and physical symptoms scores did not have independent
effects on patients’ pre-treatment expectations (all p > 0.09; Table S1).

4 | DISCUSSION

To the best of our knowledge, the present multi-center study is the
first to provide a prospective meticulous evaluation of patients’ pre-
treatment expectations of the conservative therapy and surgery in PD.
The clinical features of our patient cohort corresponded to previous
reports in PD, including patients’ age, comorbidities, plaque, and cur-
vature characteristics as well as earlier treatment attempts.6-17 We
found that patients undergoing surgery had more positive and more
negative expectations toward their treatment compared to their coun-
terparts receiving conservative therapy. In addition, surgery was an
independent predictor of positive and negative pre-treatment expec-
tations. This confirms our hypothesis and corresponds to findings
on pre-treatment expectations in other chronic diseases, which can
be treated with either conservative therapy or surgery, for exam-
ple, osteoarthritis.2® This may be attributable to the fact that PD
patients undergoing surgery may differently cope with and presum-
ably accept and adapt to a lesser extent to the consequences of their
chronic disease, as shown in other diseases.2’ Moreover, we found

that patients undergoing surgery had different themes of positive and
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TABLE 3 Patient reported psychological and physical symptoms, penile pain, symptom bother and erectile function in 317 patients with

Peyronie’s disease undergoing conservative therapy and surgery.

Overall cohort

Patients; N (%) 317 (100)
PDQ score; mean (SD)
Symptom bother (N = 230) 11(5.5)
Penile pain (N = 240) 5.7 (5.6)
Psychological and physical symptoms (N = 234) 7.6 (3.9)
IIEF-EF score (N = 287); mean (SD) 18(8.6)
IIEF-EF score (N =287); N (%)
Severe ED 70(22)
Moderate ED 56(18)
Mild to moderate ED 49 (15)
Mild 39(12)
No ED 73(23)

Conservative therapy Surgery p Value
239 (75) 78(25) -
10(5.3) 14(5.3) <0.001
5.6 (5.3) 6.2 (6.5) 0.95
7.1(3.9) 9.2(3.3) 0.001
18(8.8) 17(7.9) 0.51
0.13
56 (26) 14(20)
39(18) 17 (25)
37(17) 12(17)
25(12) 14 (20)
61(28) 12(17)

Abbreviations: ED, erectile dysfunction; IIEF-EF, International Index of Erectile Function Erectile Function Domain; PDQ, Peyronie’s disease questionnaire;

SD, standard deviation.
Percentages may not add up to 100%, as they are rounded.

negative pre-treatment expectations, compared to patients receiving
conservative therapy: “better sex life” represented the major theme of
positive expectations in patients undergoing surgery, whereas “better

»u

sex life,” “straightening of the penis,” and “stopping the disease progression”
comprised the co-major themes in patients receiving the conservative
therapy. This may indicate that patients undergoing surgery do not
necessarily expect to have a perfectly shaped and straight penis, but
rather to be able having sexual intercourse again. In contrast, patients
receiving the conservative therapy consider straightening of the penis
as more important. In patients undergoing surgery, the major theme
of negative expectations was “erectile dysfunction,” whereas in patients
receiving the conservative therapy, these major themes included “side
effects of treatment” and “incomplete straightening of the penis.” Impor-
tantly, some patients had unrealistic positive expectations, for example,
“better psyche” and “happy partnership,” and more patients receiving
the conservative therapy, stated that they did not expect any negative
effects of treatment or did not answer this open-ended question. Sim-
ilarly, other authors have shown that a relevant number of patients,
who were treated with different surgical techniques, had incorrect
beliefs regarding the purpose of surgery in PD. For example, a retro-
spective study revealed that up to 18% of patients just expected plaque
excision without caring about functional and cosmetic results.’® Over-
all, the counseling of patients about the positive effects and potential
side effects of different treatment options for PD in the present study
led to realistic patients’ pre-treatment expectations of the conserva-
tive therapy and surgery. However, some patients still had unrealistic
positive expectations and a relevant proportion of patients did not
expect any harm from treatment, although side effects have been
discussed with all patients before starting conservative therapy or
surgery. These findings highlight two pivotal things (a) the importance
of thorough patient counseling on positive effects and potential side
effects of different treatment options in PD, prior to a shared decision-

making between patient and physician, in order to set realistic patients’
pre-treatment expectations; (b) the importance of assessing patients’
pre-treatment expectations, in order to identify and eventually mod-
ify unrealistic expectations before starting the therapy. Thus, it can be
ensured that a decision for a specific therapy does not rely on patients’
misconceptions of benefits and harms of different treatment options.?!

We found that patients undergoing surgery had more symptom
bother as well as psychological and physical symptoms, compared to
patients receiving the conservative therapy. To the best of our knowl-
edge, no other studies have currently compared patient-reported
symptom bother in PD treated with conservative therapy and surgery.
In contrast to the acute phase of PD, patients undergoing surgery
have a different—chronic—disease phase, and this may contribute
to a more pronounced symptom bother. In addition, more symptom
bother as well as psychological and physical symptoms may be due
to longer disease duration, different previous treatment attempts and
patients’ varying ability or willingness to adapt to and accept the
PD-specific symptoms over time, as demonstrated in other chronic
diseases, for example, chronic obstructive pulmonary disease or con-
gestive heart failure.?2 Last but not the least, the higher degree of the
penile curvature in patients undergoing surgery may also be a reason
for more symptom bother, as other authors have previously demon-
strated that the more pronounced the penile curvature, the higher the
PDQ symptom bother as well as psychological and physical symptoms
scores.1®23 We found significant correlations between patients’ neg-
ative expectations and symptom bother as well as psychological and
physical symptoms, and a negative correlation between positive expec-
tations and penile pain. Thus, these variables influence each other, and
positive and negative treatment expectations may refer to disease-
related symptoms.?* Again, these findings highlight the importance
that clinicians evaluate pre-treatment expectations in patients with
PD.
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Despite the strength of our study, there are some limitations that

merit attention. First, SETS was initially developed for pain research,”
not for measuring pre-treatment expectations in PD. However, cur-
rently, there are few validated multidimensional instruments avail-
able for the evaluation of patients’ expectations.?* In line with the
expectancy theory,2> SETS allows a multidimensional assessment of
pre-treatment expectations, particularly with regard to negative and
positive patients’ expectations.” In addition, SETS has been success-
fully implemented in other contexts, for example, smoking cessation
trials,2¢ due to its concise and uncomplicated design. Accordingly, the
present study showed that SETS is a helpful tool, and we encour-
age its use for the evaluation of pre-treatment expectations in PD.
Second, patients receiving different conservative therapies were com-
bined in one group. In the majority of patients, the conservative therapy
consisted of multimodal treatment combining different conservative
therapies. Surgery consists of corporoplasty with grafting of Biodesign
four-layer small intestinal submucosa (Cook Medical LLC, Blooming-
ton, IN, USA) at the Department of Urology, University Medical Center
Hamburg-Eppendorf, and grafting of TachoSil (Corza Health Inc., San
Diego, CA, USA) at the CeRA, University Medical Center Muenster.
In contrast to the approach at the CeRA, corporoplasty does always
include circumcision at the Department of Urology, University Medical
Center Hamburg-Eppendorf. Thus, both groups, that is, patients under-
going conservative therapy and surgery, respectively, exhibit a certain
heterogeneity, which may have influenced the results in the present
study. In addition, none of the patients in the present study under-
went penile prosthesis surgery. Therefore, it is of crucial importance
that our study does not allow drawing conclusions regarding patients’
expectations of penile prosthesis surgery in PD. Third, we were not
able to evaluate patients who refused to participate in this study, which
might have introduced an additional risk of bias. Finally, we did not
analyze the impact of pre-treatment expectations on patient-reported
outcome and satisfaction. Since patients’ expectations do have effects
on surgical outcome in other contexts, for example, bariatric,?” cardiac

2829 \we hope to report on this important issue in the

and spine surgery,
near future.

In conclusion, patients with PD expect both more benefit and
more harm from surgery compared to the conservative therapy.
In addition, patients undergoing surgery have distinct themes of
pre-treatment expectations, compared to patients receiving the
conservative therapy. Moreover, patients undergoing surgery have
more symptom bother as well as psychological and physical symp-
toms. Finally, there is a correlation between pre-treatment expec-
tations and patient-reported symptoms and bother. The findings
of the present study allow deeper understanding of patients’ pre-
treatment expectations in PD and underline the importance of assess-
ing patients’ expectations in clinical practice before starting the

treatment.
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Peyronie’s disease response to intralesional collagenase
clostridium histolyticum therapy is independent of baseline
testosterone
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pathogenesis of Peyronie’s disease. Some clinical studies have suggested an association

Objective: We sought to investigate whether baseline total testosterone levels influ-

[Correction added on 29 September 2023 ence response to intralesional collagenase clostridium histolyticum in Peyronie’s

after first online publication: Figure 2 has been disease.

replaced in this version.] ) . . . L .
Methods: A retrospective review of patients receiving collagenase clostridium his-

tolyticum injections with available total testosterone levels within 1 year of initial
injection was conducted at a single institution. Baseline demographics, hypogonadal
status, total testosterone, number of collagenase clostridium histolyticum cycles, and
pre- and post-treatment degrees of curvature were collected. Hypogonadism was
defined as total testosterone <300 ng/dL.

Results and discussion: Thirty-six men were included with mean age of 58.2 years
(SD 10.4) and mean body mass index 26.8 (SD 3.2). The mean total testosterone was
459.2 ng/dL (SD 144.0), and four (11.1%) were hypogonadal. Mean pre-treatment
curvature was 47.6°, and mean post-treatment curvature was 27.8°, with mean
improvement of 19.9° (40.1%). Hypogonadal status was not significantly associated
with more severe curvature, 46.4° among hypogonadal men as to 57.5° among eug-
onadal men (p = 0.32). On linear regression analysis, total testosterone did not
significantly predict improvement in degrees (8 = -0.02; R? = 0.06; p = 0.14) or per-
cent (8=0.0; R? = 0.05; p=0.18). Improvement in neither degrees nor percent differed
significantly by hypogonadal status (p = 0.41 and 0.82, respectively). The cycle num-
ber did significantly predict greater improvement in curvature on both univariate and
multivariate analyses (8 = 5.7; R? = 0.34; p < 0.01).
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1 | INTRODUCTION

Peyronie’s disease (PD) is a progressive fibrotic disorder involving the
tunica albuginea of the penis where collagenous plaques develop.: PD
develops secondary to the over-healing and unregulated fibrotic cas-
cade, creating an inelastic scar on the tunica albuginea that involves
the septal fibers between the corpora cavernosa.? Patients with PD can
experience pain and discomfort in the active/acute phase of the illness,
and develop various penile deformities in the chronic stages of the dis-
ease that often contribute to difficulty with intercourse and negative
psychosocial outcomes in patients.>

Currently, treatment for PD ranges from intralesional injections to
more sophisticated surgical interventions. In the realm of pharmaceu-
ticals, collagenase clostridium histolyticum (CCh; Xiaflex, Endo Inter-
national) directly targets Peyronie’s plaque with the aim of decreasing
curvature. CCh preferentially degrades the type | and type Il collagen
fibers found in PD plaques and has become increasingly prominent as
the standard of care when treating PD.5*

Interestingly, recent survey studies have suggested that CCh treat-
ment outcomes are improved when given in conjunction with testos-
terone for PD.> Although there is room in the literature to suggest
that testosterone can participate in anti-fibrotic signaling at the basic-
science level, there is conflicting evidence in this regard, and the
literature is not clear on testosterone’s impact on PD treatment or
severity..~? Given this ambiguity in the literature, we sought to carry
out an investigation to delineate the relationship between testos-
terone levels and the treatment of PD. Specifically, our primary aim
is to evaluate whether baseline serum testosterone levels impact
patients’ response to CCh treatment for PD. Secondarily, we seek to
better characterize the relationship between testosterone levels and

PD severity.

2 | METHODS
2.1 | Experimental design

A retrospective review of patients undergoing CCh injections was
conducted at the University of California, Irvine. After obtaining IRB
approval, patient data were obtained from electronic medical records
dating between November 2017 and October 2021. Only patients
with available total testosterone (tT) levels within 1 year of initial CCh
injection were included.
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Conclusion: Neither total testosterone nor hypogonadism is associated with a degree

of improvement after collagenase clostridium histolyticum treatment.

hypogonadism, intralesional collagenase clostridium histolyticum, Peyronie’s disease, testos-

Curvature was assessed after in-office intracavernosal injection of
vasodilatory agents using a goniometer with patient attaining at least
70% rigid erection or by patient photograph. Redosing was performed
as needed to attain sufficient rigidity. Data were collected on baseline
demographic characteristics (i.e., height, weight, age, body mass index
[BMI]), hypogonadal status, erectile function including rigidity, tT, num-
ber of CCh cycles, and pre- and post-treatment degree of curvature.
Hypogonadism was defined as a tT <300 ng/dL. Testosterone replace-
ment therapy status was determined as of first CCh treatment. For
patients who had multiplanar curvature, the more severe dimension of
curvature was used in the analysis.

Xiaflex treatment followed institutional protocol based on the
IMPRESS trial.19 Xiaflex was dosed for four cycles of two injections 5-
7 days apart with manual penile plague modeling 1-3 days following
injection. The dose administered was 0.90 mg for each injection. No

patients in our study used a stretching device.

2.2 | Statistical analysis

All statistical analyses were performed in R (R Core Team). t-Tests
were performed to compare continuous variables, Fisher exact tests
were performed to compare categorical variables, and linear regres-
sion analysis was performed to determine the relationship between
continuous variables.

3 | RESULTS

A total of 36 men were included. The mean age was 58.2 years old (SD
10.4) and the mean BMI was 26.8 (SD 3.2). The mean pre-treatment
tT was 459.2 ng/dL (SD 144.0), and four (11.1%) were hypogonadal.
Of eugonadal men, five (16.1%) were receiving hormonal replacement
therapy, four on testosterone and one on clomiphene. Thirty (83.3%)
men experienced some degree of erectile dysfunction. The mean pre-
treatment curvature was 47.6° (SD 14.2) and the mean post-treatment
curvature was 27.8°(SD 10.7), for a mean improvement of 19.9°
(40.1%) after a median of four cycles (2-8) (Table 1). Baseline tT was
not associated with baseline rigidity (8 = —0.01; RZ = 0.02; p = 0.41).
Additionally, hypogonadal status was not significantly associated with
more severe curvature, 57.5° among hypogonadal men as to 46.4°
among eugonadal men (p = 0.32); similarly, baseline curvature and tT
were not significantly associated (8 = —0.03; RZ = 0.09; p = 0.08).
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TABLE 1

Demographic and clinical characteristics.

Demographic characteristics

Mean age 58.2(SD 10.4)

Mean BMI 26.8(SD 3.2)
Clinical characteristics

Mean total testosterone (pre-treatment) 459.2 (SD 144.0)

Men with hypogonadism 4(11.1%)

Men with erectile dysfunction 31(86%)

Mean percent rigidity (pre-treatment) 73.9% (SD 11.6%)
Median number of cycles 4(2-8)

Curvature characteristics

47.6° (SD 14.2)

27.8°(SD 10.7)

Mean curvature (pre-treatment)
Mean curvature (post-treatment)

Curvature direction

Left 13(36%)
Right 7 (19%)
Dorsal 24 (67%)
Ventral 3(8%)

Multiplanar 11(31%)

Abbreviation: BMI, body mass index.
aN = 35.

On linear regression analysis, tT did not significantly predict
improvement in degrees (8 = —0.02; RZ = 0.06; p = 0.14; Figure 1) or
percent (8 = 0.0; RZ = 0.05; p = 0.18; Figure 2). Similarly, improvement
in neither degrees nor percent differed significantly by hypogonadal
status (p = 0.41 and 0.82, respectively). The number of cycles signifi-
cantly predicted greater improvement in curvature in both univariate
and multivariate analyses (8 =5.7; R2 =0.34;p <0.01).

4 | DISCUSSION

Our investigation failed to show a statistically significant association
between curvature severity and hypogonadal status. The exact role
testosterone plays in the severity and treatment of PD has not been
definitively characterized in the literature. Although testosterone has
long been suspected to participate in the pathogenesis of PD given its
various physiological roles, data have been conflicting in this regard
and no prospective randomized analyses exist for assessment.®

A compelling basic science rationale for a potential role of testos-
terone in PD pathogenesis does exist. Testosterone reduces collagen
production, increases nitric oxide levels to antagonize fibrosis, and
reduces calcium (Ca2*) metabolism involved in pro-fibrotic signaling.”
Hypogonadism also contributes to various pathologic changes in
the penis, including corpora cavernosa atrophy, fibrosis, and colla-
gen deposition.!? Montorsi et al.}2 and lacono et al.!® have similarly
suggested a correlation between corporal fibrosis severity and low
testosterone levels, hypothesizing that fibrosis may be a consequence

of the lower levels of testosterone seen in advanced age. Conversely,
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androgen deprivation has been shown to produce significant reduction
in trabecular smooth muscle content, while increasing deposition of
extracellular connective matrix.® Moreover, laboratory studies on rats
have shown that androgen supplementation in the setting of induced
androgen deficiency (i.e., castration) can restore penile nerve function
and maintain the tunica albuginea.? Clinical evidence thus far, however,
is conflicting.

Recent clinical studies have provided evidence that testosterone

levels may not be associated with PD severity. Candela et al.}*

con-
ducted a study involving 149 sexually active PD patients and found
no association between serum testosterone levels and the sever-
ity of penile curvature. The study analyzed testosterone levels using
LOWESS curves and linear regression models, demonstrating that nei-
ther total nor free testosterone levels were correlated with penile
curvature severity. Furthermore, multivariable analysis revealed that
the duration of PD remained the only significant factor associated with
the magnitude of curvature. Mitsui et al.»> similarly evaluated 109
PD patients in Japan and found an inverse correlation between penile
curvature and testosterone levels.> However, this correlation did not
remain significant after adjusting for other factors. The study demon-
strated that patients with severe curvature had lower mean tT levels
than those with less severe curvature, but there was no significant
difference between different testosterone groups or quartiles. Logis-
tic regression analysis indicated that testosterone levels were not the
most relevant factor in predicting severe penile deformity.>

In addition, a study by Mulhall et al.1® involving 184 PD subjects
found no association between total or free testosterone levels and the
degree of curvature. The study also showed no significant difference
in mean curvature between different testosterone groups or between
men with uni-planar and multiplanar curvature.

Our investigation found similar results to the above studies—
neither hypogonadal status nor baseline testosterone level was asso-
ciated with worse baseline curvature. While testosterone may play a
role in the pathogenesis of PD, this role is not clearly seen in the clinical
data.

However, testosterone has additionally been proposed as an adjunct
in treatment of PD, as it could act synergistically with CCh treatment
by means of contributing to collagen degradation and reducing fibrosis
or by stimulating anti-fibrotic pathways itself independent of coad-
ministration with other pharmaceuticals. Shlykova and Morgentaler®
in 2020 showed a subjective improvement in PD symptoms after sup-
plementation with testosterone during treatment with CCh; however,
their investigation was limited by patient-reported outcomes and a lack
of objective improvement measures.

Our investigation, however, demonstrated no such relationship:
baseline testosterone levels were not related to treatment outcomes
with CCh. From our review of the literature, we present the first data
set specifically examining the relationship between testosterone lev-
els and objective response to CCh. Moreover, we found no difference
in improvement after CCh treatment based on a man’s gonadal sta-
tus. Predictably, we did note a significant association between number
of cycles and degree of improvement, consistent with prior investi-

gations of the efficacy of CCh.17 Based on our findings, testosterone
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FIGURE 2 Percent curvature improvement by baseline serum testosterone.

levels should not impact the decision to treat with CCh, as both hypog- Our analysis is limited by several factors. Notably, our investigation
onadal and eugonadal men experienced similar degrees of absolute and did not specifically assess the effect that the addition of exoge-
relative improvement after treatment. nous testosterone has on PD treatment—it remains possible that
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supplementing CCh therapy with exogenous testosterone uniquely

creates a suitable microenvironment in which the anti-fibrotic prop-
erties of testosterone are appreciated and contribute to improved
outcomes. Importantly, true cutoff values for defining hypogonadism
remain controversial, and our study employed the cutoff of 300 ng/dL
suggested by the American Urological Association guidelines.’® While
this value represents a somewhat standard cutoff, it does introduce
bias in statistical analysis and subgroup definitions. Moreover, the ret-
rospective study design of our study offers the potential for selection
bias in the inclusion process. Similarly, our analysis is limited by its small
sample size, heterogeneity in curvature assessment, and the inherent
subjectivity of penile curvature assessment and improvement. Further-
more, we did not separate results based on degree of plaque calcifi-
cation on ultrasound; nevertheless, none of the patients included had
more than mild scattered calcifications. In spite of these limitations, the
data described provide reassurance that intralesional CCh treatment

should be offered to patients with PD irrespective of baseline tT levels.

5 | CONCLUSION

Neither total testosterone nor hypogonadism is associated with degree
of improvement after collagenase clostridium histolyticum treatment.
Men should be offered collagenase clostridium histolyticum therapy
according to guidelines independent of gonadal status. Further large,

collaborative studies are needed to confirm these findings.
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Complications after surgical correction of penile fractures—Is
there a clinical impact?
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Objective: We sought to evaluate the sexual health effects of a surgically corrected

term sexual function and their effects on genital body image satisfaction.

Methods: A retrospective analysis of patients who underwent surgical correction of
penile fractures between 2007 and 2022 in a tertiary center was performed. Lesion
characteristics, weeks until the resumption of sexual activity, and post-operative sex-
ual function were recorded. The presence of glans hypoesthesia, penile deformation,
penile nodule palpation, and self-satisfaction with body image were assessed.

Results: Sixty-nine patients with a mean age of 42.30 + 12.98 years and a median
follow-up of 70 (20-134) months were identified. Sexual intercourse was recorded
as a percentage. Penile deformation was the most common complication, appear-
ing in 14.5% of patients, erectile dysfunction in 5.8%, penile nodules in 4.3%, and
glans hypoesthesia in 2.9%. The median post-operative International Index of Erectile
Function-5 was 24 (21.5-24). Self-satisfaction with body image had a median of 9 and
was negatively associated with bilateral lesions and penile deformation.

Discussion and conclusion: Distal fractures could be linked to erectile dysfunction
and glans hypoesthesia. Surgical correction of penile fractures shows positive func-
tional and self-reported outcomes, and the potential andrological complications rarely

necessitate specific treatment.

KEYWORDS
erectile dysfunction, penile fracture

1 | INTRODUCTION The classic presentation is the sudden onset of a popping sound,

pain, penile detumescence, swelling, and then an eggplant deformity.!
A penile fracture (PF) is defined as the rupture of the tunica albuginea The etiology varies around the world; sexual intercourse and forceful
of the corpora cavernosa, which usually happens during an erection. manipulation or the tagaandan maneuver are the most common causes

in Western and Eastern countries, respectively.2~* Surgical exploration
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and the closure of the tunica albuginea is the gold standard treat-

ment for a PF because it restores the tunica albuginea’s integrity and
its veno-occlusive mechanism.® Surgical timing and its effects remain
a matter of debate, with some authors saying that outcomes did not
differ significantly with delayed repairs of up to 72 h.%”

A full recovery of sexual function is the main goal that patients
and urologists seek. Given the rarity of this pathology, there is a
lack of information and evidence on the impact of surgical cor-
ruption on long-term sexual health outcomes. Penile deformation,
erectile dysfunction (ED), and penile nodule sensations are reported
in 4%—31%, 22%, and 19.1% of patients, respectively.>® Moreover,
the prevalence of glans hypoesthesia has never been reported after
PF, and its impact on self-esteem and self-body image is poorly
described.”10

We primarily sought to evaluate the sexual health impact of a sur-
gically corrected PF. Secondarily, we aimed to identify the risk factors
that may influence long-term sexual function and their impact on

genital body image satisfaction.

2 | MATERIALS AND METHODS

After approval was granted by the hospital’s ethics committee (pro-
tocol 23/152), we performed a retrospective analysis of all patients
who underwent the surgical correction of a PF between May 2007
and August 2022 at our tertiary referral center. Data from patient
charts were collected on the trauma mechanism, use of erectogenic
drugs before the episode, use of imaging for diagnosis, and time until
surgery. The latter was classified as less than 6 h, between 6 and 12 h,
between 12 and 18 h, and more than 18 h. From the surgical report,
data were obtained on the type of incision (subcoronal, penoscrotal,
or transverse over the lesion), lesion extension, laterality (right, left, or
bilateral; dorsal or ventral), location of the lesion (proximal, middle, or
distal third), the presence of urethral lesions, and the type of suture
material used to repair the albuginea. From the routine post-operative
appointment records, usually gathered 1-3 months after surgery,
data were obtained on immediate complications, such as surgical site
infection, suture dehiscence, necrosis of the operative wound, urethro-
cutaneous fistula, and the number of weeks until sexual activity was
resumed.

In November 2022, all patients were assembled and, after they
granted informed consent, interviewed to evaluate the long-term
andrological complications they had experienced. Erectile function
was assessed with the International Index of Erectile Function-5
(I1EF-5).1112 The evolution of erectile function was classified as wors-
ening, maintained, or improving, according to patients’ opinions. A
questionnaire was used to record the presence of glans hypoesthesia,
penile deformation, and penile nodule palpation, as well as the need for
treatment if a penile deformation was self-reported. Self-satisfaction
with genital body image was rated on a visual analog scale from O to
10 (0 meaning “not satisfied” and 10 meaning “totally satisfied”) in
response to the question “How satisfied are you with your genital body
image?”.
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TABLE 1 Demographic data and intra-operative findings.

Trauma mechanism

Sexual intercourse 85.5% (59)
Masturbation 2.9% (2.9)
Forceful bending (tagaandan) 4.3% (4.3)
Undefined 7.2%(7.2)

Lesion length? 20 mm (15-30 mm)

Time to surgery (h)
<6 14.7%
6-12 19.1%
12-18 23.5%
>18 42.6%

Anatomic distribution of lesion

Right 43.5% (30)
Left 40.6% (28)
Bilateral 15.9% (11)
Dorsal 26.1% (18)
Ventral 73.9% (51)
Proximal third 36.2% (25)
Middle third 40.6% (28)
Distal third 23.2% (16)
Urethral lesion 15.9% (11)

aMedian (interquartile range).

2.1 | Statistical analysis

Data were collected and assessed with the Statistical Package for the
Social Sciences (version 24; IBM). The Shapiro-Wilk test was used
to assess parameter distribution. All continuous variables with nor-
mal distribution are expressed as the mean + standard deviation,
and non-normally distributed variables are expressed as the median
(25th—75th quartiles). Categoric variables were compared with a
chi-squared test, continuous variables were compared with Pear-
son’s correlation test, and categoric and continuous variables were

compared with a t-test or Kruskal-Wallis test, depending on normality.

3 | RESULTS

A total of 69 patients with a mean age of 42.30 + 12.98 years at the
time of the surgery were identified. Their demographic data and intra-
operative findings are summarized in Table 1. Sexual intercourse was
the main cause of trauma in 85.5% of patients (n = 59) and the diag-
nosis was supported by ultrasound in 62.3% of cases (n = 43). None of
the patients reported ED or taking erectogenic drugs before the event.
A subcoronal incision with degloving was the most common approach,
occurring in 91.3% of cases (n = 63) and followed by transverse inci-
sion in 5.8% (n = 4) and penoscrotal incision in 2.9% (n = 2). Most of
the patients, 65.2% (n = 45), underwent surgery more than 12 h after

their initial presentation. Fractures were more common on the ventral
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TABLE 2 Andrological complications of surgical correction of
penile fracture.

Penile deformation 14.5% (10)
Dorsal 4.3% (3)
Ventral 2.9% (2)
Left 5.8% (4)
Right 1.4% (1)
Erectile dysfunction 5.8% (4)
Penile nodule 4.3% (3)
Glans hypoesthesia 2.9% (2)

side (73.9%, n = 51) and bilateral fractures were less common (15.9%,
n = 11). Polydioxanone was the most common suture material, used in
56.0% of cases (n = 39), followed by polyglycolide in 30.4% (n = 21)
and polypropylene in 13.0% (n = 9). None of the patients was diagnosed
with a false fracture and all of the urethral lesions (15.9%, n = 11) were
partial. None of the patients required urgent or elective surgical rein-
tervention. The resumption of sexual activity occurred at a median of
7 (4—9) weeks and was not associated with any of the variables evalu-
ated. None of the patients underwent penile rehabilitation or reported
penis shortening.

At a median time of 70 (20—134) months after surgery, the median
IIEF-5 was 24 (21—-24). The prevalence of andrological complications
after the surgical correction of PF is summarized in Table 2. Penile
deformation was the most common complication, occurring in 14.5%
of cases (n = 10). Of the four patients with post-operative ED, two
had mild ED (IIEF-5 of 18) and the other two had mild-to-moderate
ED (lIEF-5 of 15). Only one patient requested treatment for ED. Only
these four patients described worsening erectile function after the
event, while all others reported the maintenance of erectile func-
tion. The characteristics of patients with ED are shown in Table 3.
None of the patients experienced necrosis of the operative wound,
urethrocutaneous fistula, or urethral stenosis.

The statistical analysis of pre- and intra-operative findings and
long-term andrological outcomes is presented in Table 4, and the anal-
ysis of andrological complications is presented in Table 5. Decreased
erectile function was associated with distal lesions (p = 0.035), the
presence of post-operative curvature (p = 0.038), and glans hypoes-
thesia (p = 0.007). De novo penile deformation was associated with the
sensation of a penile nodule (p = 0.009). Glans hypoesthesia was asso-
ciated with distal-third fractures (p = 0.033). The sensation of a penile
nodule was more frequent in cases of bilateral lesions (p = 0.039). Self-
satisfaction with body image had a median of 9 (8—9) on the visual ana-
log scale, with lower values associated with the presence of bilateral
lesions (p = 0.024) and penile deformation (p < 0.001). The type of inci-
sion and suture material did not affect any of the outcomes evaluated.

4 | DISCUSSION

Since the first report about PFs and the surgical correction of the

condition, researchers have been increasingly interested in the post-
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operative complications and their association with pre- and intra-

operative factors.1314 Our study sought to clarify these associations
further.

Ultrasound was used to aid clinical diagnosis in nearly two-thirds of
our patients, while magnetic resonance imaging (MRI) was not used,
despite its proven benefits.1>1¢ MRI in the emergency department is
not available in this context at our center.

The tunica albuginea is thinner on the ventral part, which was also,
as expected, the most common site for PFs (73.9%) in our sample. Some
studies stated a predominance of lesions in the right cavernosa, but
this finding is mainly reported in patients where forceful bending or
tagaandan was performed by right-handed men.!” As such practices
are uncommon in our country, we did not find any difference in lat-
erality. The lesion size also did not affect the complications, as other
authors have reported.'8

As in our sample, subcoronal incision with degloving and circumci-
sion remains the most common approach worldwide because it allows
for the full inspection of the corpora cavernosa and the urethra.1%:20
Penoscrotal incision also offers these benefits without mobilizing the
neurovascular bundle.2! Transverse incision over the lesion has been
gaining appeal, particularly when the lesion’s exact location is iden-
tified via pre-operative imaging.l® These techniques resulted in no
differences in complications, that is, ED and self-satisfaction with body
image. The validity of each technique is still debatable as circumcision
is thought to contribute to sexual dysfunction after surgery in the form
of penile hypoesthesia. However, a recent study showed no differences
in reported erogenous or orgasm function between circumcised and
uncircumcised penises.?2

Theoretically, non-absorbable sutures could be associated with the
risk of palpable nodules.?324 Such sutures were only used in 13.0% of
the patients in our sample. Of the three patients who reported a penile
nodule, one was sutured with polydioxanone, another with polygly-
colide, and the last with polypropylene; therefore, no association was
found between penile nodules and suture material. Moreover, as a
long follow-up was observed for a significant part of our sample, de
novo Peyronie’s disease that was not related to the PF event may also
contribute to the presence of nodules.

Compared to Amer et al.’s systematic review,?

our sample has a
higher prevalence of ED (5.8% vs. 1.9%), more penile deformation
(14.5% vs. 2.8%), and less nodule sensation (4.3% vs. 13.9%). The
largest case series in that review is from Zargooshi?® and has a lower
mean population age (29.6 vs. 42.3 years old) and forceful bending
(tagaandan) was the main cause of fracture. Age and trauma mechanism
may contribute to the complications experienced, and the differences
between this and our study can explain the disparities in the rate of
complications with that systematic review.2°

Glans hypoesthesia was observed in 2.9% of our patients. The main
contributors to sensation in the glans are the branches of the dorsal
nerve of the penis.’® These branches are predominantly distributed
along the dorsal aspect of the penis, potentially rendering them less
susceptible to damage as most fractures occur on the ventral side.

We found that ED was associated with distal fractures (p = 0.035).

Of the four patients with ED, three had distal fractures. This finding
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TABLE 3 Characteristics of patients with erectile dysfunction.

Casel Case 2
Age (years) 58 46
Follow-up (months) 29 68
Time until surgery (h) 12-18 12-18
Lesion length (mm) 20 30
Incision Subcoronal Subcoronal
Urethral lesion Yes Yes

Trauma mechanism

Sexual intercourse

Sexual intercourse

Left, ventral, distal third

Location Right, dorsal, medium third

Time until resumption of 9 3
sexual activity (weeks)

Self-satisfaction with 9 7
body image

IIEF-5 15 18

Penile nodule No No

Glans hypoesthesia No Yes

Penile deformation No No

Case 3 Case 4

57 48

64 105

12-18 12-18

15 20
Subcoronal Subcoronal
Yes Yes

Sexual intercourse Sexual intercourse

Right, ventral, distal third Left, ventral, distal third

7 4

6 7
15, using PDES5i 18
No Yes
No Yes
Yes Yes

Abbreviations: IIEF-5, International Index of Erectile Function-5; PDE5i, phosphodiesterase 5 inhibitor.

TABLE 4 Association between pre- and intra-operative findings and andrological complications.

Erectile Penile Glans Penile Self-satisfaction with
function deformation hypoesthesia nodule body image
Patient age 0.0967 0.5942 0.1667 0.8642 0.602°,r = 0.064
Trauma mechanism (sexual 0.896°¢ 0.138¢ 0.951¢ 0.912¢ 0.323¢
intercourse/masturbation/self-inflected/undefined)
Time until surgery (<6 h,6—12h,12—-18 h, >18h) 0.126¢ 0.454¢ 0.428¢ 0.582¢ 0.602¢
Type of incision (subcoronal/penoscrotal/transverse 0.817°¢ 0.706°¢ 0.907¢ 0.861°¢ 0.527¢
over the lesion)
Lesion length 0.479¢ 0.097¢ 0.703¢ 0.832¢ 0.225°,r=-0.016
Lesion location (proximal/medium/distal) 0.035¢,¢ 0.835¢ 0.033¢,¢ 0.991°¢ 0.601¢
Lesion laterality (right/left/bilateral) 0.667°¢ 0.060°¢ 0.221¢ 0.039¢,¢ 0.0244 ¢
Lesion side (dorsal/ventral) 0.959¢ 0.761°¢ 0.394¢ 0.770¢ 0.4544
Type of suture material 0.571¢ 0.243¢ 0.453¢ 0.523¢ 0.827¢
(polydioxanone/polyglycolide/polypropylene)
Time until resumption of sexual activity 0.550¢ 0.187¢ 0.060¢ 0.3644 0.460°, r = 0.090

Note: The values correspond to the p-value.

at-Test.

bPearson correlation test; r denotes Pearson correlation coefficient.

€Chi-square test.
dKruskal-Wallis test.
€Significance.

diverges from Ouanes et a

|'718

who showed an association between

proximal fractures and the occurrence of post-operative ED. They
categorized fracture location as distal or proximal (14.5% and 85.5%,
respectively), but in our sample, even when categorizing location
as either distal or non-distal (23.2% and 76.8%, respectively), a sta-
tistically significant difference remained (p = 0.011). Furthermore,

distal fractures were associated with glans hypoesthesia (p = 0.033).

Both patients with glans hypoesthesia had distal fractures, and when
categorizing fracture location as distal or non-distal, the p-value was
0.09. Both patients reporting glans hypoesthesia also experienced
ED, resulting in a statistically significant association (p = 0.007). To
our knowledge, this is the first article assessing glans hypoesthesia
after PF and showing its possible association with distal fractures. The

surgical correction of a distal lesion may be more likely to risk affecting
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TABLE 5 Association between each andrological complication.

Penile
Erectile function deformation
Erectile function - 0.0382°
Penile deformation 0.038° -
Glans hypoesthesia 0.0072b 0.148°
Penile nodule 0.073? 0.009>°

Note: The values correspond to the p-value.
2Chi-square test.

bSignificance.

“Kruskal-Wallis test.

the neurovascular bundle as it fans out distally to encompass and
enervate the glans. ED was also associated with penile deformation
(p = 0.038). The link between these conditions is well established.?®
The cases of ED we identified were mild and only one required a
phosphodiesterase 5 inhibitor. We did not find an association between
age (>50 years), bilateral fracture, and the presence of ED, as other
studies have reported.>2°

The relationship between the time until surgery and post-operative
ED remains debatable. Bozzini et al.2’
formed within the first 8.23 h after admission to the ER reduces the

risk of post-operative ED. A systematic review showed similar rates of

stated that surgical repair per-

ED after both immediate and delayed repair (less or more than 24 h).
Even after a long surgery delay, we found no association between the
time to surgery and complications. None of our patients underwent
surgery more than 24 h after the event. Therefore, we used four time
intervals (less than 6 h, 6—12 h, 12—18 h, and more than 18 h) for the
analysis.

Penile deformation was associated with the sensation of a penile
nodule (p = 0.009). Two of the three patients with penile nodules
had curvature; this association may be because of an overlap of
the concepts of penile nodules (because of suturing or local scar-
ring) and plaque (as a result of abnormal wound healing with the
remodeling of connective tissue in Peyronie’s disease). Ultrasound
or MRI can be useful to discriminate these etiologies.?® According
to the literature, 0%—2.2% of PF patients require surgical curva-
ture correction, and our data showed that no patients needed such
treatment.?” The association between penile nodules and bilateral
lesions (p = 0.039) is probably explained by a need for wider surgi-
cal exploration, with the associated trauma and increased need for
suturing.

The event itself, the surgery, and its complications can affect
patients’ confidence and self-esteem, leading to performance anxiety
and reluctance.2?20 Nevertheless, our patients presented high levels
of self-satisfaction with their body image after surgery, with lower val-
ues associated with the presence of bilateral lesions (p = 0.024) and
penile deformation (p = < 0.001). This information is not new; the psy-
chological consequences of penile deformation and bilateral lesions
often result from more extensive surgical exploration that may cause
more penile deformities and, therefore, impact self-satisfaction and

esteem.’!

ANDROLOGY @ E2H FYPSRR

Glans Penile Self-satisfaction
hypoesthesia nodule with body image
0.0072° 0.0732 0.110°

0.1482 0.009° <0.001°¢

- 0.7602 0.830°

0.760? - 0.030°¢

Our study has certain limitations. This is a rare urological emer-
gency, even at a tertiary referral hospital. We performed a retrospec-
tive analysis with a medium-sized sample and the number of events
observed was low. There was no control group of conservatively
treated patients, and different surgeons were involved in treatment.
IIEF-5 scores before trauma were not available, and the assessment
of self-image was not conducted through a validated questionnaire. In
addition, glans hypoesthesia was not evaluated with an objective tool
such as biothesiometry.

As a positive remark, even with a long follow-up period (median
of 70 months), no patient was lost to follow-up, and all patients with
surgically treated PFs were enrolled and followed an a priori protocol.

In conclusion, de novo penile deformation was the most common
complication reported. Distal fractures seem to be associated with
the degradation of erectile function and glans hypoesthesia. Reduced
self-satisfaction with body image appears to be associated with the
presence of bilateral lesions and penile deformation. Overall, the
surgical treatment of a PF has good functional and self-measured out-
comes, and andrological complications, such as penile deformation
and palpable nodules, although not rare, seldom require treatment. To
clarify some divergent results in the literature, more studies, primar-
ily prospective and multi-centric studies such as the MARS study for

priapism, are needed in this field.32
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Abstract

Introduction: The prefrontal-cingulate-thalamic areas are associated with ejaculation
control. Functional abnormalities of these areas and decreased grey matter volume
(GMV) in the subcortical areas have been confirmed in premature ejaculation (PE)
patients. However, no study has explored the corresponding GMV changes in the
prefrontal-cingulate-thalamic areas, which are considered as the important basis
for functional abnormalities. This study aimed to investigated whether PE patients
exhibited impaired GMV in the brain, especially the prefrontal-cingulate-thalamic
areas, and whether these structural deficits were associated with declined ejaculatory
control.

Methods: T1-weighted structural magnetic resonance imaging (MRI) data were
acquired from 50 lifelong PE patients and 50 age-, and education-matched healthy
controls (HCs). The PE diagnostic tool (PEDT) was applied to assess the subjective
symptoms of PE. Based on the method of voxel-based morphometry (VBM), GMV were
measured and compared between groups. In addition, the correlations between GMV
of brain regions showed differences between groups and PEDT scores were evaluated
in the patient group.

Results: PE patients showed decreased GMV in the right dorsolateral superior
frontal gyrus (clusters = 13, peak T-values = —4.30) and left thalamus (clusters = 47,
T = —4.33), and increased GMV in the left middle cingulate gyrus (clusters = 12,
T = 4.02) when compared with HCs. In the patient group, GMV of the left thalamus

were negatively associated with PEDT scores (r = —0.35; P = 0.01). Receiver operating
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characteristic (ROC) analysis showed that GMV of the right dorsolateral superior
frontal gyrus (AUC =0.71, P < 0.01, sensitivity = 60%, specificity = 78%), left thalamus
(AUC = 0.72, P < 0.01, sensitivity = 92%, specificity = 46%) and middle cingulate
gyrus (AUC = 0.69, P < 0.01, sensitivity = 50%, specificity = 90%), and the combined
model (AUC = 0.84, P < 0.01, sensitivity = 78%, specificity = 80%) all had the ability to
distinguish PE patients from HCs.

Conclusion: Disturbances in GMV were revealed in the prefrontal-cingulate-thalamic
areas of PE patients. The findings implied that decreased GMV in the dorsolateral pre-
frontal cortex and thalamus might be associated with the central pathological neural

mechanism underlying the declined ejaculatory control while increased GMV in the

KEYWORDS

morphometry

1 | INTRODUCTION

Premature ejaculation (PE) is recognized to be a common male sexual
dysfunction, which is characterized by short intra-vaginal ejacula-
tion latency time (IELT), decreased ability to delay ejaculation and
negative personal consequences.! It has been hypothesized that
both psycho-social and biological factors implicate in the etiolog-
ical mechanism of PE.2 Ejaculation is regulated by multiple neural
structures including peripheral nervous system and central nervous
system.® The coordination between these structures can be achieved
by the excitatory and inhibitory circuits originating from the brain.*>
Abnormalities of the central system are considered as the main causes
of PE. Several central neural structures, such as the hypothalamus,
particularly preoptic area, thalamus, amygdala and basal ganglia struc-
tures, have been found to play a central role in this process.®” In the
impaired inhibitory network, it had been found in lifelong PE patients
by the previous fMRI study.® Therefore, brain regions involved in the
excitatory and inhibitory control over ejaculation might be impaired in
PE patients. In addition, ejaculation is considered as a reward behavior
including extragenital responses and subjective pleasurable feelings
during ejaculation, which is regulated by the cingulate and limbic areas
in the brain.” The rewarding properties of ejaculation is triggered by
sensory information related to ejaculation in response to sexual stim-
ulation, which is also regulated by the brain.’° Moreover, ejaculation
is regarded as a goal-directed behavior, which is regulated by higher
central neural structures, such as prefrontal and cingulate cortex.”
Physiologically, the prefrontal and cingulate cortex can produce and
facilitate goal-directed behaviors.!! The coordinated activity between
these regions can exert cognitive control to suppress distractors,
which further contribute to focus on goal-oriented behavior relating
to emotion and reward, as well as motor control.'2 However, the
neurological mechanism of ejaculation at the cerebral level is still
poorly understood.

Based on previous neuropharmacological and neuroimaging stud-

ies, there has been increasing evidence that PE is associated with

middle cingulate gyrus might be the compensatory mechanism underlying PE.

grey matter volume, premature ejaculation, structural magnetic resonance imaging, voxel-based

enhanced excitability or sensitization in the central nervous sys-
tem, as well as decreased descending ejaculatory inhibition in the
brain.®12 The prefrontal, cingulate cortex, and thalamus are regarded
as an important regions for the executive function, particularly goal-
oriented behavior (such as the behavior intended to delay ejaculation
with efforts) that requires the coordination of multiple brain regions,
impulsivity including impulsive choice and behavior (such as the
tendency to ejaculate immediately instead of delaying ejaculation) and
response inhibition (the ability to restrain learned behaviors, such as
acquired rapid ejaculatory behavior).14-17 The dorsolateral prefrontal
cortex has been hypothesized to modulate impulsive behavior by
providing inhibitory inputs to subcortical structures (e.g., hypothala-
mus, thalamus, amygdala) that induce aggressive behavior.18-20 The
cingulate cortex has been hypothesized to play an important role in
the self-monitoring and self-regulation processes, which is implicated
in conflict monitoring during tasks about goal-directed behaviors.2122
The cingulate cortex also serves as a hub region in the top-down
regulation circuit and mediates interactions between the dorsolat-
eral prefrontal cortex (involved in cognitive control) and subcortical
structures including thalamus (involved in reward processing).224
Voxel-based morphometry (VBM) is a widely utilized and non-invasive
neuroimaging technique that investigates regional morphological
changes of grey (GM) and white matter (WM) in the whole brain.?>
It has been applied to explore the microstructural mechanism under-
lying regional brain areas in various neuropsychological disorders.2%
Therefore, it can be used to explore the corresponding grey matter
volume (GMV) changes in the prefrontal-cingulate-thalamic areas
of PE patients, which are considered as the important basis for
functional abnormalities, and whether these structural deficits are
associated with declined ejaculatory control.

In the study, we speculated that rapid ejaculatory behavior
and decreased ability to delay ejaculation might be driven by
decreased regulatory control of the dorsolateral prefrontal cor-
tex over reward-related areas including thalamus. Therefore, the
method of VBM was utilized to test the hypothesis that PE patients
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might show impaired GMV in the brain, especially the prefrontal-
cingulate-thalamic areas. We further tested whether the changed
volumes of these regions were related to the declined ejaculatory
control.

2 | MATERIALS AND METHODS
2.1 | Participants

The present study was approved by the ethics committee of Jiangsu
Province Hospital of Chinese Medicine. Written informed consents
were acquired from all subjects participating in this study. According to
the calculation method on size of sample in the previous study, a total
of 50 lifelong PE patients and 50 healthy controls (HCs) matched for
age, handedness, and education level were recruited in this
study.?’

PE was diagnosed based on the International Society for Sexual
Medicine (ISSM) guidelines?® with PE diagnostic tool (PEDT) (Chi-
nese version)?2?
(IELT) < 1 min. All participants including PE and HCs were Han Chi-

scores>11 and intravaginal ejaculatory latency time

nese, right-handed, aged between 20 and 45 years with at least 9
years of education. In addition, all participants including PE and HCs
(PEDT scores of HCs < 8, IELT of HCs > 3 min) had a stable sex-
ual relationship with the same female partner for at least 6 months
with normal sexual desire, normal erectile function (5-items of the
international index of erectile function (IIEF-5) (Chinese version)3°
scores > 21) and regular weekly sexual intercourse (at least 2 times per
week).

Subjects including PE and HCs who met any of the following exclu-
sion criteria were excluded: (1) presence or history of any unstable
health condition including acute illness or severe chronic medical con-
dition; (2) presence or history of substance abuse/dependence; (3)
history of loss of consciousness; (4) taking medications which might
potentially affect male sexual function and brain within 2 weeks (drug

wash-out period)332; (

5) any contraindication for magnetic reso-
nance imaging (MRI) scanning; (6) structural abnormalities detected

by T1-weighted MRI.

2.2 | MRI data acquisition

Structural MRl data were acquired using a 3.0-T MRI scanner (Siemens,
Germany). The parameters of T1-weighted images were as follows:
repetition time = 1,900 ms; echo time = 2.48 ms; flip angle = 9°;
field of view = 250 mmx250 mm; matrixsize = 256 x 256; slice

thickness = 1 mm; number of slices = 176, acquisition time =4 min 18s.

2.3 | Voxel-based morphometry analysis

Structural MRI data were processed using the software of Data
Processing Assistant for rs-fMRI advanced edition (DPARSF) in

ANDROLOGY @ EH EYPSRISRRR

MATLAB software.®® The preprocessing steps were as follows: (1)
converting DICOM raw data to NIfTl format; (2) reorienting T1-
weighted images; (3) the whole-brain T1-weighted images were seg-
mented into GM, WM, and cerebrospinal fluid (CSF) using New
Segment+DARTAL setting in DPARSF; (4) GM segments were nor-
malized to the group-specific template by averaging the struc-
tural images of all subjects in the group and then transformed to
the Montreal Neurological Institute (MNI) standard space; (5) to pre-
serve the volume of tissue after warping, voxel values in the nor-
malized GM images were modulated by the Jacobian determinants
derived from the normalization; (6) the modulated GM images were
smoothed using a 4 mm full-width half-maximum (FWHM) Gaus-
sian filter. The detailed descriptions of participants and MRI data
acquisition, VBM analysis, and statistical analysis were presented in

Figure 1.

2.4 | Statistical analysis

The age, education, IIEF-5, and PEDT scores were compared between
groups using two sample t-tests by the Statistical Package for
the Social Sciences version 23.0 (SPSS Inc, Chicago, IL, USA).
P < 0.05 was considered statistically significant. Two sample t-
tests were performed to compare the differences of GMV between
groups using the statistical parametric mapping software package
(SPM8, http://www.fil. ion.ucl.ac.uk/spm) in Matlab 2009a. The sig-
nificant differences were set at P < 0.001 (minimum cluster size
was 12 voxels, which was corrected by the AlphaSim program).
In addition, corrections between GMV of impaired brain regions
and PEDT scores were examined in the patient group. More-
over, receiver operating characteristic (ROC) analysis was conducted
separately for GMV of each brain region that shows differences
between groups and the combined model. The area under the curve
(AUC) was calculated to assess the diagnostic accuracy of these

measures.

3 | RESULTS

3.1 | Differences of demographic and clinical
characteristics between groups

There were no differences in the age, educational level, and IIEF-5
scores between PE patients and HCs. Higher PEDT scores were found

in the patient group when compared with HCs (Table 1).

3.2 | Brain regions showed altered grey matter
volume in premature ejaculation patients

Compared with HCs, PE patients revealed decreased GMV in the right
dorsolateral superior frontal gyrus and left thalamus, and increased
GMV in the left middle cingulate gyrus (Table 2 and Figure 2).
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FIGURE 1 Schematic overview of participants and MRI data acquisition, VBM analysis and statistical analysis in this study. PE, premature
ejaculation; HCs, healthy controls; ISSM, International Society for Sexual Medicine; PEDT, premature ejaculation diagnostic tool; IIEF-5, 5-1tems of
the International Index of Erectile Function; MRI, magnetic resonance imaging; GMV, grey matter volume; SFGdor.R, right dorsolateral superior
frontal gyrus; THA.L, left thalamus; MCG.L, left middle cingulate gyrus; ROC, receiver operating characteristic; VBM, voxel-based morphometry.

TABLE 1 Demographic and clinical characteristics of participants.

Characteristics PE (n = 50)

Age (years) 29.76 +6.19
Educational level (years) 13.50 + 2.87
IIEF-5 (scores) 22.98 +1.02
PEDT (scores) 15.74 +2.85

HCs (n = 50) t P
31.98+7.13 -1.66 0.10
13.96 + 1.59 -0.99 0.32
22.70+£0.71 1.60 0.11
3.36+1.77 26.10 <0.01

Abbreviations: HCs, healthy controls; IIEF-5, 5-items of the international index of erectile function; PE, premature ejaculation; PEDT, premature ejaculation
diagnostic tool. P-values were obtained by two sample t-tests. P < 0.05 was considered to be statistically significant difference.

3.3 | Relationships between grey matter volume of
impaired brain regions and PE diagnostic tool PE
diagnostic tool scores in premature ejaculation
patients

Significant negative associations were found between GMV of the left
thalamus and PEDT scores in the patient group (r = —0.35; P = 0.01)
(Figure 3).

3.4 | The value of grey matter volume for
discriminating premature ejaculation patients from
healthy controls

ROC analysis demonstrated that GMV of the right dorsolateral supe-
rior frontal gyrus (AUC = 0.71, P < 0.01, sensitivity = 60%, speci-

ficity = 78%), GMV of the left thalamus (AUC = 0.72, P < 0.01,
sensitivity = 92%, specificity = 46%), GMV of the left middle cingulate
gyrus (AUC = 0.69, P < 0.01, sensitivity = 50%, specificity = 90%), and
the combined model (AUC = 0.84, P < 0.01, sensitivity = 78%, speci-
ficity = 80%) all had the ability to distinguish PE patients from HCs
(Figure 4).

4 | DISCUSSION

In the present study, we used VBM analysis to evaluate structural
changes of GMV in PE patients and their relationships with clinical
characteristics. PE patients demonstrated decreased GMV in the right
dorsolateral superior frontal gyrus and left thalamus, and increased
GMV in the left middle cingulate gyrus when compared with HCs.
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TABLE 2 Brainregions showed altered grey matter volume in premature ejaculation patients.

Peak MNI coordinates

Brain regions X y z Clusters Peak T values
Right dorsolateral superior frontal gyrus 18 30 46 13 —4.30
Left thalamus -22 -22 0 47 —4.33
Left middle cingulate gyrus -12 -8 46 12 4.02

Abbreviations: MNI, Montreal Neurological Institute; x, y, and z: the coordinates of peak voxel of each cluster in the MNI space.
The significant differences were set at P < 0.001 (minimum cluster size was 12 voxels, which was corrected by the AlphaSim program in REST software).

0.6
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0.01—5 T
PE HCs
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0.034
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GMV of THA.L

0.014
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PE HCs
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FIGURE 2 Brainregions showed altered grey matter volume in premature ejaculation patients. PE, premature ejaculation; HCs, healthy
controls; GMYV, grey matter volume; SFGdor.R, right dorsolateral superior frontal gyrus; THA.L, left thalamus; MCG.L, left middle cingulate gyrus.

In addition, negative relationships were detected between GMV of
the left thalamus and PEDT scores of patients. Moreover, GMV of all
these three brain regions had the ability to distinguish PE patients
from HCs. GMV of the left thalamus had high sensitivity (92%), but
low specificity (46%); conversely, GMV of the left middle cingulate
gyrus had low sensitivity (50%), but high specificity (90%) for distin-
guishing PE patients from HCs. The combined model had both high
sensitivity (78%) and high specificity (80%) for the diagnosis of PE.
The approaching behaviors toward the reward can be triggered
by the rewarding properties of external stimulus, which is mediated
by the motivational reward (wanting) and hedonic reward (liking)
system in the brain.>* The dorsolateral prefrontal cortex (i.e., supe-

rior frontal gyrus) is considered as a vital area in behavioral self-

regulation through the high-order cognitive function including execu-
tive function, such as inhibitory control and reward processing, which
are essential for regulating behavior.3>3¢ The prefrontal cortex is the
primary brain region for integrating internal and external sensory
information including reward-related information from the thala-
mus, which affect reward-related behavior.3”-3? Abnormalities in the
cognitive-control areas (e.g., dorsolateral prefrontal cortex) can lead
to impaired top-down regulation of goal-direct behaviors in the pres-
ence of conflict, which further cause abnormal executive function
associated with decreased ability to suppress automatic responses,
disturbed control of behavior and decision-making.*°-42 Previous neu-
roimaging studies revealed abnormalities of GM in regions of the

prefrontal cortex, which were associated with the impaired function of
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FIGURE 3 Relationships between GMV of impaired brain regions
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premature ejaculation diagnostic tool.
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FIGURE 4 Receiver operating characteristic analysis of GMV for
discriminating PE patients from HCs. SFGdor.R, right dorsolateral
superior frontal gyrus; THA.L, left thalamus; MCG.L, left middle
cingulate gyrus; AUC, area under the curve.

reward-processing and self-regulation.*3~#° In this study, PE patients
showed decreased GMV in the right dorsolateral superior frontal
gyrus, which is an important region located in the top-down regulat-
ing system involved in the cognitive control. This abnormality might
decrease the ability of PE patients to suppress automatic responses

(e.g., ejaculatory impulse) and patients might fail frequently in prolong-

GAOET AL.

ing ejaculation latency due to the declined ejaculatory control ability
and the increased urgent desire to achieve orgasm.

Cognitive control of behavior is supported by a top-down circuit
composed of both the prefrontal cortex and subcortical structures
including thalamus.*¢~48 The thalamus is found to be a key mediator in
the thalamo-cortical circuits, which involve in the top-down control of
rewarding stimulus-motivated behavior via information updating.*?->°
The thalamus is also considered as the input modulator of the brain,
where external sensory stimuli enter the brain, and then sensory infor-
mation is transmitted to the cortex, especially prefrontal cortex for
higher-level processing.>1>2 Diminished prefrontal modulation of tha-
lamus (hypoactive top-down functional or structural connectivity) can
down-regulate the activity and the structure of the thalamus.>3°% In
addition, the thalamus receiving ejaculation-related sensory informa-
tion from the spinal cord and therefore it also plays an important role
in controlling ejaculatory behavior by the top-down regulating system
between brain and spinal cord.?” The impaired structure or function
of the thalamus can result in imbalanced facilitation and inhibition for
controlling behavior, which is associated with impulsive choice and
behavior.”>>¢ Neuroimaging studies have revealed the dorsolateral
prefrontal cortex and thalamus played a key role in controlling impul-
sive behavior and both functional and structural abnormalities in these
regions were found to be related to aggressive behavior.>>>” There-
fore, decreased GMV in the left thalamus might lead PE patients more
tendency to ejaculate immediately by the increased level of sexual
arousal to evoke ejaculation due to the deficiency of information updat-
ing from thalamus, as well as decreased inhibitory control (top-down)
over spinal center of ejaculation.

The middle cingulate gyrus is located in the midsection of the cin-
gulate gyrus, which is critical for behavior control, such as per-
formance monitoring, error detection, conflict monitoring, response
selection, and working memory.22°8 |t is also considered as a central
hub region for mediating brain regions involved in voluntary (top-
down) behavioral conditioning and brain areas implicated in automatic
(bottom-up) behavioral conditioning.2*>? To optimize response selec-
tion and behavior, the middle cingulate gyrus is often recruited to
adjust the control for better adaptive behavior based on the feedback
from the top-down control in the prefrontal cortex and the down-top
responses of the integration of stimulus features in the thalamus.¢0-¢2
Therefore, the middle cingulate gyrus often exhibits compensatory
increases in activation and morphology when individuals are in difficult
situations or error is encountered.®263 In the study, we speculated that
greater demand for the cognitive control was needed for PE patients
to reorganize their ejaculator behavior when they were in the condi-
tion of rapid ejaculation, which caused compensatory increased GMV
in the left middle cingulate gyrus. However, increased GMV of this
region could not up-regulate the GMV of the dorsolateral superior
frontal gyrus and thalamus, which were associated with the weakness
in response inhibition circuitry underlying the maintenance of PE.

However, several limitations should be considered in this study
when interpreting the findings. First, the sample size of the current
study is not large enough to generalize these results, which also

increased the likelihood of type Il error. Second, these findings should
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be verified by multimodality imaging methods including functional and
structural MRI. Third, the changes of GMV associated with the course
of PE and therapeutic intervention could not be detected in this study
owing to the cross-sectional design of this study. Finally, other charac-
teristics of PE patients, such as smoking condition, obesity, body mass
index (BMI), frequency of sexual intercourse and some others, might
be also associated with the development of PE. Therefore, more details
about these characteristics of patients should be presented and their
relationships with PE should be explored by regression analyses in
further studies.

5 | CONCLUSION

In summary, the VBM analysis showed decreased GMV in the right
dorsolateral superior frontal gyrus and left thalamus, and increased
GMV in the left middle cingulate gyrus of lifelong PE patients in this
study. These findings implied that aberrant GMV in the prefrontal-
cingulate-thalamic areas might be involved in the pathological mech-
anism underlying PE. Decreased GMV in the dorsolateral prefrontal
cortex and thalamus might be implicated in the development of PE
while increased GMV in the middle cingulate gyrus might be the

compensatory mechanism underlying the maintenance of PE.
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Abstract

Background: Few studies are available on the relationship of androstenedione with
inflammation and obesity and the effect of androstenedione and inflammation on the
association between testosterone and obesity. This study intended to examine the
mediation effect of inflammatory markers on the association of testosterone with obe-
sity and the moderation effect of androstenedione on the association of testosterone
with inflammation and obesity in Chinese rural men.

Materials and methods: This cross-sectional research enrolled 2536 male rural inhab-
itants from the Henan Rural Cohort study. The serum concentrations of testosterone
and androstenedione were determined by liquid chromatography-tandem mass spec-
trometry. Linear and logistic regression were used to examine the relationships
between testosterone, inflammatory markers, and obesity. Mediation and moderation
analyses were carried out to evaluate the potential effects of inflammatory markers on
the relationship between testosterone and obesity, as well as androstenedione on the
relationships of testosterone with inflammation and obesity.

Results: After adjusting for confounding factors, the results showed that testosterone
and androstenedione were negatively related to obesity, and inflammatory markers
were positively associated with obesity. Besides, testosterone and androstenedione
were negatively associated with inflammatory markers. Mediation analysis showed
that white blood cell, neutrophil, monocyte, and high-sensitivity C-reactive protein
had mediating effects on the association between testosterone and obesity. The most
vital mediator was high-sensitivity C-reactive protein, and its proportion of the effect
was 11.02% (defined by waist circumference), 11.15% (defined by waist-to-hip ratio),
12.92% (defined by waist-to-height ratio), and full mediating effect (defined by body
mass index). Moreover, androstenedione played negative moderation effects on the

associations of testosterone with inflammation and obesity.
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1 | INTRODUCTION

Obesity, a significant public health issue, is linked to an increased
prevalence of chronic diseases.™® According to the World Health
Organization, the rate of obesity has tripled since 1975, and an esti-
mated 50% of adults over the age of 18 are overweight/obese (WHO,
2018).* Despite significant efforts in China to eradicate severe obe-
sity, the prevalence of obesity continues to rise, particularly in rural
areas with few resources.” The number of overweight and obese indi-
viduals continues to rise, and by 2030, more than half of the people
worldwide are expected to be overweight or obese.® Anthropometric
measurements such as waist circumference (WC), waist-to-hip ratio
(WHR), waist-to-height ratio (WHtR), and body mass index (BMI) are
indicators of obesity and body fat distribution.” In addition, obesity
rates vary by obesity indicator, and different obesity indicators have
various meanings.8? Therefore, when studying obesity, it is worthwhile
to use various indicators to evaluate it.

Androgens, including testosterone and androstenedione, are syn-
thesized in the gonads (testes and ovaries).!? Research shows that
testosterone acts as a steroid hormone that regulates prostate func-
tion, bone density, and muscle mass.!! Both invivo and in vitro research
have revealed that testosterone plays an active role in all aspects of
adipose tissue metabolism.1213 The enzyme aromatase can convert
testosterone to estradiol, and then leads to preferential deposition
of visceral fat.1214 Besides, significant associations between testos-
terone and obesity have been found in epidemiological studies.1>~17
Several clinical trials have also found that testosterone therapy is
an effective treatment for obesity.’81? Androstenedione which is
reversibly metabolized to testosterone by 173-hydroxysteroid dehy-
drogenase is a precursor of androgen.? Only a few studies have
explored the association between androstenedione and obesity.2122
Of note, testosterone and androstenedione are present together in
the organism; however, no research has investigated whether there
is a combination effect or modifying effect of androstenedione on
testosterone-associated obesity.

Inflammation is involved in the pathophysiology of many chronic
diseases, including obesity, diabetes, cardiovascular disease, and
metabolic syndrome.?® White blood cells (WBC) are important
immune cells in the human body and are closely related to the body’s
inflammatory response.?* Neutrophils (NEUT) are actively involved
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Conclusion: Inflammatory markers and androstenedione were first found to have
modifying effects on the association of testosterone with obesity. Higher levels of
testosterone and androstenedione could reduce the inflammation level and risk of
obesity, indicating their potential roles in the prevention and treatment of chronic

androstenedione, inflammatory marker, mediation effect, moderation effect, obesity, testos-

in inflammatory response and may have damaging effect on body
tissues.?> Lymphocytes (LYMPH) are directly involved in immune
regulation.2¢ Monocytes (MONO) are the core of innate immunity and
are implicated in a variety of inflammatory diseases.?’ In addition,
C-reactive protein (CRP) is an important marker for identifying inflam-
matory response as well as a key component of the innate immune
response.?8 According to some studies, serum testosterone levels in
men are negatively related to WBC count and granulocyte count.2%-30
An experimental animal study in mice showed that MONO decreased
significantly with increasing testosterone concentrations.! Long-term
testosterone treatment has been reported to result in a decrease in
circulating LYMPH numbers.32 Moreover, it was previously explored
that serum testosterone levels were inversely related to CRP.3334
A study found a negative association between androstenedione and
inflammatory markers (CRP).3> However, it is unclear whether natu-
ral endogenous testosterone and androstenedione are associated with
reducing aforementioned inflammatory markers. Additionally, pub-
lished studies have suggested that inflammatory markers are positively
related to obesity defined by various anthropometric indicators.3¢-37
However, few studies have explored the role of inflammatory markers
on the association between testosterone and obesity.

The mixed effect of serum testosterone and androstenedione on
obesity is unknown and whether inflammation mediates the associ-
ation of testosterone and androstenedione with obesity has not yet
been fully elucidated. Therefore, the present study aimed to inves-
tigate the combined effects of androstenedione and testosterone
on obesity and whether there is a mediating role for inflammatory

markers in the association between testosterone and obesity.

2 | MATERIALS AND METHODS
2.1 | Study population

The data for this cross-sectional research came from the Henan
Rural Cohort Study, which is presented elsewhere.® The current
study enrolled 2808 male participants from Suiping County in Henan
Province, China. Participants having missing values for either obesity
or serum testosterone and androstenedione (n = 228) were eliminated

from the study. We further excluded participants who had extreme
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values or missing values for inflammatory markers (n = 42), leaving

2538 male participants. Finally, 2536 male individuals had complete
information on the factors of interest, prompting them to be included
in the current study. The Zhengzhou University Life Science Ethics
Committee (code: [2015] MEC [S128]) approved the protocol. All
subjects gave their informed consent.

2.2 | Data collection

The study participants’ age, gender, educational attainment, per capita
monthly income, marital status, high-fat diet, vegetable and fruit
intake, physical activity, smoking and alcohol status, and family his-
tory of diseases were all acquired using a face-to-face questionnaire.
There were three levels of educational attainment: never attended
school, primary school, and junior secondary and above. The per
capita monthly income was divided into three parts (<500, 500~,
or >1000 RMB). Marital status was divided into two categories:
married/cohabiting or widowed/single/divorced. Based on the dietary
guidelines, a high-fat diet was defined as consuming more than 75 g
of meat per day. According to Chinese dietary guidelines,3? ade-
quate vegetable and fruit intake was defined as consuming more than
500 g of vegetables and fruits per day on average. Physical activ-
ity was determined to be low, middle, or high using the International
Physical Activity Questionnaire.*® Smoking and alcohol status was
classified as current or non-current. Having at least one diseased
parent, grandparent, or sibling was deemed a family history of disease.

Height, weight, WC, and hip circumference were measured as
previously explained.38

2.3 | Outcome assessment

Obesity has previously been defined by WC, WHR, WHtR, and BMI.41
BMI was computed from height and weight (kg/m2). WHR was com-
puted by the ratio of WC (cm) to hip circumference (cm), and WHtR was
computed by the ratio of WC (cm) to height (cm).

Male individuals witha WC >90 cm,a WHR >90%, or a WHtR >50%
were defined as obese individuals; otherwise, they were defined as
non-obese individuals.*! Obesity was conceptualized as maintaining a
BMI higher than 28 kg/m?2.42

2.4 | Laboratory measurements

Venous blood sample was taken after fasting for more than 8 h at
night. Fasting venous blood was gathered into a 10.0 mL ethylene-
diaminetetraacetic acid potassium anticoagulant tube and a 5.0 mL
vacuum tube without anticoagulation. Part of the blood samples
with anticoagulation were used for routine blood tests. Inflamma-
tory cells (WBC, NEUT, LYMPH, MONO) were measured by automatic
biochemical analyzer (XS-500i, SYSMEX). Blood samples without anti-

coagulation were centrifuged for 10 min at a relative centrifugal

HUAN ET AL.

force of 2000 g and room temperature, and then a portion of the
serum samples was transferred to the clinical laboratory center for
further analysis. Immunoturbidimetry was used to examine the con-
centrations of high-sensitivity C-reactive protein (hsCRP) in the blood
(Cobas c501, Roche).

Serum samples as described above were stored at —80°C. A lig-
uid chromatography-tandem mass spectrometer (LC-MS/MS; Waters
XEVO TQ-S system) was used to measure serum testosterone and
androstenedione. To monitor the instrument’s stability, blank and qual-
ity control samples were taken every 12 samples. At a signal-to-noise
of 3, the limit of detection (LOD) was computed. Values less than
the detection limit (0.04 g/L) or undetected were substituted for half
of LOD. In Table S1, several parameters of experimental detection
for testosterone and androstenedione, such as coefficients of varia-
tion (CVs), were tabulated. The measurement unit of testosterone and

androstenedione is ng/mL.

2.5 | Statistical analysis

Normally and non-normally distribution continuous and categorical
variables were represented as mean + SD, medians (interquartile
ranges), and frequencies (percentages), respectively. Chi-square tests
(categorical variables), Wilcoxon rank-sum tests (continuous vari-
ables, skewed distribution), and Student’s t-test (continuous variables,
normal distribution) were used to assess the population’s basic charac-
teristics.

Because of their non-normal distributions, testosterone,
androstenedione, WBC, NEUT, MONO, LYMPH, and hsCRP were
natural log-transformed before analysis and given the designations
In-testosterone, In-androstenedione, In-WBC, In-NEUT, In-MONO,
In-LYMPH, and In-hsCRP.

Serum concentrations of testosterone and androstenedione for par-
ticipants were classified into tertiles, with the first tertile (T1) being
the lowest and the referent group. The relationships of serum testos-
terone, androstenedione, and inflammatory marker levels with obesity
were determined using logistic regression. Then, to examine the asso-
ciation across rising tertiles, trend tests were conducted by entering
categorical data as continuous variables.

Linear regression was applied to investigate the relationships of
testosterone and androstenedione levels with inflammatory markers
(WBC, NEUT, LYMPH, MONO, and hsCRP). Model 1 was unadjusted;
model 2 was adjusted for age, educational attainment, per capita
monthly income, marital status, family history of hypertension, hyper-
lipidemia, and diabetes, smoking and drinking status, high-fat diet,
physical activity, and fruit and vegetable intake. These covariates were
chosen as confounders based on their significant differences between
obese and non-obese populations (Table 1) and their potential impact
on obesity.”

Furthermore, because age, per capita monthly income, marital
status, smoking status, drinking status, high-fat diet, vegetable and
fruit intake, and physical activity have effects on the chance of

presenting obesity,> we further performed sensitivity analyses to
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TABLE 1 Characteristics of the study participants.
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Variable Non-obesity (N = 1031) Obesity (N = 1505) p-Value

Age (years), mean + SD 58.29 +11.36 57.16 + 10.50 0.01

Educational attainment, n (%) <0.01
Never attended school 148 (14.35) 146 (9.70)

Primary school 289 (28.03) 353(23.46)
Junior secondary and above 594 (57.62) 1006 (66.84)

Per capita monthly income, n (%) <0.01
<500 RMB 382(37.05) 459 (30.50)
500~ RMB 298 (28.90) 416 (27.64)
1000~ RMB 351(34.05) 630(41.86)

Marital status, n (%) <0.01
Married/cohabiting 881(85.45) 1377 (91.50)
Widowed/single/divorced/separation 150 (14.55) 128 (8.50)

Fam HTN, n (%) 127(12.32) 276(18.34) <0.01

Fam HD, n (%) 28(2.72) 62(4.12) 0.06

FamTD, n (%) 19(1.84) 33(2.19) 0.54

Current smoker, n (%) 506 (49.08) 694 (46.11) 0.14

Current drinker, n (%) 279 (27.06) 576(38.27) <0.01

High-fat diet, n (%) 287 (27.84) 506 (33.62) <0.01

Adequate vegetable and fruit intake, n (%) 679 (65.86) 1004 (66.71) 0.66

Physical activity, n (%) <0.01
Low 248 (24.05) 433(28.77)

Mediate 380 (36.86) 568 (37.74)
High 403 (39.09) 504 (33.49)

WABC (mg/L), median (IQR) 5.80(1.90) 6.20(2.00) <0.01

NEUT (mg/L), median (IQR) 3.22(1.49) 3.45(1.37) <0.01

LYMPH (mg/L), median (IQR) 1.93(0.87) 2.02(0.85) <0.01

MONO (mg/L), median (IQR) 0.36(0.15) 0.38(0.15) <0.01

hsCRP (mg/L), median (IQR) 0.84(1.03) 1.27 (1.59) <0.01

Testosterone (ng/mL), median (IQR) 3.38(2.79) 2.54(2.25) <0.01

Androstenedione (ng/mL), median (IQR) 0.72(0.50) 0.66(0.52) <0.01

Abbreviations: Fam HD, family history of hyperlipidemia; Fam HTN, family history of hypertension; Fam TD, family history of diabetes; hsCRP, high-sensitivity
C-reactive protein; IQR, interquartile range; LYMPH, lymphocytes; MONO, monocytes; NEUT, neutrophils; WBC, white blood cells.

assess the robustness of the studies by taking into account age
(<60 or >60 years), per capita monthly income (<500, 500-999,
or >1000 RMB), marital status (married or single), current smoker
(yes or no), current drinker (yes or no), high-fat diet (yes or no),
adequate vegetable and fruit intake (yes or no), and physical activ-
ity (low, mediate or high) in model 2 but not adjusting for these
covariates.

A mediation analysis was used to investigate whether inflammatory
markers had an impact on the association of serum testosterone with
obesity. As previously stated,*>** the mediating variable required to
be a continuous variable. A mediation variable exists when it satisfies
the following conditions: (1) the independent variable has a signifi-
cant effect on the change in the mediation variable; (2) the mediation

variable has a significant effect on the change in the dependent vari-
able; and (3) the relationship between the independent variable and
the dependent variable is significantly reduced when both the effect
of the independent variable on the mediation variable and the effect of
the mediation variable on the dependent variable are controlled. We
used PROCESS for spss to perform a mediation analysis on model 2
with 5000 bootstrap resamples. The mediator effect proportion was
calculated as (indirect effect/total effect) x 100%.4°

We used PROCESS for spss to evaluate the moderation effects
of androstenedione. Statistically, moderating variables can be found
by testing the significance of the interaction term between the mod-
erating variable and the independent variable (moderating variable
X independent variable) on the dependent variable. Additionally,
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to examine conditional indirect effects, androstenedione levels
were expressed as an SD below and above the mean. Moreover, the
conditional effects were plotted to present the significant adjustments
in order to visualize the moderation effects of androstenedione.

All data were analyzed using spss 22.0 and R 3.5.3. Statistical
significance was defined as a two-tailed p values <0.05.

3 | RESULTS
3.1 | Basic characteristics

Table 1 summarizes the study participants’ basic characteristics of the
2536 male participants according to whether they were obese or not.
Obesity was defined as participants having either of the abnormal mea-
sures (WC or WHR or WHtR or BMI). Overall, a total of 1505 subjects
were diagnosed with obesity.

In general, compared with the subjects without obesity, individu-
als with obesity had the following characteristics: higher educational
attainment, per capita monthly income, married/cohabiting, family his-
tory of hypertension, current drinker, high-fat diet, higher levels of
inflammatory markers (WBC, NEUT, LYMPH, MONO, and hsCRP), and
lower levels of physical activity and serum hormones (testosterone and

androstenedione).

3.2 | Associations of serum testosterone and
androstenedione with obesity defined by four
parameters

Table 2 illustrates the relationships of In-testosterone and In-
androstenedione with four obesity parameters in tertiles and
continuity. According to the findings, serum testosterone and
androstenedione levels were protective factors against obesity.

After adjusting for covariates in model 2, a one-unit increase in
In-testosterone was linked to a 9% (95% confidence interval [CI]: 0.87-
0.95), 8% (95% Cl: 0.88-0.96), 8% (95% Cl: 0.88-0.97), and 7% (95%
Cl: 0.87-0.99) lower risk of WC, WHR, WHtR, and BMI, respectively.
In addition, compared with the first tertile, the third tertile was asso-
ciated with a 68% (95% Cl: 0.25-0.41), 62% (95% Cl: 0.31-0.47), 61%
(95% Cl: 0.32-0.47), and 78% (95% Cl: 0.14-0.35) lower risk of WC,
WHR, WHtR, and BMI. Among the model 2, a one-unit increase in In-
androstenedione was associated with a 9% (95% Cl: 0.85-0.98), 10%
(95% ClI: 0.84-0.96), and 12% (95% Cl: 0.82-0.94) lower risk of WC,
WHR, and WHtR, respectively.

3.3 | Sensitivity analyses

The results of sensitivity analyses are presented in Table S2. The
relationships between testosterone and obesity were not different
according to age (<60 or >60 years), per capita monthly income (<500,
500-999, or >1000 RMB), marital status (married or single), current
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smoker (yes or no), current drinker (yes or no), high-fat diet (yes or no),
adequate vegetable and fruit intake (yes or no), and physical activity
(low, moderate, or high).

3.4 | Associations of serum testosterone with
inflammatory markers

Table 3 presents the findings of the linear regression of the associations
of In-testosterone and In-androstenedione with inflammatory mark-
ers. After controlling for confounding variables, a one-unit increase in
In-testosterone was related to 0.038 (95% Cl: -0.074, -0.002), 0.030
(95% Cl: -0.058, -0.001), 0.004 (95% Cl: -0.006, -0.001), and 0.091
(95% Cl: -0.141, -0.040) decreases in WBC,NEUT, MONO, and hsCRP
levels, respectively. The changes (95% Cl) in the third tertile (T3) of
WBC, NEUT, MONO, and hsCRP were -0.447 (-0.610, -0.284), -
0.389 (-0.518, -0.261), -0.022 (-0.034, -0.010), and -0.736 (-0.964,
-0.507), respectively, when compared with the first tertile of serum
testosterone. After adjusting for covariates in model 2, a one-unit
increase in In-androstenedione was related to a 0.093 (95% Cl: -0.149,
-0.038), 0.092 (95% Cl: -0.136, -0.048), and 0.006 (95% ClI: -0.010,
-0.002) decrease in WBC, NEUT, and MONO levels, respectively.

3.5 | Mediation effect

Figure S1 shows the changes and 95% Cl of obesity with each tertile
increment of inflammatory markers. The results showed that inflam-
matory markers were risk factors for obesity by any obesity-related
parameters. Figure S2 shows the conceptual model of mediation. After
adjusting for confounding factors, Table 4 illustrates the mediation
effect of inflammatory markers on the association of testosterone
with obesity. WBC and NEUT played a mediating role in the obesity
defined by WC, WHR, and WHtR, and the proportions of the medi-
ation effect were 4.53%, 4.28%, and 6.65% and 3.60%, 3.27%, and
5.65%, respectively. The proportion of mediating effects showed no
significant difference between WBC and NEUT. LYMPH had no sig-
nificant mediating effect. The mediating roles of MONO and hsCRP
were all significant in obesity defined by four parameters (WC, WHR,
WHEtR, and BMI) and the proportions of the effect were 5.46%, 5.18%,
and 7.28%, respectively, full mediating effect, and 11.02%, 11.15%,
and 12.92%, respectively, full mediating effect. Among all inflamma-
tory markers, hsCRP had the highest mediating effect, followed by
MONO.

3.6 | Moderation effect

Given the preceding findings, we proceeded with the moderation
effects of androstenedione on inflammatory markers and obesity.
Figure S3 illustrates the conceptual model for the moderation effect of
androstenedione. As presented in Table S3, after adjusting for covari-

ates, serum androstenedione was found to be a significant moderator
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TABLE 2 Associations of testosterone and androstenedione levels with obesity.

Logistic regression OR (95% CI)

obesitY_WHR

0.90(0.87,0.94)

0.76 (0.63,0.93)

0.37(0.30, 0.45)

0.92(0.88,0.96)

0.76(0.63,0.93)
0.38(0.31,0.47)

Variables Obesity.wc
Testosterone
Model 1
Continuous 0.89(0.85,0.93)
T1 1 1
T2 0.70(0.57,0.86)
T3 0.30(0.24,0.37)
Ptrend <0.001 <0.001
Model 2
Continuous 0.91(0.87,0.95)
T1 1 1
T2 0.69(0.56,0.85)
T3 0.32(0.25,0.41)
Prrend <0.001 <0.001

Androstenedione

Model 1

0.88(0.83,0.94)

0.85(0.70, 1.03)

0.70(0.58,0.85)

0.90(0.84,0.96)

0.86(0.71, 1.05)
0.70(0.58,0.86)

Continuous 0.88(0.83,0.95)

T1 1 1

T2 0.77 (0.63,0.96)

T3 0.73(0.59,0.90)

- 0.003 <0.001

Model 2

Continuous 0.91(0.85,0.98)

T1 1 1

T2 0.79(0.63,0.98)

T3 0.70(0.56,0.88)

Ptrend 0.002 <0.001

Obesity_WHtR

0.91(0.87,0.95)

1

0.88(0.72,1.07)

0.37(0.30,0.45)
<0.001

0.92(0.88,0.97)

1

0.88(0.72,1.08)

0.39(0.32,0.47)
<0.001

0.87(0.81,0.93)

1

0.79(0.65,0.95)

0.68(0.56,0.83)
<0.001

0.88(0.82,0.94)

1

0.80(0.65,0.97)

0.68(0.55,0.83)
<0.001

Obesity_BM|

0.91(0.85,0.98)

1

0.68(0.50,0.93)

0.20(0.13,0.31)
<0.001

0.93(0.87,0.99)

1

0.64(0.47,0.88)

0.22(0.14,0.35)
<0.001

0.92(0.83,1.03)
1

0.97(0.70, 1.36)
0.80(0.57,1.14)
0.22

0.94(0.84, 1.05)
1
0.98(0.69,1.38)
0.72(0.50, 1.03)
0.08

Note: Model 1—no adjustment. Model 2—adjusted for age, educational level, per capita monthly income, marital status, family history of hypertension, family
history of hyperlipidemia, family history of diabetes, smoking status, drinking status, high-fat diet, physical activity, and fruit and vegetable intake. Bold values

signify p < 0.05.

Abbreviations: BMI, body mass index; Cl, confidence interval; OR, odds ratio; T, tertile; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-

height ratio.

in the associations of testosterone with inflammatory markers (defined
by WBC and NEUT) and showed negative moderation effects (8 [95%
Cl]: -0.0569[-0.0859, -0.0278] for WBC, -0.0690[-0.0918, -0.0462]
for NEUT). Table S4 shows the associations between testosterone and
obesity (defined by WHR) for low and high levels of androstenedione.
Androstenedione was discovered to be a significant moderator in the
relationship between testosterone and obesity (defined by WHR).
The moderation effect varied with the range of serum androstene-
dione levels and was strongest at higher androstenedione levels.
Figure 1 depicts these moderation effects by plotting simple slopes,
suggesting that testosterone was negatively linked to inflammation
and obesity, and individuals who had high levels of testosterone and
androstenedione were less prone to inflammation and obesity.

4 | DISCUSSION

As far as we know, there is no prior study to investigate the role
of inflammatory markers and androstenedione in the association of
serum testosterone with obesity in Chinese rural men. This current
research found inverse associations of testosterone and androstene-
dione with obesity (defined by WC, WHR, and WHTtR). Likewise,
we found negative associations of testosterone and androstenedione
with inflammatory markers (WBC, NEUT, and MONO), and inflamma-
tory markers were positively related to obesity. Mediation analysis
revealed that inflammatory markers (WBC, NEUT, MONOQ, and hsCRP)
were important mediators of the association of testosterone with
obesity, suggesting that inflammatory response had a pivotal role
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TABLE 4 Mediation effect of inflammatory markers on the association between testosterone and obesity (8, 95% confidence interval).

Variable Total effect Direct effect Indirect effect PE
WBC

WC —0.097 (—0.144, —0.051) —0.094 (—0.141, —0.048) —0.004 (—0.010, —0.001) 4.53%

WHR —0.089 (—0.133, -0.045) —0.086 (—0.130, —0.042) —0.004 (—0.009, —0.001) 4.28%

WHtR —0.080(—0.124, —0.035) —0.076 (-0.120, —0.031) —0.005 (-0.012, —0.001) 6.65%

BMI —0.074 (-0.146, —0.002) —0.073(-0.145,-0.001) —0.002 (-0.009,0.001) -
NEUT

WC —0.097 (—0.144, —0.051) —0.095(—0.141, —0.048) —0.004 (—0.009, —0.001) 3.60%

WHR —0.089 (—0.133, —0.045) —0.086 (—0.130, —0.043) —0.003 (—0.008, —0.001) 3.27%

WHtR —0.080 (—0.124, —0.035) —0.076 (-0.121, —0.031) —0.005 (-0.011, —0.001) 5.65%

BMI —0.074 (-0.146,—0.002) —0.073(-0.145,—-0.001) —0.001 (-0.006,0.002) =
LYMPH

WC —0.097 (—0.144, —0.051) —0.098 (—0.144, —0.051) —0.001 (-0.003,0.003) -

WHR —0.089 (—0.133, —0.045) —0.089 (—0.133, —0.045) —0.001 (-0.003,0.003) -

WHtR —0.080(—0.124, —0.035) —0.080(-0.125, —0.035) —0.001 (-0.003,0.003) -

BMI —0.074(-0.146,—0.002) —0.074 (-0.146,—0.002) —0.001 (-0.003,0.002) -
MONO

WC —0.097 (—0.144, —0.051) —0.093(—0.139, —0.046) —0.005(-0.011, —0.002) 5.46%

WHR —0.089 (—0.133, —0.045) —0.085(—0.129, —0.041) —0.005 (-0.010, —0.002) 5.18%

WHtR —0.080(—0.124, —0.035) —0.075 (-0.120, —0.030) —0.006 (—0.012, —0.002) 7.28%

BMI —0.074 (-0.146,—0.002) —0.070 (-0.142,0.003) —0.004 (-0.011, —0.001) Full
hsCRP

WC —0.097 (—0.144, —0.051) —0.088 (—0.135, —0.041) —0.011(-0.019, —0.005) 11.02%

WHR —0.089 (—0.133, —0.045) —0.081(-0.123,-0.037) —0.010(-0.019, —0.004) 11.15%

WHtR —0.080(—0.124, —0.035) —-0.072(-0.117,—-0.027) —0.010 (-0.020, —0.004) 12.92%

BMI —0.074(-0.146,—0.002) —0.064 (-0.137,0.009) —0.009 (—0.018, —0.004) Full

Note: Full—full mediation effect. PE—indirect effect/total effect. Bold values signify p < 0.05.
Abbreviations: BMI, body mass index; hsCRP, high-sensitivity C-reactive protein; LYMPH, lymphocytes; MONO, monocytes; NEUT, neutrophils; WBC, white
blood cells; WC, waist circumference; WHR, waist-to-hip ratio; WHtR, waist-to-height ratio.

in the relationship between testosterone and obesity. Furthermore,
androstenedione reinforced the inverse relationships of testosterone
with inflammation and obesity.

As the two main natural androgenic hormones in the body, many
studies have investigated the relationship between testosterone and
obesity, but few studies are about the androstenedione. Our find-
ings support previous research showing that low levels of serum
testosterone and androstenedione are linked to an increased risk
of obesity.1213.1516.2122.4647 An animal study showed that testos-
terone has an anti-obesity effect and that testosterone inhibits the
expansion of visceral and subcutaneous fat.? In addition, a cross-
sectional study showed that obesity parameters (WC, WHR, BMI)
were significantly negatively associated with serum testosterone
concentrations.’® Androstenedione has been shown to be negatively
associated with obesity in several studies.?’?2 Although the mecha-
nisms of testosterone in different kinds of obesity need further study,
existing evidence suggests that androgens could be key regulators
of body fat distribution.*® When sex steroid hormones activate the

cAMP cascade, hormone-sensitive lipase is activated, resulting in lipol-
ysis in adipose tissues.*® Testosterone inhibits triglyceride uptake and
lipoprotein lipase activity, resulting in faster triglyceride turnover in
abdominal subcutaneous adipose tissue and less triglyceride turnover
in femoral fat, as well as the mobilization of lipids from visceral fat
depots.*? It has been demonstrated that androgens can reduce the
activity of stearoyl-CoA desaturase-1 and increase the activity of
lipoprotein lipase in human adipocytes, thereby lowering blood lipids,
regulating lipid metabolism, and maintaining lipid homeostasis.>®

The primary sources of pro-inflammatory cytokines are NEUT,
LYMPH, and other WBC.° CRP is considered a representative
biomarker of systemic inflammation.”? Some previous studies have
reported that inflammation involving pro-inflammatory cytokines
promoted the development of obesity,”® and serum CRP was pos-
itively related to obesity,>* which is in line with our results. The
two epidemiological studies mentioned above are prospective
cohort studies and Mendelian randomization studies, which can
better demonstrate the causal relation. The relationship between
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(A) Associations between testosterone and inflammatory markers for low and high levels of androstenedione. The model included

the following covariates: age, educational level, per capita monthly income, marital status, family history of hypertension, family history of
hyperlipidemia, family history of diabetes, smoking status, drinking status, high-fat diet, physical activity, and fruit and vegetable intake. (¢) Low
level; (M) high level. (B) The direct effect between testosterone and obesity for low and high levels of androstenedione. The model included the
following covariates: age, educational level, per capita monthly income, marital status, family history of hypertension, family history of
hyperlipidemia, family history of diabetes, smoking status, drinking status, high-fat diet, physical activity, and fruit and vegetable intake. (¢) Low

level; (M) high level.

inflammatory markers and obesity may be explained by the following
facts. First, there is an emerging body of evidence that suggests

51 Moreover, a

that WBC secrete pro-inflammatory cytokines.
previous study has shown that inflammatory responses involving
pro-inflammatory cytokines can contribute to the development of
obesity.>® Therefore, it is possible that WBC lead to an increase in
body fat mass by secreting pro-inflammatory factors. Second, by
regulating lipid metabolism and facilitating fat synthesis, CRP plays a
crucial impact on the pathogenesis of obesity metabolic disorders.>>>¢
Third, CRP is the major leptin-binding protein and interacts with leptin
receptors, thus interfering with the action of leptin and causing a lack
of response to leptin in the body, which in turn leads to obesity.”” More
studies are needed to further illuminate and validate the mechanisms

between inflammation and obesity.

As far as we know, it is the first investigation to prove that the
relationship between testosterone and obesity is mediated by inflam-
matory markers. A previous study of 1490 US men investigated
associations between androgen activity and inflammatory markers.3°
The study found that testosterone was significantly associated with
decreased WBC count (95% Cl: -0.37, -0.14) and granulocyte count
(95% Cl: -0.29, -0.13). It has previously been shown that serum testos-
terone levels are negatively associated with hsCRP.3® In addition, a
study has reported a negative correlation between androstenedione
and the levels of inflammatory markers (interleukin-6 [IL-6], hsCRP).3>
Our findings support the results of these prior studies. In this study, we
proposed a hypothesis of a mediating role of inflammatory markers in
testosterone-associated obesity. The results showed that there was a

difference in the proportion of mediating effect between inflammatory
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cells and hsCRP. Although hsCRP has the strongest mediating effect
among these indicators, inflammatory cells are easier to obtain than
hsCRP as a routine blood detection indicator, so they are more valu-
able in application. Testosterone inhibits the expression and release of
pro-inflammatory cytokines via androgen receptors and non-classical

surface receptors,>8-60

and pro-inflammatory cytokines are closely
linked to the inflammatory response of the body.°! Based on the above
mechanism, it is plausible that high concentration of testosterone
would lower the level of systemic inflammation, which leads to obesity.

Our findings demonstrated that testosterone was negatively asso-
ciated with inflammatory markers and obesity and that the associ-
ations would be strengthened by androstenedione. It is well known
that androstenedione and testosterone are both androgens. In addi-
tion, androstenedione is the primary precursor to testosterone, so
androstenedione can play a role by converting to testosterone. So,
consistent with our results, high androstenedione levels increase
testosterone levels and therefore increase the inhibitory effect of
testosterone on inflammatory levels and increase the protective effect
against obesity. However, the biological role of androstenedione itself
and the mechanism by which testosterone and androstenedione are
associated with inflammation remain unknown. This could be a direc-
tion for the future research.

The strength of our study is a relatively large sample size con-
sisting of 2536 male individuals. Furthermore, a mediation analysis,
was performed to evaluate direct and indirect causal effects between
testosterone, obesity, and inflammatory markers. Moreover, to our
knowledge, no prior studies have investigated the moderation effects
of androstenedione on testosterone-associated inflammation and obe-
sity in a population-based study. Finally, LC-MS/MS was used to accu-
rately measure testosterone concentration. Meanwhile, the current
research has a few inadequacies. First, because of the cross-sectional
design, this research may not be able to establish a causal relation-
ship among testosterone, inflammatory markers, and obesity. Second,
we only estimated the effect of testosterone and androstenedione, so
other hormone levels may have been overlooked. Third, the study was
limited by the lack of data on more inflammatory markers in addition to
WABC and hsCRP, such as IL-4 or IL-6. Finally, because our participants
are from Henan rural areas in China, we may be bounded in our ability
to apply these findings to other countries and regions. Despite these
drawbacks, this large-scale population study can shed light on the criti-
cal role of inflammatory markers and androstenedione in testosterone

and obesity.

5 | CONCLUSION

We first found that androstenedione has an enhanced effect on
testosterone-associated inflammation and obesity, and the inflamma-
tory markers mediate the association of testosterone with obesity in
the current study. This suggests that inflammation and androstene-
dione may influence the link between testosterone and obesity. More
research is required to verify our findings and clarify the underlying

mechanism.
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Abstract

Background: Sperm cryopreservation is an important procedure for oligozoospermic
subjects at risk of azoospermia and after surgical recovery of spermatozoa in non-
obstructive azoospermic men. Conventional procedures for sperm cryopreservation
might be, however, not suitable for samples with a very low sperm number.
Objectives: In this pilot study, we investigated the recoveries of sperm motility and
viability in severe oligozoospermic subjects (n = 39) after cryopreservation with a tip-
microVapour Fast Freezing, a procedure previously developed by our group for men
with good semen quality. Sperm DNA fragmentation was also evaluated in a second
group of oligozoospermic samples (n = 16).

Materials and methods: We used a Vapour Fast Freezing procedure using 10 uL tips
as carrier, and Test Yolk Buffer as freezing medium (tip-microVapour Fast Freezing).
In a subset of samples (n = 22), we compared recovery of motility and viability as
obtained with tip-microVapour Fast Freezing and with a Vapour Fast Freezing pro-
cedure using 500 uL straws. Sperm DNA fragmentation was evaluated by the sperm
chromatin dispersion test.

Results: We found a recovery rate (median [interquartile range]) of 0.29 (0.13-0.41)
for progressive motility, 0.30 (0.21-0.52) for total motility and 0.48 (0.29-0.60) for
viability. Interestingly, we observed that samples with the poorest motility were
apparently less damaged by freezing/thawing. In a subset of samples (n = 22), we
directly compared values of viability, progressive motility and total motility by freez-
ing/thawing with tip-microVapour Fast Freezing and Vapour Fast Freezing conducted
with 500 uL straws. We found much better values of all sperm parameters in sam-
ples after freezing/thawing with tip-microVapour Fast Freezing than with Vapour
Fast Freezing in 500 uL straws: that is, progressive motility: 7.00 (3.00-8.50)% ver-
sus 2.00 (0.00-4.25)%, p < 0.001; total motility: 12.00 (8.00-16.25)% versus 6.50
(1.00-9.25)%, p < 0.001; viability: 29.75 (23.75-45.25) versus 22.50 (13.75-28.13),
p < 0.001, respectively. In the second group of oligozoospermic samples, we found that
tip-microVapour Fast Freezing produced lower levels of sperm DNA fragmentation
than straws (33.00 [19.75-36.00]% vs. 36.00 [22.75-41.87]%, p < 0.001).

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Andrology published by Wiley Periodicals LLC on behalf of American Society of Andrology and European Academy of Andrology.
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1 | INTRODUCTION

One in every seven couples experiences fertility problems in the west-
ern societies, with a male factor responsible for up to 50% of the
cases. Men with severe oligozoospermia or azoospermia account for
3.1% and 4.3% of infertile subjects,! respectively, and such percent-
ages are expected to increase over time because of the declining trend
in sperm count/concentration recently reported.?® The introduction
of intracytoplasmic sperm injection (ICSI) gave the chance of parent-
hood to couples with severe male factor infertility by allowing the
treatment of men with severe oligozoospermia and even those with
azoospermia. In men with severe oligozoospermia, an extended search
of spermatozoa in semen can be pursued, making possible the recovery
of a sufficient number of spermatozoa for oocyte injection. However,
these patients are at major risk to become azoospermic than men
with mild or moderate oligozoospermia.* For azoospermic subjects,
percutaneous or microsurgical aspiration from epididymis or surgical
retrieval from testis of spermatozoa are available,® including those
mainly used in case of non-obstructive azoospermia (NOA): testicu-
lar sperm aspiration (TESA) and testicular sperm extraction (TESE).
These approaches have highly variable sperm recovery rates (RRs):
in obstructive azoospermia (OA), 45%—97% for epididymal sperm
aspiration® and near 100% for TESA and TESE”®; in NOA, 36%—64%
for TESE and even lower for TESA.>¢ Such a scenario poses the pos-
sibility that no spermatozoon are found on the day of oocyte pick-up.
This situation might provoke ICSI cycle cancellation and request for
repetition of surgical sperm recovery, increasing the risk of medical
complications other than the psychological and economic burden for
the couple.

In this scenario, sperm cryopreservation can be of help for oligo-
zoospermic subjects at risk of azoospermia. In addition, in men under-
going surgical recovery of spermatozoa, it can reduce the number
and consequences of repeated surgical interventions and assure that
spermatozoa are always available for the ongoing ICSI cycle.

Sperm cryopreservation procedures conventionally consist of
adding cryoprotectants, freezing with gradual temperature decrease
and finally storing semen samples in liquid nitrogen. These procedures
are used for sperm banking in subjects presenting with middle/fine
semen quality but appear not suitable for samples with very low
sperm number, as they present several drawbacks. First, conventional
procedures use relatively large carriers and sample volumes which
endanger sperm retrieval after thawing. Second, conventional proce-

dures lead to a high reduction in sperm viability and motility and to

ANDROLOGY @ EH EWSRISRRR"

Discussion and conclusion: Tip-microVapour Fast Freezing appears to be a very

promising method to cryopreserve semen samples from severe oligozoospermic

carriers, motility, oligozoospermia, sperm cryopreservation, Vapour Fast Freezing, viability

sperm loss because of washing step of thawed samples.? This issue can
be balanced in samples with mild/good quality but represents a serious
drawback with samples with very low sperm numbers. Another rele-
vant sperm parameter is the integrity of DNA as it is well known that
freezing/thawing provokes an increase in sperm DNA fragmentation
(sDF).10 The latter, in turn, endangers the outcomes of assisted repro-

ductive techniques, including 1CSI,1112

when frozen samples are used.
To overcome some of the drawbacks of conventional cryopreservation
procedures, several biological or non-biological carriers have been
tested,® but the optimal carrier for cryopreservation of a low number
of spermatozoa is still sought.

Our group recently tested two procedures of Vapour Fast Freezing
(VFF) to cryopreserve spermatozoa in low semen volumes (microVFF)
and found that such procedures better maintain sperm viabil-
ity/motility or DNA quality, depending on the carrier used, with respect
to conventional VFF. In particular, using 10 ul tips (tip-microVFF),
thawed samples showed percentages of motility and viability similar
to a conventional VFF procedure but a lower percentage of sDF.? We
also found that washing/centrifuging steps after sample thawing pro-
voked arelevant fraction of damage to motile and viable spermatozoa.’
In this study, we aimed at investigating the recovery of sperm motil-
ity and viability in subjects presenting with extremely low sperm
number after cryopreservation with a tip-microVFF and skipping the

washing/centrifuging steps in thawed samples.

2 | MATERIALS AND METHODS
2.1 | Population and study design

In this pilot study, semen samples were collected from 39 patients with
severe oligozoospermia, afferent to the Semen Cryopreservation and
Andrology Laboratory of Careggi Hospital, from December 2019 to
August 2021, to undergo semen cryopreservation because they were
affected by oncological disease (testicular cancer, n = 7; lymphoma,
n = 2; glioma, n = 1) or oligozoospermia (n = 29). All these subjects
were offered sperm banking by a standard procedure used in the lab-
oratory since 1992,13 that is, a VFF method using 500 uL high security
straws (Cryo Bio System) as carrier and Test Yolk Buffer (TYB, con-
taining 20% egg yolk and 12% glycerol as cryoprotectants) (Fujifilm,
Irvine Scientific) as freezing medium (from here on indicated as con-
ventional procedure). In all 39 subjects, with remaining semen samples

from cryopreservation with conventional procedure, we also used a
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FIGURE 1 Scheme of the study design. VFF, Vapour Fast Freezing.

TABLE 1 Population characteristics (n = 39).

Volume (mL)
3.30 +1.99

Abstinence (day)
4.00 (3.00-5.00)

Age (year)
33.54+9.18

Note: Values are mean + SD or median (interquartile range).

new method, that is, a VFF using TYB as the freezing medium but 10 uL
polypropylene tips as carrier (tip-microVFF).? Finally, when the remain-
ing semen volume was at least 150 uL (n = 22), an additional straw
was prepared in order to compare recovery of motility and viability of
conventional procedure to that of tip-microVFF (Figure 1). The popula-
tion characteristics are reported in Table 1. To compare tip-microVFF
and conventional procedure in terms of sperm DNA integrity after
thawing, we recruited further 16 patients with oligozoospermia (sperm
concentration <15 million/mL) among men undergoing routine semen
analysis, resulting in a group with higher sperm concentration and num-
ber than the group with severe oligozoospermia (Tables S1 and 1). Table
S1 also reports the values for age, abstinence and the other semen
parameters as found in fresh samples in this second group. All the
recruited subjects signed a written informed consent form. The study
was approved by the Ethical Committee of AOU Careggi (protocol no.
15554_bio).

2.2 | Semen analysis

Semen samples were collected after sexual abstinence for 2—7 days
(Table 1). After 30 min for liquefaction, semen analysis was conducted
following the WHO 2010 guidelines* and consisted of determi-
nation of: (i) sperm number and concentration, (ii) progressive and
total sperm motility, and (iii) sperm viability. Briefly, sperm concen-

tration was determined by using a Neubauer improved cell counting

7.60(7.40-7.80)
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Clinical purpose
(sperm banking)
Conventional
VFF Experimental design
(n=22)
Evaluation of
Progressive and total motility
viability
Tip microVFF
(n=39)
Experimental design
Evaluation of
Progressive, total motility
viabilityand DNA integrity
Sperm concentration Sperm count

(million/mL)

1.20(0.48-2.10)

(million/ejaculate)

2.85(1.14-8.06)

chamber and examining all nine grids, as suggested by WHO manual
2010, in case of very low sperm number!*; sperm concentration was
then multiplied by semen volume to obtain sperm number/ejaculate.
Motility was determined, using light microscopy at 40x magnification
on fresh and thawed samples by scoring progressive (a + b), non-
progressive (c) and immobile spermatozoa (d) in 200 cells, in different
fields. Total motility (@ + b + c) was scored as progressive + non-
progressive motility. Sperm viability was evaluated by using eosin test:
the sample was mixed with an eosin solution (1:2), spread on a slide
and examined by light microscopy, scoring stained and non-stained
spermatozoa.

The RR of sperm parameters was calculated by the ratio: post-thaw
value/fresh sample value. For RR of sperm concentration, we used the
fresh value at freezing time after the addition of freezing medium.

2.3 | Sperm cryopreservation

TYB was slowly added (1:1) to semen samples; hence, the samples
were aspirated into the straws, which were subsequently sealed on
both sides (conventional procedure). For tip-microVFF, samples were
aspired by a micropipette into the tips and then carefully inserted one
by one into a cryovial for storage. In both procedures, carriers were
first cooled in liquid nitrogen (LN,) vapour for 8 min by placing them
in a floating support at 5 cm above the surface of LN, (cooling rate of

—15.6°C/min). Hence, the carriers were immersed in LN,.
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2.4 | Thawing

After removal from storage, tips were thawed by carefully opening
the cryovial still immersed in LN,, but attention was given to avoid
entry of LN, into the vial. Hence, tips were placed vertically on a
sterile Petri dish until thawing (few seconds). Samples cryopreserved
with conventional procedure were thawed by placing them at 37°C for
15 min. Then, we evaluated motility and viability. In the comparison
between tip-microVFF and conventional procedure, in the first 13 sam-
ples, we also evaluated post-thawed sperm concentration. All tested

parameters were evaluated in duplicate.

2.5 | Sperm chromatin dispersion assay

sDF was detected with Halosperm kit (Halotech DNA) by following
manufacturer’s instructions with slight modifications. Briefly, 50,000
spermatozoa were added to 1% low melting point agarose and layered
on pre-coated agarose slides. Slides were then covered with a cover-
slip until solidification (4°C). Then, samples were treated with the acid
denaturation solution and then with the lysing solution (both provided
by the kit). Hence, slides were dehydrated with 70% ethanol and then
with 100% ethanol. Staining was conducted with eosin (15 min at RT)
and thiazine (15 min at RT) solutions. After drying, slides were scored
for halos by bright field microscopy by counting at least 200 spermato-
zoa. sDF was expressed as the percentage of spermatozoa without or
with small halo on total spermatozoa.’

2.6 | Statistical analyses

Data were analysed with Statistical Package for the Social Sciences
(SPSS 25) for Windows (SPSS, Inc.). The Kolmogorov-Smirnov test
was used to check the normal distribution of the variables and data
are expressed as the mean + SD or median (interquartile range),
accordingly. We used the Wilcoxon signed rank test to compare: (i)
post-thawing values to the fresh ones and (ii) after-thawing sperm
parameters obtained with conventional procedure and tip-microVFF.
Correlation analysis between the fresh-thawed difference and fresh
values was evaluated by calculating the Spearman’s correlation coef-
ficient (r). To evaluate the regression to the mean and mathematical
coupling effects, we applied the Oldham test.'> The comparison
between conventional procedure and tip-microVFF was sized consid-

ering progressive motility as primary endpoint.

2.7 | Sample size calculation

Preliminary experiments of comparison between conventional and tip-
microVFF indicated that paired differences showed a mean + SD of
3.89 + 4.73 and a normal distribution. Hence, assuming a power of
0.90 and an alpha error of 0.05, the number of subjects to be recruited
resulted to be 19, as calculated by a two-sided Wilcoxon signed rank
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test for quantitative, non-parametric and paired data. Analysis of sam-
ple size was computed using PASS software (PASS 2022, v22.0.2,
NCSS).

3 | RESULTS

The results of tip-microVFF in the 39 oligozoospermic samples are
reported in Table 2. As shown, tip-microVFF recovered nearly all
frozen spermatozoa (concentration RR = 0.85), whereas, as expected,
both progressive and total motility were highly decreased (RR = 0.29
and 0.30, respectively). Sperm viability was less affected by freez-
ing/thawing, showing an RR of 0.48. Interestingly, when we plotted the
difference between fresh and thawed values against fresh values, we
observed a sharp direct correlation for progressive (r=0.95,p < 0.001,
Figure 2A) and total motility (r = 0.87, p < 0.001, Figure 2B) and via-
bility (r = 0.43, p < 0.01, Figure S1). Therefore, these results might
indicate that the better the value of the aforementioned parameters,
in fresh samples, the more severe was their deterioration during cry-
opreservation. We also investigated whether such relationships were
merely because of a regression to the mean and/or mathematical cou-
pling effect, by analysing data with Oldham test.'> The results showed
no evidence of relationship between differences in fresh-thawed and
fresh values for sperm vitality (Pearson’s correlation coefficient: 0.08;
95% confidence limits: —0.24, 0.39; p = 0.609), at variance with both
progressive (Pearson’s correlation coefficient: —0.88; 95% confidence
limits: —0.93,—-0.77; p < 0.001) and total motility (Pearson’s correlation
coefficient: —0.69; 95% confidence limits: —0.83, —0.48; p < 0.001).

In a subset of 22 semen samples, we compared motility and via-
bility after conventional procedure and tip-microVFF. The results are
reported in Figure 3, showing that the new method better recov-
ered both progressive and total motility than conventional procedure
(Figure 3AB). This result is also present when evaluating viabil-
ity (Figure 3C). Consistently, using tip-microVFF, RR for progressive
(RR=0.29[0.13-0.41] vs.0.14 [0.00-0.21], p < 0.001) and total motil-
ity (RR=0.30[0.21-0.52] vs.0.19[0.03-0.29], p < 0.001) were higher
than those of the conventional procedure. Similar results were found
for viability (RR = 0.49 [0.29-0.60] vs. 0.29 [0.18-0.41], p < 0.001).
Regarding sperm concentration (n = 13), the two procedures showed
similar recoveries, with a ratio value between after and before cry-
opreservation of 0.91 [0.68-1.00] for microVFF and 0.87 [0.74-1.00]
for conventional procedure (p = 0.374). To assess whether baseline
semen alteration could affect the comparison between the two cry-
opreservation methods, we grouped subjects according to baseline
semen quality. These analyses, however, confirmed better RRs with tip-
microVFF than straws in subjects both below and above the median
values of baseline progressive motility, sperm count and viability (data
not shown).

To verify whether tip-microVFF protected sperm DNA integrity
better than 500 uL straws, we recruited further 16 patients with
oligozoospermia among subjects undergoing routine semen analysis.
Figure 4 reports the results of this comparison showing the expected

increase in sDF after thawing but a lower level of sperm DNA damage
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TABLE 2 Recovery of sperm concentration, progressive and total motility and viability after cryopreservation with tip-microVapour Fast

Freezing (VFF) (n=39).

Sperm concentration (million/mL)

Fresh 0.90(0.50-2.00)
Thawed 0.80(0.43-1.50)
p-Value® <0.001 <0.001
Recovery 0.85 (0.73-1.00)

Note: Data are median (interquartile range).
2Wilcoxon signed rank test.
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FIGURE 2 Dispersion plots reporting differences in fresh-thawed
values (loss) against basal progressive (A) and total motility (B).

in samples cryopreserved with tips than straws. The results of motility
and viability in these 16 patients confirmed a better recovery of
progressive motility by tips (4.50 [2.00-10.00]%) than straws (4.00
[2.00-8.00]%, p < 0.05). A trend towards higher recoveries, albeit

Progressive motility (%)
15.00 (7.00-29.00)
4.00 (2.00-8.00)

0.29(0.13-0.41)

Total motility (%)
30.00 (17.00-40.00) 75.00 (58.50-80.00)
11.00 (4.00-15.00) 29.5(20-40.50)
<0.001 <0.001
0.30(0.22-0.52) 0.48 (0.29-0.60)

Viability (%)

not statistically significant, was also observed for total motility (9.00
[3.25-15.75]% vs. 7.50 [3.50-9.75]%, tips vs. straws, respectively)
and viability (34.50 [22.50-40.00]% vs. 27.00 [24.00-39.00]%, tips vs.

straws, respectively).

4 | DISCUSSION

In this pilot study, we show that the use of tip-microVFF to cryopre-
serve semen samples with very low sperm counts guarantees a better
recovery of both motility parameters and viability of spermatozoa
than conventional procedure. Interestingly, the new method appears
to preserve sperm motility, especially when poor values are present
in fresh samples; hence, there is a pressing need for small-volume
cryopreservation procedure.

This project stems from a previous study by our group, aimed at
comparing the effect of freezing with microVFF and that of the con-
ventional VFF in 500 uL straws in samples of patients with normal
sperm count and motility.? That study found that microVFF by using
10 ul tips yielded similar recovery of motility and viability but lower
sperm DNA damage than conventional VFF in 500 uL straws.’ The
ultimate scope of current research was to develop a new method to
cryopreserve very low semen volumes, in order to extend the service
of sperm banking to patients with low sperm counts. Because it is well
known that recovery of sperm motility and viability highly depends

on baseline semen quality,131¢

in the current study, we challenged
tip-microVFF using samples from severely oligozoospermic patients,
and in a subset of samples, we compared results with those found
using 500 uL straws. Surprisingly, we found that the use of tips yielded
very good after-thawing values of both motility and viability, result-
ing even better than those previously published in 2013 by our group
in a similar group of patients (i.e., oligozoospermic ones) using the
same procedure but with 500 uL straws.!® Indeed, Degl'Innocenti
et al.23 showed that the median value of recovery approximated 0%
for motility parameters and 20% for viability (n = 219), versus 4%
and 11% for progressive and total motility, respectively, and 29.5%
for viability observed in the 39 recruited men of this study. The bet-
ter recovery of motility and viability obtained with 10 uL tips than
500 uL straws was also confirmed by the direct comparison done in
this study in 22 samples (Figure 3), which also showed that after-
thawing motility and viability with straws are similar to those reported
in2013.1°
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FIGURE 3 Box graphs reporting median values (interquartile range) of progressive (A) and total (B) motility and viability (C), as found before
and after cryopreservation with conventional procedure and tip-microVapour Fast Freezing (VFF). **p < 0.001; Wilcoxon signed rank test.

As mentioned, tip-microVFF resulted safer than conventional pro-
cedure in terms of sperm DNA integrity in semen samples with good
quality.? To confirm this finding, because of the very low availability
of sperm counts in severely oligozoospermic subjects, we recruited
a second group of subjects with moderate oligozoospermia, where
we compared tip-microVFF and conventional procedure in terms of
damage to DNA. We found that straws yielded higher post thawing
values of sDF than tips, although the latter remained over the 30%
threshold.2”:18 These results further underline the importance of the
carrier for protection of semen samples from cryodamage in oligo-
zoospermic subjects, as already indicated by others.1? As mentioned,
when the comparison between tips and straws was conducted in sam-
ples with good semen quality, tips and straws yielded very similar

results,’ contrary to what was reported in this study with oligozoosper-

mic samples. One possible explanation for this result might rely on the
fact that in current study, we skipped the washing/centrifugation step
after thawing samples. The method to thaw samples is very important
in terms of induced damage by different cryopreservation procedures.
For instance, we recently showed that the additional damage induced
by vitrification with respect to VFF was nearly blunted when motil-
ity and viability were immediately evaluated after thawing, skipping
the centrifugation for sample washing.? An alternative intriguing expla-
nation of the different results obtained in oligozoospermic subjects
versus normozoospermic ones might rely on intrinsic characteristics of
the samples. Indeed, we found a sharp relationship between both pro-
gressive and total motility in fresh samples and their loss during cryop-
reservation, indicating that the lower is the value before and the lower

is the damage after thawing. As we excluded that such relationship was
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FIGURE 5 Acartoon depicting the suggested use of
tip-microVapour Fast Freezing (VFF) thawed samples in the assisted
reproductive technique cycle. PVP, polyvinylpyrrolidone.

due to mathematical coupling and/or regression to the mean effects,
we can conclude that the worst samples may be somehow more pro-
tected by injuries to sperm motility by freezing/thawing with respect to
good samples.

As mentioned, in this study, sample washing after thawing was
skipped in tip-microVFF, in order to limit sperm loss as already
reported with very small semen volumes.?-22 This aspect guarantees
a shortened time for handling samples and avoids noxious effects of
centrifugation.” On the other hand, skipping washing step might be
detrimental for semen samples, as cryoprotectant compounds could be
toxic to cells and tissues.2? The strength point of the study is the idea
to overcome this limitation by preparing an ICSI plate with some 20 uL
drops of sperm medium, linking them in pair with a thin medium bridge
using a pipette (Figure 5) and covering with mineral oil until use. After
thawing as described in M&M, tip can be discharged in a drop, allow-

ing spermatozoa to swim across the medium bridge for washing and
selection.

Beside the ease of handling sample, the new method is cheap, as it
is time-saving and does not require special equipment and material. In
addition, it is safe, as tips are stored in closed vials thus preventing viral
cross-contamination. Hence, tip-microVFF appears to overcome most
drawbacks previously reported with other carriers.24-28

This study has two major limitations. Firstly, although better recov-
ery of motility, viability and DNA integrity was observed (Ref.? and
present study), tips were not tested for biocompatibility at temper-
ature of liquid nitrogen. Secondly, up to now, we have no data on
reproductive outcomes with spermatozoa frozen in tips.

In conclusion, this study presents an easy, cheap and simple new
method to cryopreserve semen from severely oligozoospermic sub-
jects. In addition, tip-microVFF vyields very good values of recovery
of both sperm motility and viability. Indeed, such values result much
better than those found with 500 uL straws observed in this and in a
previous study by our group?® conducted with similar subjects. Hence,
tip-microVFF appears to be very promising new method to cryopre-
serve semen samples with very low sperm numbers, such as those of

severely oligozoospermic subjects.
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Abstract

Background: While it is common to clinically evaluate sperm nuclear DNA fragmen-
tation, less attention has been given to sperm mitochondrial DNA. Recently, a digital
PCR assay has allowed accurate estimation of the proportion of fragmented mtDNA
molecules and relative copy number.

Objectives: To determine the correlation of classical sperm parameters, average
mtDNA copies per spermatozoon and the level of mtDNA fragmentation (SDF-
mtDNA) to that of nuclear DNA fragmentation (SDF-nDNA), measured as the
proportion of global, single-strand DNA (SDF-SSBs) and double-strand DNA breaks
(SDF-DSBs). To determine whether the level of nuclear and mitochondrial DNA
fragmentation and/or copy number can differentiate normozoospermic from non-
normozoospermic samples.

Materials and methods: Ejaculates from 29 normozoospermic and 43 non-
normozoospermic were evaluated. SDF was determined using the sperm chromatin
dispersion assay. mtDNA copy number and SDF-mtDNA were analyzed using digital
PCR assays.

Results: Relative mtDNA copy increased as sperm concentration or motility decreased,
or abnormal morphology increased. Unlike SDF-mtDNA, mtDNA copy number was not
correlated with SDF-nDNA. SDF-mtDNA increased as the concentration or proportion
of non-vital sperm increased; the higher the mtDNA copy number, the lower the level of
fragmentation. Non-normozoospermic samples showed double the level of SDF-nDNA
compared to normozoospermic (median 25.00 vs. 13.67). mtDNA copy number per
spermatozoon was 3x higher in non-normozoospermic ejaculates (median 16.06 vs.
4.99). Although logistic regression revealed SDF-Global and mtDNA copy number as
independent risk factors for non-normozoospermia, when SDF-Global and mtDNA
copy number were combined, ROC curve analysis resulted in an even stronger discrim-
inatory ability for predicting the probability of non-normozoospermia (AUC = 0.85,
95% C10.76-0.94, p < 0.001).

© 2023 American Society of Andrology and European Academy of Andrology.
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1 | INTRODUCTION

The human spermatozoan is a highly specialized cell, designed to con-
tain, protect, and deliver the male DNA to the oocyte. Maintenance of
the integrity of sperm DNA is an obligatory requirement for achieving
asuccessful pregnancy and healthy offspring.!~> Even in a normal ejac-
ulate, a certain proportion of spermatozoa show fragmented DNA. This
proportion may be increased in males with low sperm quality, infertil-
ity, and those with pathologies such as varicocele, infections, cancer, or
exposed to certain drugs or toxic agents.} ¢

The mechanisms that result in sperm DNA fragmentation (SDF),
have been shown to be a consequence of an apoptotic-like process,’
impaired chromatin remodeling during spermiogenesis,® or due to
attack by reactive oxygen species (ROS).” DNA breakages in the
deoxyribose-phosphate backbone may be distributed throughout the
molecule, affecting only one of the strands at a specific position (single-
strand DNA breaks: SSBs) or both strands at a similar or close location
(double-strand DNA breaks: DSBs).10:11

The current techniques for determining SDF, include the sperm
chromatin structure assay (SCSA), the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay, the
alkaline single-cell electrophoresis (alkaline comet) assay or the Sperm
Chromatin Dispersion (SCD) test. A meta-analysis concluded that all
these assays have a good sensitivity but possibly the SCSA and SCD
could be less predictive of assisted reproduction outcome.*? Neverthe-
less, recent reports indicate a good predictive value of the SCD test.*13
These assays do not distinguish if the DNA fragmentation of an individ-
ual sperm cell is only due to SSBs (SDF-SSBs) or DSBs (SDF-DSBs).3414
The presence and differentiation of DSBs, may however, be detected
using the non-denaturing comet assay,'® or a more recently reported
variant of the SCD test (DSBs-SCD), where DNA fragments spread
through passive diffusion.’® The subtraction of SDF-DSBs value from
that of global SDF obtained with the standard SCD test can thereby
provide an estimate of the SSBs’ sub-population.®

Sperm mitochondria form tight helices around the mid-piece of
the flagellum to constitute the mitochondrial sheath and have par-
ticular features different than those of somatic cells, contributing to
sperm motility, hyperactivation, capacitation, acrosome reaction, and
fertilization.1”22 While SDF is typically evaluated in nuclear DNA
(nDNA), there also exists small 16,569 bp circular DNA copies present
in human sperm mitochondria (mtDNA).22 Some reports have esti-
mated the average copy number of mtDNA per individual human

spermatozoon, using real-time quantitative PCR normalized to a
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Conclusion: High-quality ejaculates show lower nuclear SDF and retain less mtDNA
copies, with approximately half of them fragmented, so that the absolute number of

non-fragmented mtDNA molecules per spermatozoon is extremely low.

mitochondrial DNA copy number, sperm chromatin dispersion test, sperm DNA fragmentation,

nuclear gene as control for relative quantitation.23-2¢ The use of dig-
ital PCR (dPCR) of particular mtDNA sequences has allowed a direct
and absolute estimation of the mtDNA copies.?”-28 In dPCR, the entire
DNA sample is not processed in a single PCR, but it is distributed in
thousands of individual and parallel end-point PCR reactions.??

Unlike the estimation of copy number, the evaluation of the break-
age level of the human sperm mtDNA remains essentially unexplored
due to the technical inability of current methods to distinguish
between intact and fragmented mtDNA copies.° Recently, we have
designed a dPCR assay that allows an accurate and reliable estimation
of the proportion of fragmented mtDNA copies.® The assay amplifies
two small target sequences, within ND1 and NDé, distantly located in
the circular molecule, in independent microchambers running parallel
end-point PCR reactions. Each target is detected by hybridization with
hydrolysis-TagMan probes labeled with different fluorochromes (HEX
and FAM). A microchamber containing one mtDNA molecule without
fragmentation will present both signals co-localized; that is, if HEX or
FAM appears located alone in a different microchamber, then this cor-
responds to a fragmented mtDNA molecule, containing at least, two
DSBs.3!

In this study, the average number of mtDNA copies per sperm cell
was determined and complemented with their corresponding fragmen-
tation level obtained using our dPCR assay and may provide a more
accurate estimation of potentially intact mtDNA molecules transmit-
ted by the sperm to the oocyte. The relationship of mtDNA copies and
fragmented mtDNA was also correlated with classical sperm quality
parameters (concentration, motility, morphology, and vitality), as well
as with the presence of SDF in nuclear DNA, assessed as either global

SDF, or compared to the subpopulation with SSBs only or with DSBs.

2 | MATERIALS AND METHODS
2.1 | Semen samples

The study was performed using neat semen samples from 72 males
attending the andrology laboratory from the Complexo Hospitalario
Universitario A Corufa (CHUAC). All participants provided informed
consent and the study was approved by the Institutional Review Board
(reference number 2022/117). Individuals who required semen analy-
sis and men from couples undergoing assisted reproduction techniques
were included. Individuals with heavy alcohol and/or drug use in the
previous 3 months, with a history of recent illness, fever, or exposure
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FIGURE 1 The sperm chromatin dispersion (SCD) assay for the detection of nuclear global-sperm DNA fragmentation (A) and DNA
fragmentation containing DNA double-strand breaks (SDF-DSBs) (B). (a) Sperm with DNA fragmentation corresponded to those nucleoids with
small halos. (B) Sperm with SDF-DSBs corresponded to those nucleoids with large dispersed halos. (f: fragmented).

to chemotherapy, radiotherapy, pesticides, heavy metals, or with pos-
itive serology for HIV, hepatitis B or C, syphilis, cytomegalovirus,
Chlamydia and gonococcus, were excluded. The age of the patients was
37.4 + 5.5 (mean + sd) years. Concentration and motility were deter-
mined using CASA (Sperm Class Analyzer; Microptic SL, Barcelona,
Spain). Morphology and vitality were evaluated under the microscope
after Papanicolau and eosin-nigrosin staining, respectively.

Semen samples were categorized according to the WHO manual
(5th edition, 2010)3? as normozoospermic (n = 29;) or with abnormal
semen parameters (n = 43; 12 asthenozoospermic, 2 teratozoosper-
mic,14 asthenoteratozoospermic, 3 oligozoospermic, 4 oligoastheno-
zoospermic, 8 oligoasthenoteratozoospermic). The age of normo-
zoospermic and non-normozoospermic individuals was 36.7 + 4.8
and 37.8 + 5.9 years, respectively. The fifth percentile of the fer-
tile population was established as the cut-off point; concentration:
15 million/mL; total sperm number: 39 million; total motility: 40%;

progressive motility: 32%; abnormal forms: 4%, and vitalilty: 58%.

2.2 | Sperm chromatin dispersion test

The SCD test was performed using the HalospermG2 kit (Halotech
DNA SL, Madrid, Spain), accordingly to the manufacturer’s
recommendations.’* In brief, an aliquot of each semen sample
was diluted to 5—10 million spermatozoa mL~1, mixed with molten
agarose and pipetted onto a slide and covered with a coverslip. The
slide was then placed onto a cold plate in the refrigerator (4°C) for
5 min to allow the agarose to form a microgel in which the sperm
cells were embedded for further processing. The coverslip was sub-
sequently removed, and the slide immediately covered with drops
of HCl solution for 7 min at room temperature (22°C). The slide was
then incubated with the lysing solution for 25 min. After washing
with distilled water, the slide was dehydrated in increasing ethanol
baths (70%-90%-100%), air-dried and stained with SYBR Gold and

observed under the epifluorescence microscope. Sperm without

DNA fragmentation showed large haloes of dispersed DNA loops,
whereas those with fragmented DNA show no halo or a small halo (see
Figure 1A).

2.3 | DSBs-SCD assay

For the DSBs-SCD assay, spermatozoa were processed in a similar
manner to the standard SCD test but with modifications.’® Sperma-
tozoa in the microgel were only incubated with a specifically adapted
lysing solution for 2 min (Halotech DNA SL, Madrid, Spain). Slides
were washed, dehydrated, and stained as per the standard SCD assay.
For the DSBs-SCD assay, spermatozoa without DSBs showed compact
haloes of chromatin loops from the central core, whereas spermato-
zoa with fragmented DNA associated with DSBs exhibited large haloes
of diffused “spotty” DNA fragments (Figure 1B). Rarely, extreme DNA
fragmentation and mobilization away from the nucleoid made the cor-
responding halo very “faint” so that only a residual core of the nucleoid

remained detectable.

2.4 | Isolation of sperm DNA

For isolation of sperm DNA, 150 uL of semen sample was mixed with
300 uL of PBS and centrifuged at 4000 rpm for 10 min. After the pel-
let was resuspended in 100 uL of PBS, 100 uL of extraction buffer
(20 mM Tris-HCl pH 8; 20 mM Ethylenediaminetetraacetic acid (EDTA);
200 mM NaCl; 4% Sodium Dodecyl Sulfate (SDS) and 1 uL of DTT
1 M (final concentration 5 mM) were added. This mixture was incu-
bated in the dark at room temperature for 60 min. Automated DNA
extraction was performed with the QlAamp DNA Blood Mini Kit in
QlAcube Connect (QlAgen) according to the manufacturer’s instruc-
tions. Total DNA concentration and quality were estimated using
Thermo Scientific NanoDrop One (Thermo Fisher Scientific, Madrid,

Spain).
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2.5 | mtDNA copy number per spermatozoon

The average copy number of mtDNA per individual spermatozoon was
estimated using dPCR for concurrent amplification of a target within
the mtDNA gene (ND6) and another target in a single-copy nuclear
gene (RPP30) as a reference for relative quantitation, differentially
labeled. Given the haploid nature of sperm, each RPP30 copy estimated
by the dPCR assay must correspond to an individual spermatozoon
present in the sample.

dPCR was performed using the microwell-on-chip system (Thermo
Fisher Scientific). For this procedure, 1 ng of isolated DNA in 2 uL was
mixed with 7.5 uL of master mix (Thermo Fisher Scientific), 0.75 uL
of primer solution and TagMan hydrolysis probe for target RPP30,
HEX-labeled (ddPCR Gene Expression Assay RPP30, human, Bio-Rad),
0.75 uL of primer solution and TagMan probe for target MT-ND6, FAM-
labeled (ddPCR Gene Expression Assay MT-ND6, human, Bio-Rad) and
4 ul of water. This final mixture volume (15 ul) was then evenly dis-
tributed on a dPCR chip. dPCR was performed with a QuantStudio
3D Digital PCR System (Thermo Fisher Scientific). The PCR conditions
were set at one cycle of 96°C, 10 min; 39 cycles of hybridization-
extension at 55°C, 1 min and denaturation at 98°C, 30 s, and a final
cycle of 60°C, 2 min.

Chip analysis was carried out by QuantStudio 3D AnalysisSuite soft-
ware. This analysis allowed us to determine the number of copies of
NDé6 (mtDNA) and RPP30 (nuclear single-copy gene) present. The ratio
between the two genes provided an estimate of the average number of

mtDNA copies present in each spermatozoon from the sample.
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In parallel to the determination of mtDNA copy number per sper-
matozoon, mtDNA fragmentation was estimated by a different dPCR
performed under the same technical conditions. The only difference
was that the primer for the RPP30 nuclear gene was replaced by a
primer to amplify a target within another mitochondrial gene, MT-
ND1.3! In brief, in our design, Target Sequence 1 was located within
the ND1 mitochondrial gene, comprising bases 3,629 to 3,775 (146
pb); as indicated. Target Sequence 2 was found within the NDé mito-
chondrial gene, comprising bases 14,250 to 14,382 (132 pb) (ddPCR
Gene Expression Assay MT-ND1 and MT-NDé, human, Bio-Rad). The
two targets were connected by two segments: the longer of 10,475 bp,
and the shorter of 5,816 bp. Since the two DNA segments between the
two targets were very long, if DSBs were present, they will be located
almost exclusively in these regions.

Amplification of Target 1 was detected by hybridization with a Tag-
Man probe labeled with HEX, while amplification of Target 2 was
detected with another probe labeled with FAM. Since mtDNA is circu-
lar, the joint amplification of both targets, that is, the colocalization of
HEX + FAM in a microchamber, will correspond to a non-fragmented
molecule. If the molecule has at least two DSBs, one in segment X
and another in segment Y, each target will be located in a different
fragment, so they can be separated and distributed in different micro-
chambers (“break-apart”). When the PCR reaction takes place, there
will be a chamber with a single HEX signal and another chamber with
the FAM signal (Figure 2). As with all quantitative studies with dPCR,

UNDETERMINED: 27

FAM + HEX

HEX

2000 2720 3440 4160 4880

HEX

FIGURE 2 Graphicrepresentation of the distribution of the number of microwells of dPCR chips, without and with amplification signals of the
mtDNA targets in a sperm sample. The X-axis corresponds to the HEX signal intensity (signal from amplification of the target within the ND1 gen)
and the Y-axis to the FAM signal intensity (signal from amplification of the target within the NDé gen). Upper right: microwells with colocalized
FAM + HEX signals (green dots), corresponded to non-fragmented mtDNA copies. Upper left: microwells with only a FAM signal (blue dots).
Bottom right: microwells with only a HEX signal (red dots). The software indicated that these correspond to 60.68% fragmented mtDNA

molecules. Bottom left: microwells without signal (yellow dots).
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TABLE 1

N Mean
Concentration (million/mL) 72 62.52
Total sperm n° (million) 72 191.70
Total motility (%) 72 38.86
Progressive motility (%) 72 31.99
Abnormal forms (%) 72 93.46
Non-vital cells (%) 49 34.45
SDF-global nDNA (%) 72 26.02
SDF-DSBs nDNA (%) 72 10.86
SDF -SSBs nDNA (%) 72 15.16
Contribution DSBs (%) 72 41.00
Contribution SSBs (%) 72 59.00
mtDNA copy n° 72 16.33
SDF-mtDNA (%) 72 53.29

TIMERMANS ET AL.

Descriptive statistics of the parameters of semen samples.

SD Median Minimun Maximum
60.92 36.25 1.30 303.00
185.72 115.10 6.50 706.80
19.74 36.50 6.00 89.00
19.80 31.00 0.00 86.00
4.10 94.00 80.00 99.00
14.71 34.00 10.00 65.00
16.39 22.84 4.33 78.33
11.09 7.67 0.67 66.67
10.19 12.67 1.67 37.33
20.70 37.14 4.11 85.11
20.70 62.86 14.90 95.89
18.71 9.24 1.17 107.91
13.33 52.43 31.61 100

Abbreviations: DSBs, double-strand DNA breaks; SD, standard deviation; SSBs, single-strand DNA breaks.

this assay must be performed ensuring that an adequate proportion of
microchambers are without signal, to avoid as far as possible the colo-
calization of both targets that were separated due to DSBs, but that
may coincide in the same microchamber by random. Under these con-
ditions, the Poisson distribution allows its estimation for subsequent
correction.

2.7 | Statistical analysis

Three hundred spermatozoa were scored per SDF technique. All data
were analyzed and graphs generated using the SPSS 26 software
package for Windows (SPSS Inc., Chicago). Data were not normally
distributed according to the Kolmogorov-Smirnov test so that Spear-
man’s rho was employed to evaluate the correlation of distributions of
SDF-Global, SDF-SSBs, SDF-DSBs, SDF-mtDNA, mtDNA copy number
per spermatozoon, and seminal parameters. The distribution of SDF-
SSBs and SDF-DSBs in the Global-SDF was evaluated with Chi-squared
(x?) test. Regression analysis was used to analyze mathematical models
of relationship between different parameters. Comparisons between
samples with normal and abnormal semen parameters were performed
using the Mann-Whitney U-test. Logistic regression and receiver
operating characteristic curves (ROC) curves were constructed and
used to investigate a model that allowed the prediction of the non-

normozoospermia. Statistical significance was defined as p < 0.05.

3 | RESULTS

Descriptive statistics (mean + SD) of the different parameters evalu-
ated for the whole sample population are summarized in Table 1. Values
of classical sperm parameters in normo- and non-normozoospermic
samples are presented in Table S1.

3.1 | Sperm nuclear DNA

Table 2 reports the Spearman’s rho correlation between SDF of nuclear
DNA (nDNA), mtDNA copy number, and the DNA fragmentation of
mtDNA (SDF-mtDNA). These resulted showed that the higher the
level of the global SDF, the higher the spermatozoa with SSBs, and
spermatozoa with DSBs in the sample (rho = 0.85 and 0.67, respec-
tively; p < 0.001). Following logarithmic transformation of the data to
obtain a normal distribution, linear regression was used to examine
the relationship between SDF-SSBs and that of SDF-DSBs on global-
SDF; global-SDF showed a coefficient of determination (r2) value of
0.68 (p < 0.001) with a linear coefficient-slope of 0.68 when plotted
against SDF-SSBs and an r? value of 0.52 (p < 0.001) with a linear
coefficient of 0.54 for SDF-DSBs (Figure 3). These results suggest that
sperm with SSBs contributed to a higher proportion of SDF-global
sperm that those with DSBs. Significant correlations were also found
between nuclear DNA damage and the classical seminal parameters,
with the exception of sperm concentration (Table 3). Thus, the higher
the level of SDF-Global, and/or SDF-SSBs and SDF-DSBs, the higher
the frequency of non-motile sperm (total and progressive), sperm with

abnormal morphology, and non-vital sperm.

3.2 | Sperm mitochondrial DNA

Table 2 shows that the higher the frequency of spermatozoa with frag-
mented global nuclear DNA, the higher the fraction of fragmented
mtDNA molecules found in the sample (rho = 0.29; p = 0.013); a sim-
ilar correlation was not found with SDF-DSBs but was evident with
SDF-SSBs (rho = 0.35; p = 0.003; Table 2). Interestingly, while the copy
number of mtDNA per sperm cell was not correlated with that of SDF
of nuclear DNA, it was negatively correlated with the fragmentation
level of mtDNA (rho =—0.51; p < 0.001) (Table 2); the data fitted signif-
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TABLE 2 Correlations between SDF in nuclear DNA (nDNA), mtDNA copy number and SDF-mtDNA.

SDF-global nDNA SDF-DSBs nDNA SDF-SSBs nDNA mtDNA copy n° SDF-mtDNA
SDF-global NDNA R
p-Value
SDF-DSBs nDNA R 0.672**

p-Value <0.001

SDF-SSBs nDNA R 0.852** 0.284*
p-Value <0.001 0.016
mtDNA copy n° R 0.163 0.185 0.082
p-Value 0.172 0.121 0.496
SDF-mtDNA R 0.290* 0.034 0.348** -0.512**
p-Value 0.013 0.777 0.003 <0.001
Abbreviations: DSBs, double-strand DNA breaks; SSBs, single-strand DNA breaks.
*p < 0.05.
**p<0.01.
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FIGURE 3 Linear regression to evaluate the influence of SDF-SSBs (left) and of SDF-DSBs (right) with respect to global-SDF.

TABLE 3 Correlations between classical sperm parameters, SDF in nuclear DNA (nDNA), mtDNA copy number, and mtDNA fragmentation.

SDF-global nNDNA SDF-DSBs nDNA SDF-SSBs nDNA mtDNA copy n SDF-mtDNA
Concentration r -0.196 —-0.140 -0.134 —-0.805 0.440
p-Value 0.099 0.241 0.260 <0.001 <0.001
Total sperm n° r -0.205 —-0.130 -0.141 -0.815 0.488
p-Value 0.083 0.278 0.239 <0.001 <0.001
Total motility r -0.541 -0.392 —-0.454 -0.397 —0.056
p-Value <0.001 0.001 <0.001 0.001 0.639
Progressive motility r —-0.546 -0.412 —0.443 -0.356 —0.049
p-Value <0.001 <0.001 <0.001 0.002 0.680
Abnormal forms r 0.481 0.279 0.477 0.328 0.109
p-Value <0.001 0.018 <0.001 0.005 0.363
Non-vital cells r 0.653 0.557 0.406 —-0.182 0.451
p-Value <0.001 <0.001 0.004 0.212 0.001

Abbreviations: DSBs, double-strand DNA breaks; SSBs, single-strand DNA breaks.
Bold values correspond to significant correlations.
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FIGURE 4 The regression curve of the influence of the number of
mtDNA copies per sperm (X-axis) in the proportion of fragmented
sperm mtDNA molecules (SDF-mtDNA; Y-axis). The data were
consistent an inverse regression model; the higher the mtDNA copies,
the fewer the proportion of fragmented ones.

icantly to an inverse regression model (y = 45.91+ (40.75/x); r2 = 0.33;
p < 0.001), suggesting that the SDF-mtDNA fraction decreased very
rapidly at first and then more slowly as the number of mtDNA copies
increased (Figure 4).

Regarding the classical sperm parameters, SDF-mtDNA correlated
positively only with concentration, total sperm number and with non-
vital sperm (Table 3). The mtDNA copy number significantly correlated
negatively with concentration, motility, either total or progressive, and
positively with abnormal morphology (Table 3). An inverse regression
model revealed a substantial influence of concentration on the varia-
tion of the number of mtDNA copies (y = 8.24 + (151.96/x); r?2 = 0.65;
p<0.001).

3.3 | A comparison of non-normozoospermic and
normozoospermic ejaculates

With respect to the fragmentation of nuclear DNA, non-
normozoospermic samples (n = 43; Table 4) showed nearly double
global SDF average values than normozoospermic samples (n = 29)
(median: 25.0 vs. 13.7; Mann-Whitney U-test, p < 0.001). However,
the differences were mostly dependent on SDF-SSBs (median: 16.7 vs.
9.7; p < 0.001). While SDF-DSBs were also significantly increased in
non-normozoospermic, the difference was lower (median: 9.3 vs. 6.0;
p =0.004). The relative contribution of SDF-SSBs and SDF-DSBs to the
SDF-Global sperm population was not found to be significant between
non-normozoospermic and normozoospermic (p = 0.487), with the
SDF-SSBs population representing 66.0% and 60.5% of the median,
respectively.

However, when mtDNA was analyzed, non-normozoospermic sam-
ples showed three times more copies per sperm than normozoosper-
mic (median: 16.1 vs. 5.0; p = 0.001). The dPCR assay for estimation
of SDF-mtDNA also revealed that approximately half of these mtDNA
copies were fragmented on average; this proportion was very similar in
both groups (median: 52.4 vs. 53.7; p = 0.570).

TIMERMANS ET AL.

When SDF-Global, SDF-DSBs, mtDNA copy number, and SDF-
mtDNA were included in a multivariate analysis, using binary logistic
regression, only SDF-Global and mtDNA copy number per sperma-
tozoon remained as significant independent risk factors associated
with non-normozoospermia (Figure 5; SDF-Global: OR 1.09, 95% Cl
1.03-1.14, p = 0.002; mtDNA copy number: OR 1.10, 95% CI 1.03-
1.18, p = 0.003). When SDF-Global and mtDNA copy number were
combined, ROC curve analyses resulted in even stronger discrimina-
tory ability for predicting the probability of a non-normozoospermic
ejaculate (Area under the curve (AUC) = 0.85, 95% CI 0.76-0.94,
p < 0.001), when compared to SDF-Global and mtDNA copy number,
separately (Figure 5). The highest discriminant level of the combined
factors, which corresponded to 72.10% sensitivity and 89.7% speci-
ficity, was obtained when the multivariant model results in a probability
value > 0.64.

Most of the non-normozoospermic samples showed mixed cate-
gories of oligozoospermia, and/or teratozoospermia and/or astheno-
zoospermia, so that there were not sufficient samples to make a
confident comparison with normozoospermic. Nevertheless, a pre-
liminary approach was attempted with those categories with a small
but acceptable number (see Table S2). Asthenozoospermic samples
(n = 12) showed near double levels of SDF-global (median: 25.5;
p = 0.015), but mtDNA copy number and SDF-mtDNA were not
found significantly different to those from normozoospermic samples.
Asthenoteratozoospermic (n = 14) showed 2.3 times increase of the
median of SDF-Global (median: 31.5; p = 0.001); in this category,
mtDNA copies per sperm doubled that of normozoospermic (median:
11.8; p = 0.01), whereas their fragmentation level was not different
(median: 55.7). Finally, oligoasthenoteratozoospermic (n = 8), that is,
the most abnormal of the samples, also showed a median value 2.3
times higher for SDF-global levels (median: 31.3; p = 0.004) compared
to normozoospermic samples. Moreover, this cohort also showed the
highest level of mtDNA copies per sperm, 8 times higher (median:
40.9; p < 0.001) than normozoospermic samples. Again, no differences
were found with respect to the fragmentation level of mtDNA (median:
47.8) between oligoasthenoteratozoospermic and normozoospermic

samples.

4 | DISCUSSION

During spermatogenesis, there is a considerable depletion of mtDNA,
so that a mature human spermatozoon typically only contains around
ten copies, but ranging from O to 226, as estimated by qPCR.2333.34
This phenomenon is peculiar to sperm cells, since mtDNA depletion
may be pathological if present in somatic cells. Moreover, other stud-
ies have pointed out that good quality-normozoospermic samples tend
to have sperm with less mtDNA copy number than poorer quality sam-
ples, similar to what was found in the current study; a finding that also
suggests that increased mtDNA copy number could serve as a potential
biomarker for spermatogenic dysfunction.2426:35.36

Estimation of mtDNA copy number in stallion sperm has been

shown to vary depending on the mitochondrial target sequence
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TABLE 4 Comparison between normozoospermic and non-normozoospermic samples, regarding SDF in nuclear DNA (nDNA), relative
contribution of SDF-DSBs and of SDF-SSBs to SDF-global nDNA (%), mtDNA copy number and SDF-mtDNA.

N Mean

SDF-global nDNA Normo 29 17.56
Non-normo 43 31.73

SDF-DSBs nDNA Normo 29 772
Non-normo 43 12.98

SDF-SSBs nDNA Normo 29 9.84
Non-normo 43 18.75

Contribution DSBs Normo 29 42.09
Non-normo 43 40.26

Contribution SSBs Normo 29 57.92
Non-normo 43 59.74

mtDNA copy n° Normo 29 7.60
Non-normo 43 2221

SDF-mtDNA Normo 29 54.42
Non-normo 43 52.53

SD Median Minimum Maximum
12,51 13.67 4.33 61.00
16.35 25.00* 10.00 78.33
7.52 6.00 0.67 32.67
12.60 9.33* 1.33 66.67
6.64 9.67 1.67 28.33
10.64 16.67* 2.00 37.33
19.49 39.42 6.49 84.82
21.67 33.80 4.11 85.11
19.48 60.54 15.18 93.61
21.67 66.20 14.90 95.89
7.06 4.99 1.17 28.47
21.69 16.06* 1.27 107.91
13.78 53.68 3161 100
13.13 52.36 34.15 88.61

Abbreviations: Normo, normozoospermia; Non-normo, non-normozoospermia; DSBs, double-strand DNA breaks; SD, standard deviation; SSBs, single-strand

DNA breaks.

*p < 0.05 indication for significant differences between Normo and Non-normo.

amplificated by gPCR, so it has been suggested that this phenomenon
could be a result of fragmentation of the mitochondrial genome during
spermatogenesis.3> Nevertheless, unlike nuclear DNA, sperm mtDNA
fragmentation has typically not been routinely evaluated given the
technical difficulty to distinguish fragmented and intact copies.3® The
majority of the reports concerning sperm mtDNA integrity have been
related to current known deletions or point mutations, estimated
by PCR and/or sequencing. These alterations have been found more
frequent in poor quality sperm samples.33:36-38

Song and Lewis? evaluated sperm mtDNA fragmentation and dele-
tions using a long PCR assay for half of the mtDNA genome (8.7 kb).
This procedure was based on the capacity of many DNA lesions, and
obviously DSBs, to block or impede the progression of the DNA poly-
merase. The technique revealed that abnormal sperm samples had
lower amplification levels than normozoospermic samples, showing
a decrease in mtDNA integrity. Although the long PCR target may
increase the possibility of finding a blocking DNA lesion, it also resulted
in a significant processivity problem of the DNA polymerase, with
low efficiency and low sensitivity and reproducibility.3? Moreover,
quantification using this procedure was semiquantitative.

An opposite result was reported in a recent study performed by
next generation sequencing.*® First, dPCR, confirmed a lower mtDNA
copy number in good quality spermatozoa. Second, high-throughput
sequencing revealed that mtDNA from good quality sperm showed a
much higher frequency of large deletions and duplications, these being
heterogeneous and random, so they could be potentially related to
DSBs, presumably generated by mtDNA degradation.*® Nevertheless,
the described next generation sequencing procedure required an ini-

tial step, where the mitochondrial genome was amplified in two large

segments of 8397 and 8289 bp. As previously indicated, if DSBs were
present in these segments, they would not allow the amplification
by DNA polymerase, so the resulting native fragments would not be
detected.

Our dPCR methodology, which is based on an adapted “break-apart”
approach, has been specifically designed to quantify accurately the
proportion of fragmented mtDNA copies. Our dPCR mtDNA fragmen-
tation assay revealed that sperm from normozoospermic samples, not
only contained very few mtDNA copies, but also that an average of half
of them appeared fragmented. For comparison, the same specific dPCR
procedure revealed that mtDNA from human peripheral blood cells
(n = 10 samples) showed a fragmented fraction of only 7.97 % + 0.39%
(mean + sd).?t

Although the normozoospermic samples in the current study
showed three times lower mtDNA copy number than the non-
normozoospermic samples, SDF-mtDNA was not found significantly
different between these groups. However, when all the samples irre-
spective of categorization were examined, mtDNA fragmentation
clearly increased as mtDNA copy number decreased. This finding may
mean that good-quality sperm samples, which have less mtDNA copy
number, express most of these copies as degraded, so that the absolute
number of remaining complete circular mtDNA copies in sperm must
be quite rare. mtDNA fragmentation also increased significantly with
high sperm concentration, whereas correspondingly, mtDNA copies
decreased as sperm concentration increased.

A complete and perfect spermatogenesis process should theoreti-
cally at least result in a high-quality mature sperm with a lower amount
of mtDNA molecules and with most of these remaining copies being

fragmented. This is likely to be a dynamically-progressive process, so
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FIGURE 5 Receiver operating characteristic (ROC) curves showing the discriminatory power of nuclear global sperm DNA fragmentation
(global-SDF) and average mtDNA copy number per spermatozoon, either isolated or combined, to distinguish non-normozoospermic from

normozoospermic samples. Cl: confidence interval.

that a high frequency of mtDNA fragmentation would be evidence of
effective mtDNA degradation and elimination. Conversely, a high rela-
tive amount of mtDNA, with a low frequency of fragmentation would
be indicative of poor sperm quality, and a consequence of inefficient
or defective spermatogenesis; in fact, the high copy number could be
due to an impaired or slower degradation mtDNA process and reflect a
spermatozoon of less maturity.

While the evolutionary reason of elimination of paternal mtDNA
from the sperm cell is still equivocal, it is well established that human
mtDNA shows a strict matrilineal inheritance,*%42 although some
exceptions have been reported.*? It has generally been implied that
mtDNA molecules from sperm cell must be eliminated in the oocyte
after fertilization,***> but perhaps this removal would be greatly
facilitated if the male mtDNA copies are reduced in number prior
to fertilization, or at least made susceptible to degradation through

extensive fragmentation.*¢

We might suppose that good sperm quality means less nuclear
SDF and less mtDNA copy number with the remaining mtDNA being
more fragmented. However, the results of the current study revealed
a positive correlation between mtDNA fragmentation and global-
nuclear DNA fragmentation. Global-SDF determined by the alkaline-
denaturant comet assay was also found correlated with the number
and size of mtDNA deletions within a 8.7 kb segment amplified by long
PCR.*” Given the preceding discussion, it would seem counter-intuitive
that more nuclear SDF be associated with more mtDNA fragmentation.
In the current study, non-vital dead sperm and mtDNA fragmenta-
tion levels showed a positive correlation, so this phenomenon could be
associated with the number of dead sperm cells, with these dead or
dying cells contributing to a co-incident increase in both nuclear and
mitochondrial DNA fragmentation.

If we focus on the DNA breakage type, SDF-mtDNA, in spite of

being a consequence of DSBs, correlated more strongly with nuclear
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SSBs. This association is somewhat difficult to explain and should be
interpreted with caution, since nuclear and mtDNA fragmentation are
estimated using different techniques. Nevertheless, it must be recog-
nized that mtDNA nucleoids are less protected by associated proteins
than nuclear DNA, so that SSBs produced by nucleases or ROS could be
relatively more frequent in mtDNA than in nuclear DNA. In addition,
the accumulation of SSBs could easily and rapidly result in the coinci-
dence of SSBs in adjacent but opposite sites in both strands leading to
DSBs. ¢

Unlike SDF-mtDNA, there was no significant correlation between
nuclear-SDF and mtDNA copy number, further confirming the results
of Faja et al.2* In that report, SDF had been analyzed by the TUNEL
assay. Our logistic regression identified SDF-Global and mtDNA copy
number per spermatozoon as independent risk factors associated with
non-normozoospermia. A similar conclusion was achieved by Shi et al.,
where SDF was evaluated using the SCSA.*8 A high predictive accu-
racy for consecutive diagnoses of clinical infertility has previously been
described for mtDNA copy number (AUC: 0.91).3¢ Our ROC curve
analysis established strong potential discriminatory power of the two
combined factors to distinguish non-normozoospermic samples.

The results from the analysis of the whole sperm samples stud-
ied here suggest that besides nuclear SDF, mtDNA copy number, and
possibly mtDNA fragmentation are related to sperm quality and may
serve as potential biomarkers for spermatogenic dysfunction. Expand-
ing the study to larger cohorts would provide further detail about the

relevance of mtDNA fragmentation in sperm quality and male fertility.
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Abstract

Background: The unique epigenetic architecture that sperm cells acquire during
spermiogenesis by retaining <15% of either canonical or variant histone proteins in
their genome is essential for normal embryogenesis. Whilst heterogeneous levels of
retained histones are found in morphologically normal spermatozoa, their effect on
reproductive outcomes is not fully understood.

Methods: Processed spermatozoa (n = 62) were tested for DNA integrity by sperm
chromatin dispersion assay, and retained histones were extracted and subjected to
dot-blot analysis. The impact of retained histone modifications in normozoospermic
patients on sperm functional characteristics, embryo quality, metabolic signature in
embryo spent culture medium and pregnancy outcome was studied.

Results: Dot-blot analysis showed heterogeneous levels of retained histones in the
genome of normozoospermic ejaculates. Post-wash sperm yield was affected by an
increase in H3K27Me3 and H4K20Me3 levels in the sperm chromatin (p < 0.05). Also,
spermatozoa with higher histone H3 retention had increased DNA damage (p < 0.05).
Spermatozoa from these cohorts, when injected into donor oocytes, correlated to a sig-
nificant decrease in the fertilisation rate with an increase in sperm histone H3 (p < 0.05)
and H3K27Me3 (p < 0.01). An increase in histone H3 negatively affected embryo qual-
ity (p < 0.01) and clinical pregnancy outcome post-embryo transfer (p < 0.05). On the
other hand, spent culture medium metabolites assessed by high-resolution (800 MHz)
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1 | INTRODUCTION

Classically, the contribution of spermatozoa to embryogenesis was
limited to the transfer of paternal DNAY2 and centrioles® and as a sig-
nal to start the metabolic activity of the oocytes.* However, recent
literature involving high-throughput technologies indicates that their
contribution is much more central than previously thought.>~” Several
reports have demonstrated that the male gamete imparts various epi-
genetic marks, RNA and protein molecules to the resultant zygotes.”~?
These factors might have a vital role in embryo development and future
health of the progeny.>10-12

During spermiogenesis, human spermatozoa attain a unique epi-
genetic architecture by replacing nucleosome-bound DNA with pro-
tamines and retaining <15% of either canonical or variant histones
in the genome.’®"1> The retained nucleosomes in mature sperma-
tozoa exhibit specific post-translational modifications (PTMs), such
as acetylation and methylation majorly on H3 and H4 histones.
These heritable marks are highly enriched in the imprinted gene
regions (microRNA and HOX gene clusters), promoters and regu-
latory regions of various developmentally important genes.®16-18
The epigenetic memory delivered by spermatozoa during fertilisa-
tion may aid in the epigenetic reprogramming of zygotes and the
development of early embryos by regulating their gene expression
patterns.1?-21

Earlier reports have demonstrated that an abnormal histone-to-
protamine ratio in infertile men leads to altered semen parameters,
fertilisation failure and low pregnancy outcomes.?2-2* |n addition,
the differential profiles of sperm DNA methylation were detected on
imprinted and developmental genes located at retained histones in
oligozoospermic patients.?>2% Furthermore, patients with astheno and
teratozoospermic conditions had differential epigenetic signatures.?”
A recent report also demonstrated that normozoospermic patients
have differential epigenetic signatures making a sub-cohort of unex-
plained infertility,2® where changes in the sperm histone retained
epigenome were associated with fertilisation failure, poor blasto-
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nuclear magnetic resonance showed an increased intensity of the amino acid methio-
nine in the non-pregnant group than in the pregnant group (p < 0.05) and a negative
correlation with sperm histone H3 in the pregnant group (p < 0.05).

Discussion and conclusion: Histone retention in spermatozoa can be one of the factors
behind the development of idiopathic male infertility. Such spermatozoa may influ-
ence embryonic behaviour and thereby affect the success rate of assisted reproductive
technology procedures. These results, although descriptive in nature, warrant fur-
ther research to address the underlying mechanisms behind these clinically important

assisted reproductive technology, infertility, metabolomics, pregnancy outcome, retained histone
post-translational modifications, sperm epigenetics

cyst development and development of imprinted disorders in the
progeny.28-31

Heterogeneous levels of histone PTMs in mature normal human
spermatozoa have been reported.!>18:3233 The enrichment of gene
activation marks (H3K4Me3 and H4K12Ac) and repression marks
(H3K9Me3, H3K27Me3 and H4K20Me3) were observed at the
developmental promoter region and certain imprinted genes in the
spermatozoa.826¢:33 Also, these histone modifications are transmit-
ted to embryos during fertilisation.!>1821 However, the influence of
altered retained histone PTMs of the paternal genome on embryoge-
nesis has not been elucidated. Importantly, concerns associated with
increased imprinting disorders among those born through assisted
reproductive technology (ART)3*%° raise the need to study the
sperm epigenetic signature and its impact on embryos. Therefore,
the current study looked at the retained histones and their PTMs
in the processed sperm fraction of men undergoing ART treatment
and their impact on sperm functional characteristics and embryo

development.

2 | MATERIALS AND METHODS
2.1 | Study subjects

Samples obtained from patients (n = 62) visiting the university infer-
tility clinic for their treatment were included in the study after
obtaining ethical approval from the Institutional Ethics Committee
(IEC 464/2017 and 568/2020) and written informed consent from all
the patients. Ejaculates were evaluated according to World Health
Organization criteria.3¢ Based on semen analysis reports, only nor-
mozoospermic subjects were included. These patients did not have
varicocele, urogenital infections, hypogonadotropic hypogonadism,
obstruction or agenesis of the seminal ducts. The patients’ sperm char-
acteristics are described in Table 1. The study outline is depicted in

Figure 1. Briefly, processed sperm samples (n = 62) were used to
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Processed spermatozoa
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FIGURE 1 Schematic outline of the study: experimental outline to determine the influence of retained sperm epigenetic signature on

pre-implantation embryos. NMR, nuclear magnetic resonance.

TABLE 1 Sperm characteristics in neat ejaculate and processed
fraction.

Median (Q; -Q5)

Neat ejaculate (n = 62)

36.00 (34.00-39.75)
2.50(1.87-3.63)
62.50 (46.50-80.75)
157.00(95.25-204.75)

Male age (years)
Semen volume (mL)
Sperm concentration (10¢/mL)

Total sperm number
(10%/ejaculate)
Total motility (%) 70.00 (59.25-76.75)
Processed fraction (n = 62)

27.66(20.51-44.13)

9.00 (2.00-23.25)

Sperm concentration (106/mL)

DNA damage (%)

extract retained histones using the acid extraction method followed by
dot-blot analysis. Furthermore, part of the sample was also subjected
to a sperm chromatin dispersion (SCD) test to understand its sperm
chromatin integrity. To understand the association between histone
PTMs and sperm characteristics, a correlation analysis was performed.
Out of 62 patients, 27 underwent Intracytoplasmic Sperm Injection
(ICSI) cycles using donor oocytes. All the recipient females (n = 27;
partner of the male patients) had a history of poor ovarian reserve as

evidenced by low Anti-Mullerian Hormone <0.5 ng/mL in addition to

previous in vitro fertilisation failure because of poor ovarian response
(n = 8) and advanced maternal age (n = 2). The processed sperm sam-
ples of these patients were used to understand the impact of sperm
histone PTMs on embryo developmental competence and reproduc-
tive outcomes in pregnant (n = 17) and non-pregnant groups (n = 10).
Post-embryo transfer spent culture medium was collected from both
the groups and analysed for the levels of metabolites using nuclear
magnetic resonance (NMR) spectroscopy and associated with sperm
histone PTMs to determine the relationship between them.

2.2 | Semen sample and sperm preparation

After semen analysis, ejaculates were subjected to density gradient
separation as described earlier.3” Briefly, samples were overlaid on the
gradient solutions (80% and 40%) (YGRAD, Cat. No. V-GRD83_100P,
Vitromed GmbH) and centrifuged at 350 g for 20 min. The pellet was
resuspended in pre-warmed V-HEPES plus media (Cat. No. V-HTF-P1,
Vitromed GmbH) and washed by centrifuging at 300 g for 8 min. The
pellet was resuspended in pre-warmed V-ONESTEP (Cat. No. V-OSM-
20, Vitromed GmbH) and washed again by centrifuging at 200 g for
8 min. After wash, the sperm concentration was calculated and 0.1 mil-
lion spermatozoa were used to determine sperm chromatin integrity.
The remaining fraction was stored in phosphate buffered saline (PBS)
at —80°C for histone PTM analysis.
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2.3 | Sperm chromatin integrity assay

On processed sperm samples, an SCD assay was carried out as
described by Fernandez et al.38 with a few minor modifications. A mix-
ture of 0.1 million spermatozoa and 1% low melting agarose kept at
37°C was layered on slides pre-coated with 0.65% normal melting
agarose and allowed to solidify. The slides were immersed in denat-
uration solution (0.08 N HCI), lysis solution 1 (0.4 m Tris, 20 mM
Dithiothreitol (DTT), 1% SDS, 50mM Ethylenediamine tetraacetic acid)
and lysis solution 2 (0.4 M Tris, 2 M NaCl). The slides were then air-
dried after being neutralised in Tris buffer (0.4 M Tris) and serially
dehydrated in alcohol. Sperm chromatin integrity was assessed under a
fluorescent microscope (Imager-A1; Zeiss) after staining the cells with
ethidium bromide (7 ug/mL). The large halo spermatozoa (without any
DNA damage or normal) produce halos with a thickness equal to or
greater than the length of the minor diameter of the core, whereas
small halo spermatozoa produce halos with a thickness equal to or
smaller than one-third diameter of the minor diameter of the core.38-37
The percentage of spermatozoa with damaged DNA was calculated by
counting spermatozoa with a small + no halo, and the percentage of
spermatozoa with severely damaged DNA was calculated by counting

spermatozoa with no halo.

2.4 | Histone extraction

Acid extraction of sperm histone was carried out as described pre-
viously with minor modifications.334° Approximately 2 million sper-
matozoa were washed twice with PBS at 4000 g for 5 min at 4°C.
Pellet was resuspended in hypotonic lysis buffer (10 mm Tris-Cl pH
8.0, 0.1 mm KCl, 1.5 mm MgCl,, 100 mm DTT) along with a protease
inhibitor and vortexed thoroughly. After incubation for 1 h at 4°C,
their nuclei were pelleted by centrifuging at 10,000 g for 10 min at
4°C, and 0.4 N of H,SO4 solution was added. The tubes were vor-
texed with intermittent incubation on ice for 2 h. The solution was
centrifuged at 16,000 g for 10 min at 4°C and the supernatant was
transferred to a fresh tube. The proteins were allowed to precipi-
tate by adding 4 volumes of chilled acetone and stored at —20°C
overnight. The next day, they were pelleted down and washed once
with chilled acidified acetone (0.05 M HCl in 100% acetone) and twice
with chilled 100% acetone at 16,000 g for 10 min at 4°C. The pellet
was vacuum dried and dissolved in 0.1% f3-mercaptoethanol and stored
at —20°C.

2.5 | Dot-blot analysis

Total protein extracted from 2 million spermatozoa was slotted on
a polyvinylidene difluoride membrane using a vacuum and proteins
were visualised. The membrane was incubated in 5% Bovine serum
albumin in Tris-buffered saline with 0.1% Tween (TBST) for 1 h
and probed with histone H3, histone H4 and histone PTMs such as

PANDYAET AL.

H3K4Me3, H4K12Ac, H3K9Me3, H3K27Me3 and H4K20Me3 anti-
bodies overnight at 4°C. The membrane was washed three times in
TBST and incubated with a secondary antibody at room temperature
for 1 h. Blots were washed using three washes and developed using
Clarity Max western ECL substrate (Cat. No. 1705062, Bio-Rad). Anti-
bodies used and dilutions are given in Table S1. The intensity of the
signal for all the modifications for each patient was calculated by den-
sitometric analysis using ImageJ software. The relative expression of
each modification was expressed in fold change by normalising the
signal intensity to the total protein spotted on the membrane (Figure
S1).

2.6 | Fertilisation and embryo grading

Controlled ovarian hyperstimulation of the donors was performed by
a standard antagonist protocol. Follicular aspiration was performed
and retrieved oocyte cumulus complexes were washed and then incu-
bated in V-ONESTEP medium media (Cat. No. V-OSM-20, Vitromed
GmbH) at 37°C in 6% CO, and 5% O, in an incubator. An average
of 10-11 donor MII oocytes per couple (n = 27) were inseminated
with the spermatozoa by ICSI and cultured individually in V-ONESTEP
culture media. After 16-18 h of insemination, oocytes were assessed
for fertilisation. On day 3, fertilised embryos were graded as per the
ESHRE consensus,*! and per patient (n = 2), embryos were trans-
ferred to the recipient females (partner of the male patients). Grade |
and Il embryos were considered good- and average-quality embryos,
respectively, whereas Grade Ill embryos were considered poor-quality
embryos.

2.7 | Biochemical and chemical pregnancy
outcomes

Fourteen days after embryo transfer, a blood test was performed to
determine the level of human chorionic gonadotropin (8-hCG). f-hCG
levels above 100 mlU/mL were considered positive for biochemical
pregnancy. After 4 weeks, ultrasonography was performed to deter-
mine the presence of a gestational sac or foetal cardiac activity to

confirm clinical pregnancy.

2.8 | Collection of embryo spent culture media,
NMR sample preparation and data analysis

The spent culture medium samples and media controls were collected
post-embryo transfer, snap-frozen and stored at —80°C for the NMR
analysis. The samples were prepared as described in Cheredath et al.*2
Briefly, 25 uL of embryo spent culture media samples were thawed for
10 min at room temperature. The samples were prepared by dilution
with sodium salt of 2,2,3,3 tetradeutero 3-(trimethyl silyl) propionate

(TSP) as a standard reference compound and transferred to 1.7 mm
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NMR tubes for profiling the spectra. All spectra were acquired on a
Bruker AVANCE NMR spectrometer operating at a 1H resonance fre-
quency of 800 MHz equipped with a 1.7 mm cryo-probe at 298 K.
The NMR experiments were recorded using Carr-Purcell-Meiboom-
Gill sequence ‘cpmgpri1d’ pulse program available in the Bruker library.
Data were analysed using the Bruker TOPSPIN 3.6.2 software. The
peak integrals were measured with respect to the corresponding
integral of the TSP signal.

2.9 | Statistical analysis

All the data are presented as the mean and SD, median or interquar-
tile range (Q1-Q3) after checking the normality assumption with
the help of the Shapiro-Wilk test. Subsequently, an age-adjusted
Pearson’s correlation analysis was performed using Jamovi (version
2.2.5; RRID:SCR_016142).3 The strength of the correlation was rep-
resented by the value of the correlation coefficient (r value). To
compare male age, semen parameters, DNA damage, female and
donor age, the number of retrieved oocytes, endometrial thickness
and the number of embryos transferred between pregnant and non-
pregnant groups, two samples independent t-tests or Mann-Whitney
U-test were performed after appropriate assumption checks. Female
age, male age and sperm DNA damage-adjusted analysis of covari-
ance (ANCOVA) were performed between the levels of sperm histone
PTMs and clinical pregnancy. To determine the levels of methionine
in media control and spent culture medium (SCM) of the pregnant
and non-pregnant groups, the Kruskal-Wallis test was performed.
All graphs were plotted using GraphPad Prism 8 (GraphPad Prism
software). The level of significance was set at 5% for the entire
study.

3 | RESULTS

3.1 | Sperm histone PTMs and post-wash sperm
characteristics

Sperm characteristics analysed in neat and processed samples are sum-
marised in Table 1. To determine the association between processed
sperm characteristics, retained core histones and histone PTM lev-
els, age-adjusted Pearson’s correlation was performed as our data
demonstrated age-related changes in sperm characteristics such as
total motility (r = —0.305, p < 0.05), progressive motility (r = —0.313,
p<0.01) and tail defects (r=0.341,p < 0.01) in the neat ejaculate (Table
S2). Correlation analysis demonstrated a weak negative correlation
between sperm concentration and H3K27Me3 (r = —0.27, p < 0.05)
and H4K20Me3 (r = —0.285, p < 0.05). Although the percentage of
spermatozoa with DNA damage (% small halo + % no halo) did not
show any correlation with core histones and PTMs, the percentage
of spermatozoa with severe damage (% no halo) had a weak positive
correlation with H3 histone (r = 0.26, p < 0.05) (Table 2).
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3.2 | Core histone (H3) and its modification
(H3K27Me3) demonstrated a relationship between
fertilisation and embryo quality

Sperm histone modifications play an important role during fertilisa-
tion and embryo development. Therefore, the age-adjusted correlation
analysis was carried out between retained sperm histone levels, their
PTM levels, and embryological outcomes such as fertilisation rate and
embryo quality on day 3 of the development. Table 3 represents the
embryological outcomes. Among the histones and modifications con-
sidered in this study, histone H3 (r = —0.397, p < 0.05) and H3K27Me3
(r = —0.503, p < 0.01) showed a moderate negative correlation with
the fertilisation rate (Table 4). However, no correlation was obtained
between sperm histone PTMs and cleavage rate. Interestingly, histone
H3 showed a moderate negative correlation with the percentage of

good-quality embryos on day 3 of development (r = —0.568, p < 0.01).

3.3 | Pregnancy outcome is associated with core
histone H3 in spermatozoa

As we found a negative association of retained histone PTMs present in
spermatozoa with fertilisation rate and embryo quality, the association
between sperm histone PTMs and pregnancy outcome was assessed.
Out of 27 infertile couples from the donor oocyte program, 17 patients
conceived successfully, resulting in a 62.9% clinical pregnancy rate.
Here, the patients were categorised into two groups. Patients who had
positive foetal cardiac activity post-embryo transfer were considered
pregnant (n = 17) and those with negative foetal cardiac activity were
considered non-pregnant (n = 10). The factors influencing pregnancy
outcomes such as the age of the male patients, semen characteristics,
sperm DNA damage, donor age, recipient age, oocytes used, embryos
transferred and endometrial thickness, were comparable between the
groups, as presented in Table S3. The mean levels of sperm histone and
their PTMs were compared between the pregnant and non-pregnant
groups by applying ANCOVA adjusting for the influence of the female
recipients’ age, male age and sperm DNA damage. It was found that
the pregnant group had a significantly low level of histone H3 in sperm
fraction used in ICSI than the non-pregnant group (Figure 2). How-
ever, other histone modification levels did not show any significant

difference between the groups (Table S4).

3.4 | Sperm histone H3 is associated with altered
metabolite levels in SCM of preimplantation embryos

As we found that the high histone H3 levels might influence pregnancy
outcomes, we explored whether sperm histones and their modifica-
tions have any role in the embryo metabolomic signature. Hence, SCM
was profiled using high-sensitivity enhanced 800 MHz NMR spec-
troscopy. A total of 12 metabolites consisting of eight amino acids and
four carbohydrates were identified by 1D 'H NMR spectroscopy in
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TABLE 2 Correlation analysis between sperm histone post-translational modifications and processed sperm parameters (n = 62).

Histone 3 H3K4Me3 H3K9Me3 H3K27Me3 Histone 4 H4K12Ac H4K20Me3
Sperm concentration (10¢/mL) 0.058 -0.095 -0.125 -0.270* 0.154 —-0.153 —0.285*
DNA damage (%) 0.075 0.060 0.075 0.139 0.052 —0.168 0.120
Severe DNA damage (%) 0.260" 0.021 0.143 —-0.007 0.086 —0.249 0.058

Note: Pearson’s correlation coefficient (r value) is presented in the table (adjusted for men’s age). DNA damage includes small halo + no halo (%). Severe DNA

damage includes no halo (%).
*Significant at alpha = 5%.

TABLE 3 Pre-implantation embryo developmental outcomes
(h=27).

Mean + SD
Fertilisation rate (%) 73.94+16.08
Cleavage rate (%) 96.50 + 6.50
Good-quality embryos (%) (day 3) (Grade | embryos) 38.66 +28.74

the medium control (blank) and SCM of embryos in the pregnant and
non-pregnant categories (Table S5). The methionine intensity in SCM
of the embryos that resulted in pregnancy was significantly reduced
when compared to embryos that did not lead to pregnancy. (p < 0.05,
Figure 3A). Further correlation analysis demonstrated that levels of
methionine in SCM of the pregnant group showed a moderate nega-
tive correlation with sperm histone H3 levels (r = —0.648, p < 0.05)
(Figure 3B and Table Sé).

4 | DISCUSSION

In this study, heterogeneous levels of retained histones in spermatozoa
demonstrated a significant association with sperm DNA fragmenta-
tion, fertilisation, embryo quality, and pregnancy outcome suggest-
ing that histone retention in the spermatozoa from normozoosper-
mic ejaculate might influence embryonic behaviour and pregnancy
outcome.

Heterogeneous levels of histone PTMs in the chromatin of normal
human spermatozoa have been reported.!>324445 Sperm chromatin
enriched with histone PTMs such as H3K4Me2, H3K36Me3 and
H4S1ph is indicative of poor sperm quality.*¢=48 In line with this, our
findings demonstrated the heterogenous levels of retained histones
and their PTMs in processed sperm fractions of normozoospermic

ejaculates. Also, a negative correlation was observed between post-

wash sperm concentration and heterochromatin marks, H3K27Me3
and H4K20Me3, indicating that increased histone retention in chro-
matin could affect the post-wash sperm vyield. Histone methylation
marks such as H3K9Me3, H3K27Me3 and H4K20Me3 are present in
the heterochromatin region and are crucial for the progression of nor-
mal spermatogenesis.*?>? Any alterations during this process can lead
to poor sperm competence and decreased fertility.2>-°1

It has been shown that an altered histone-to-protamine ratio, or
more specifically, increased histone retention in sperm chromatin
affects male fertility by decreasing sperm concentration, and motil-
ity, increasing DNA damage and poor embryo outcome.?223.26.32.52 \We
observed a positive association between histone H3 and spermato-
zoa with high DNA damage. Nuclear compaction by the incorporation
of protamines protects the genetic and epigenetic integrity of sperm
chromatin from external stress.>>>* Therefore, sperm chromatin with
increased histone retention reduces the chromatin structure stabil-
ity, thereby rendering it more vulnerable to DNA fragmentation.?2>>
Our findings and reports mentioned above imply that alteration in the
histone-to-protamine ratio can hinder the epigenetic stability of sperm
chromatin, thereby impairing sperm competence.

Genes important for embryonic development are marked by spe-
cific histone PTMs in spermatozoa.8-°¢ It has been shown that retained
histone marks, H3K9Me3 and H4K20Me3 of the spermatozoa are
transmitted to the embryos and demarcate the heterochromatin
region in the zygote; furthermore, they act as a template for copy-
ing epigenetic information through maternal machinery.>” Therefore,
to understand the influence of normozoospermic ejaculates with het-
erogenous paternal histone PTMs on fertilisation and preimplantation
embryo developmental competence, we selected sperm samples used
for the donor oocyte ICSI program from the above normozoosper-
mic cohort. The use of donor oocytes likely minimised the influence
of female factors and thus enabled the study to assess the contri-

bution of paternal epigenome to embryogenesis. Sperm histone H3

TABLE 4 Correlation analysis between sperm histone post-translational modifications and embryo developmental competence (n = 27).

Histone H3 H3K4Me3 H3K9Me3 H3K27Me3 Histone H4 H4K12Ac H4K20Me3
Fertilisation rate (%) -0.397* -0.316 —-0.305 —0.503** 0.111 0.033 —-0.337
Cleavage rate (%) —0.136 —-0.138 —-0.332 —-0.275 —-0.025 0.126 0.255
Good-quality embryos (%) (day 3) —0.568** 0.072 —-0.067 -0.114 0.014 -0.218 0.119
Poor-quality embryos (%) (day 3) 0.365 —-0.115 —0.038 0.085 —0.039 0.103 —0.039

Note: Pearson’s correlation coefficient (r value) is presented in the table (adjusted for men’s age).

*Significant at alpha = 5%; * Significant at alpha = 1%.
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FIGURE 2 Box-and-whisker plot showing the level of histone H3
in the spermatozoa of male partners in pregnant (n = 17) and
non-pregnant groups (n = 10). The data were analysed by unpaired
student’s t-test and represented as mean + SD. Asterisk (*) represents
significance at p < 0.05 (adjusted for the female recipient’s age, male
age and sperm DNA damage).

and H3K27Me3 showed a negative association with the fertilisa-
tion rate. The enrichment of H4K12Ac in the sperm nucleus and
the zygote following fertilisation has been demonstrated and is asso-
ciated with genes expressed at the four-cell stage to blastocyst.2°
Whereas experimentally induced abnormal histone retention during
spermiogenesis showed differential expression of genes in the two-
cell stage to blastocyst,”® suggesting abnormal retention of histones
during spermiogenesis leading to altered gene expression in early
embryos.*?2%60 These studies support our findings that altered levels
of paternally retained histones and their PTMs in normozoospermic
individuals may have an impact on the fertilisation process. Interest-
ingly, a negative correlation between histone H3 and good-quality
embryos was observed, indicating that an increase in histone reten-
tion can affect the development of human preimplantation embryos.
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Earlier studies have demonstrated that the cleavage rate and quality

of the embryos are adversely affected because of increase in histone
retention in sperm chromatin.’ However, embryo production was
not affected.®? Furthermore, poor-quality blastocysts were observed
in normozoospermic spermatozoa with abnormal histone CpG island
methylation profiles, suggesting that alteration in the epigenetic sig-
nature on the paternal genome is associated with unexplained male
infertility and poor blastocyst development.2?

We noticed unsuccessful pregnancies in couples with a significantly
increased level of histone H3 in spermatozoa. When normozoospermic
spermatozoa were subjected to dot-blot analysis, the non-pregnant
group had higher levels of histones than the pregnant group, demon-
strating the impact on pregnancy outcome.? The clinical pregnancy
rate was lower in spermatozoa with a lower protamine 1:protamine 2
ratio in the chromatin.2324 Together, these findings support the fact
that levels of retained histones in spermatozoa and their enrichment
at developmental genes are essential for fertilisation and early embryo
development. Since the establishment of a successful pregnancy is mul-
tifactorial, our argument suggesting the association between retained
histones and clinical pregnancy may be overstated. However, there
could be a link between histone levels in spermatozoa and pregnancy
outcome.

Previous studies have shown that the uptake of metabolites from
culture media can be a predictive tool for embryo viability and implan-
tation potential.®2-%> Data from our laboratory have shown that
sperm DNA integrity negatively affects embryo metabolism.6>¢¢ In
the current study, we observed that the intensity of methionine was
significantly lower in the SCM of embryos in successful pregnancy
groups thanin those of failed pregnancy. Methionine is a key element in
the 1-C metabolism cycle that provides methyl moieties to S-adenosyl
methionine, which is required for DNA and histone methylation.6”:¢8
Also, methionine is a precursor to the methyl donors required for
protein synthesis during embryonic development.®? Methionine in
embryo culture media is essential because the methylation levels on
embryo genomes are highly maintained after fertilisation and start to
decline after the four-cell stage.”%”! Abnormal methionine metabolism
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(A) Levels of methionine in spent embryo culture media obtained from media control (n = 13), pregnant (n = 11) and non-pregnant

(n=7) groups are represented by a box-and-whisker plot. The data were analysed by the Kruskal-Wallis test. Asterisk (*) represents significance
at p < 0.05. (B) Scatterplot depicting the association between levels of sperm histone H3 and methionine obtained from spent embryo culture
media of the pregnant group (n = 11). ‘r' represents Pearson’s correlation coefficient. Data are significant at p < 0.05. SCM, spent culture medium.
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affects the transition of the morula to the blastocyst because of

hypomethylation of DNA, which changes the expression of develop-
mental genes, indicating a critical role for methionine metabolism
during pre-implantation embryo development.”273 However, at this
juncture, it is not possible to claim whether a similar phenomenon
exists in our study as we did not use SCM beyond day 3 of devel-
opment. On the other hand, we noticed that the level of methionine
in SCM of the successful pregnancy group was found to be nega-
tively correlated with the sperm histone H3 levels. According to earlier
reports, differential levels of amino acids in spent embryo media were
observed in pregnant and non-pregnant groups.”4~7¢ Our results are
in line with previous studies, where methionine levels in the SCM of
embryos might regulate embryo development, which is also associated
with sperm histone H3. A molecular understanding of the signifi-
cance of methionine metabolism in preserving H3K4Me3 levels in the
chromatin during early embryogenesis has been provided by expres-
sion experiments in human embryonic stem cells.”””® However, we
could not identify the molecular or biochemical mechanisms to link
methionine metabolism and sperm histone H3 levels in the current
study.

Various intrinsic and extrinsic factors, such as altered lifestyle,
dietary exposure, nutritional status (malnutrition or obesity) or envi-
ronmental toxicants (smoking, alcoholism and other environmental
toxins) can affect the sperm epigenome.”?-82 Our findings provide
support for existing research that morphologically normal spermato-
zoa may contain altered epigenetic signatures that could potentially
be a contributing factor to idiopathic/unexplained infertility.1>18:32.33
By minimising the influence of the female factor using donor oocytes,
the current study demonstrates that the heterogeneous amounts of
retained sperm histones in normozoospermic individuals can affect
fertilisation and embryo quality, thereby impacting the pregnancy out-
come. Importantly, altered epigenetic signatures in spermatozoa may
be passed on to the next generation, potentially impacting the health
of the offspring.81:83-8> Patients with abnormal semen characteristics
were not included because the sperm numbers obtained after the ICSI
procedure were not adequate to perform epigenetic analysis. Due to
restrictions on using human embryos for research, we were unable
to determine the underlying molecular mechanism responsible for the
retained histone H3 and H3K27Me3-mediated alterations during fer-
tilisation, development of the embryos, and changes in the levels of

methionine in SCM.

5 | CONCLUSION

Heterogenous levels of retained histones in spermatozoa can be
one of the factors underlying the aetiology of idiopathic male
infertility. Such spermatozoa may influence fertilisation, the qual-
ity of the embryos, and embryo metabolism, thereby affecting the
assisted reproductive technology outcome. These results, although
descriptive in nature, warrant further research to address the
underlying mechanisms behind these clinically important observa-

tions.

PANDYAET AL.

AUTHOR CONTRIBUTIONS

Satish Kumar Adiga conceived and designed the experiments. Riddhi
Kirit Pandya, Ameya Jijo, Aswathi Cheredath and Sujith Raj Salian per-
formed the experiments and was involved in the acquisition of data.
Riddhi Kirit Pandya, Vani Lakshmi R. and Shubhashree Uppangala anal-
ysed and interpreted the data. Satish Kumar Adiga, Riddhi Kirit Pandya
and Sanjay Gupta wrote the manuscript. Guruprasad Kalthur, Sanjay
Gupta and Pratap Kumar revised the manuscript critically for impor-
tant intellectual content. Riddhi Kirit Pandya is the guarantor of this
work and as such, has full access to all the data and takes responsibility
for the integrity of the data and the accuracy of the data analysis. All

authors have given final approval for publication.

ACKNOWLEDGEMENTS

The facilities provided by the NMR Research Centre at the Indian
Institute of Science, Bengaluru, and the Advanced Centre for Treat-
ment, Research, and Education in Cancer, Tata Memorial Centre, Navi
Mumbai, India, are gratefully acknowledged. Aswathi Cheredath and
Ameya Jijo acknowledge the Dr. TMA Pai Doctoral Fellowship from the
Manipal Academy of Higher Education. This work was supported by
research grants from the Indian Council of Medical Research (ICMR #
5/10/FR/8/2014-RCH).

CONFLICT OF INTEREST STATEMENT

The authors declare they have no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data related to this article are available in both the article and the

online supporting information.

ORCID

Guruprasad Kalthur "= https://orcid.org/0000-0002-4554-2917
Satish Kumar Adiga "' https://orcid.org/0000-0002-2897-4697
REFERENCES

1. Sutton WS. The chromosomes in heredity. Biol Bull. 1903(4):231-251.

2. Baccetti B, Afzelius BA. The biology of the sperm cell. Monogr Dev Biol.
1976(10):1-254.

3. Sathananthan AH, Kola I, Osborne J, et al. Centrioles at the beginning
of human development. Proc Natl Acad Sci U S A. 1991;88(11):4806-
4810.

4. Saunders CM, Larman MG, Parrington J, et al. PLC zeta: a sperm-
specific trigger of Ca (2+) oscillations in eggs and embryo develop-
ment. Development. 2002;129(15):3533-3544.

5. Castillo J, Estanyol JM, Ballesca JL, Oliva R. Human sperm chromatin
epigenetic potential: genomics, proteomics, and male infertility. Asian
J Androl. 2015;17(4):601-609.

6. Castillo J,Bogle OA, Jodar M, et al. Proteomic changes in human sperm
during sequential in vitro capacitation and acrosome reaction. Front
Cell Dev Biol. 2019;7:295.

7. Siklenka K, Erkek S, Godmann M, et al. Disruption of histone methyla-
tion in developing sperm impairs offspring health transgenerationally.
Science. 2015;350(6261):aab2006.

8. Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, Cairns BR.
Distinctive chromatin in human sperm packages genes for embryo
development. Nature. 2009;460(7254):473-478.

85U8017 SUOIWIOD BAeaID) 8|eol|dde au Aq peusnob a1 91 YO '8N JO Se|n. Joj AkIgIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WICD A8 1M A Iq 1 jBU UO//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseiuewnsoq @ A sueydniny| S818IBAIUN SIAB N ZNYOPUO - IPeLULLRYOW WeAiw AQ THSET IpUe/TTTT OT/I0p/Woo i8] 1M ALIq1jpul|uo//Sdiy Woj papeojumoq ‘' *v20Z ‘L262L702


https://orcid.org/0000-0002-4554-2917
https://orcid.org/0000-0002-4554-2917
https://orcid.org/0000-0002-2897-4697
https://orcid.org/0000-0002-2897-4697

PANDYAET AL.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gross N, Strillacci MG, Pefiagaricano F, Khatib H. Characterization and
functional roles of paternal RNAs in 2-4 cell bovine embryos. Sci Rep.
2019;9(1):20347.

Azpiazu R, Amaral A, Castillo J, et al. High-throughput sperm differ-
ential proteomics suggests that epigenetic alterations contribute to
failed assisted reproduction. Hum Reprod. 2014;29(6):1225-1237.
Chen Q, Yan M, Cao Z, et al. Sperm tsRNAs contribute to the inter-
generational inheritance of an acquired metabolic disorder. Science.
2016;351(6271):397-400.

Dimofski P, Meyre D, Dreumont N, Leininger-Muller B. Consequences
of paternal nutrition on offspring health and disease. Nutrients.
2021;13(8):2818.

Miller D, Brinkworth M, lles D. Paternal DNA packaging in spermato-
zoa: more than the sum of its parts? DNA, histones, protamines and
epigenetics. Reproduction. 2010;139(2):287-301.

Schagdarsurengin U, Paradowska A, Steger K. Analysing the sperm
epigenome: roles in early embryogenesis and assisted reproduction.
Nat Rev Urol. 2012;9(11):609-619.

Schon SB, Luense LJ, Wang X, et al. Histone modification signatures in
human sperm distinguish clinical abnormalities. J Assist Reprod Genet.
2019;36(2):267-275.

Arpanahi A, Brinkworth M, lles D, et al. Endonuclease-sensitive
regions of human spermatozoal chromatin are highly enriched in pro-
moter and CTCF binding sequences. Genome Res. 2009;19(8):1338-
1349.

Brykczynska U, Hisano M, Erkek S, et al. Repressive and active
histone methylation mark distinct promoters in human and mouse
spermatozoa. Nat Struct Mol Biol. 2010;17(6):679-687.

Vieweg M, Dvorakova-Hortova K, Dudkova B, et al. Methylation anal-
ysis of histone H4K12ac-associated promoters in sperm of healthy
donors and subfertile patients. Clin Epigenetics. 2015;7(1):31.

van der Heijden GW, Ramos L, Baart EB, et al. Sperm-derived histones
contribute to zygotic chromatin in humans. BMC Dev Biol. 2008;8:34.
Paradowska AS, Miller D, Spiess AN, et al. Genome wide identification
of promoter binding sites for H4K12ac in human sperm and its rele-
vance for early embryonic development. Epigenetics. 2012;7(9):1057-
1070.

van de Werken C, van der Heijden GW, Eleveld C, et al. Paternal
heterochromatin formation in human embryos is H3K9/HP1 directed
and primed by sperm-derived histone modifications. Nat Commun.
2014;5:5868.

Aoki VW, Liu L, Carrell DT. Identification and evaluation of a novel
sperm protamine abnormality in a population of infertile males. Hum
Reprod. 2005;20(5):1298-1306.

Aoki VW, Liu L, Jones KP, et al. Sperm protamine 1/protamine 2 ratios
are related to in vitro fertilization pregnancy rates and predictive of
fertilization ability. Fertil Steril. 2006;86(5):1408-1415.

de Mateo S, Gazquez C, Guimera M, et al. Protamine 2 precursors
(pre-P2), protamine 1 to protamine 2 ratio (P1/P2), and assisted
reproduction outcome. Fertil Steril. 2009;91(3):715-722.

Hammoud SS, Purwar J, Pflueger C, Cairns BR, Carrell DT. Alterations
in sperm DNA methylation patterns at imprinted loci in two classes of
infertility. Fertil Steril. 2010;94(5):1728-1733.

Hammoud SS, Nix DA, Hammoud AO, Gibson M, Cairns BR, Carrell DT.
Genome-wide analysis identifies changes in histone retention and epi-
genetic modifications at developmental and imprinted gene loci in the
sperm of infertile men. Hum Reprod. 2011;26(9):2558-2569.

Jenkins TG, Aston KI, Hotaling JM, Shamsi MB, Simon L, Carrell
DT. Teratozoospermia and asthenozoospermia are associated with
specific epigenetic signatures. Andrology. 2016;4(5):843-849.
Denomme MM, McCallie BR, Parks JC, Schoolcraft WB, Katz-
Jaffe MG. Alterations in the sperm histone-retained epigenome
are associated with unexplained male factor infertility and poor
blastocyst development in donor oocyte IVF cycles. Hum Reprod.
2017;32(12):2443-2455.

ANDROLOGY

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

WILEY- -2

White CR, Denomme MM, Tekpetey FR, Feyles V, Power SG, Mann MR.
High frequency of imprinted methylation errors in human preimplan-
tation embryos. Sci Rep. 2015;5:17311.

Stuppia L, Franzago M, Ballerini P, Gatta V, Antonucci I. Epigenet-
ics and male reproduction: the consequences of paternal lifestyle
on fertility, embryo development, and children lifetime health. Clin
Epigenetics. 2015;7:120.

Esteves SC, Roque M, Bedoschi G, Haahr T, Humaidan P. Intracytoplas-
mic sperm injection for male infertility and consequences for offspring.
Nat Rev Urol. 2018;15(9):535-562.

La Spina FA, Romanato M, Brugo-Olmedo S, et al. Heterogeneous
distribution of histone methylation in mature human sperm. J Assist
Reprod Genet. 2014;31(1):45-49.

Luense LJ, Wang X, Schon SB, et al. Comprehensive analysis of histone
post-translational modifications in mouse and human male germ cells.
Epigenet Chromatin. 2016;9:24.

Lazaraviciute G, Kauser M, Bhattacharya S, Haggarty P, Bhattacharya
S. A systematic review and meta-analysis of DNA methylation levels
and imprinting disorders in children conceived by IVF/ICSI com-
pared with children conceived spontaneously. Hum Reprod Update.
2014;20(6):840-852.

Cortessis VK, Azadian M, Buxbaum J, et al. Comprehensive meta-
analysis reveals association between multiple imprinting disorders and
conception by assisted reproductive technology. J Assist Reprod Genet.
2018;35(6):943-952.

World Health Organization. WHO laboratory manual for the exam-
ination and processing of human semen. World Health Organization;
2021.

Meitei HY, Uppangala S, Sharan K, et al. A simple, centrifugation-
free, sperm-sorting device eliminates the risks of centrifugation in the
swim-up method while maintaining functional competence and DNA
integrity of selected spermatozoa. Reprod Sci. 2021;28(1):134-143.
Fernandez JL, Muriel L, Rivero MT, Goyanes V, Vazquez R, Alvarez JG.
The sperm chromatin dispersion test: a simple method for the deter-
mination of sperm DNA fragmentation. J Androl. 2003;24(1):59-66.
Tandara M, Baji¢ A, Tandara L, et al. Sperm DNA integrity testing:
big halo is a good predictor of embryo quality and pregnancy after
conventional IVF. Andrology. 2014;2(5):678-686.

Shechter D, Dormann HL, Allis CD, Hake SB. Extraction, purification
and analysis of histones. Nat Protoc. 2007;2(6):1445-1457.

Alpha Scientists in Reproductive Medicine and ESHRE Special Inter-
est Group of Embryology. The Istanbul consensus workshop on
embryo assessment: proceedings of an expert meeting. Hum Reprod.
2011;26(6):1270-1283.

Cheredath A, Uppangala S, Asampille G, et al. Duration of dry and
humidified incubation of single-step embryo culture medium and oxy-
gen tension during sham culture do not alter medium composition.
F1000Res. 2022;11:242.

The Jamovi Project 2021 (Jamovi version 2.2). Computer software.
Accessed 17 Mar 2022. RRID:SCR_016142.

Krejci J, Stixova L, PagacovaE, et al. Post-translational modifications of
histones in human sperm. J Cell Biochem. 2015;116(10):2195-2209.
Yu B, Zhou H, Liu M, et al. Epigenetic alterations in density
selected human spermatozoa for assisted reproduction. PLoS One.
2015;10(12):e0145585.

Godmann M, Auger V, Ferraroni-Aguiar V, et al. Dynamic regulation
of histone H3 methylation at lysine 4 in mammalian spermatogenesis.
Biol Reprod. 2007;77(5):754-764.

Stiavnickad M, Garcia-Alvarez O, Ul¢ova-Gallova Z, et al. H3K4me2
accompanies chromatin immaturity in human spermatozoa: an epi-
genetic marker for sperm quality assessment. Syst Biol Reprod Med.
2020;66(1):3-11.

Zhang B, Zheng H, Huang B, et al. Allelic reprogramming of the his-
tone modification H3K4me3 in early mammalian development. Nature.
2016;537(7621):553-557.

85U8017 SUOIWIOD BAeaID) 8|eol|dde au Aq peusnob a1 91 YO '8N JO Se|n. Joj AkIgIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WICD A8 1M A Iq 1 jBU UO//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseiuewnsoq @ A sueydniny| S818IBAIUN SIAB N ZNYOPUO - IPeLULLRYOW WeAiw AQ THSET IpUe/TTTT OT/I0p/Woo i8] 1M ALIq1jpul|uo//Sdiy Woj papeojumoq ‘' *v20Z ‘L262L702



* | WILEY

49.

50.
51

52.

583.

54.

55.
56.

57.
58.
59.

60.
61.

62.
63.
64.

65.
66.
67.

68.

ANDROLOGY

Boissonnas CC, Jouannet P, Jammes H. Epigenetic disorders and male
subfertility. Fertil Steril. 2013;99(3):624-631.

Mozzetta C, Boyarchuk E, Pontis J, Ait-Si-Ali S. Sound of silence: the
properties and functions of repressive Lys methyltransferases. Nat Rev
Mol Cell Biol. 2015;16(8):499-513.

Peters AH, Mermoud JE, O'Carroll D, et al. Histone H3 lysine 9 methy-
lation is an epigenetic imprint of facultative heterochromatin. Nat
Genet. 2002;30(1):77-80.

Carrell DT, Liu L. Altered protamine 2 expression is uncommon in
donors of known fertility, but common among men with poor fertiliz-
ing capacity, and may reflect other abnormalities of spermiogenesis. J
Androl. 2001;22(4):604-610.

Ward WS, Coffey DS. DNA packaging and organization in mam-
malian spermatozoa: comparison with somatic cells. Biol Reprod.
1991;44(4):569-574.

Zini A, Kamal KM, Phang D. Free thiols in human spermatozoa:
correlation with sperm DNA integrity. Urology. 2001;58(1):80-84.

Zini A, Zhang X, San Gabriel M. Sperm nuclear histone H2B: correla-
tion with sperm DNA denaturation and DNA stainability. Asian J Androl.
2008;10(6):865-871.

Wu J, Xu J, Liu B, et al. Chromatin analysis in human early
development reveals epigenetic transition during ZGA. Nature.
2018;557(7704):256-260.

van der Werken C, van der Heijden GW, Eleveld C, et al. Paternal
heterochromatin formation in human embryos is H3K9/HP1 directed
and primed by sperm-derived histone modifications. Nat Commun.
2014;5:5868.

lhara M, Meyer-Ficca ML, Leu NA, et al. Paternal poly (ADP-
ribose) metabolism modulates retention of inheritable sperm his-
tones and early embryonic gene expression. PLoS Genet. 2014;10(5):
e1004317.

van der Heijden GW, Derijck AA, Ramos L, Giele M, van der Vlag J,
de Boer P. Transmission of modified nucleosomes from the mouse
male germline to the zygote and subsequent remodeling of paternal
chromatin. Dev Biol. 2006;298(2):458-469.

Liu X, Wang C, Liu W, et al. Distinct features of H3K4me3 and
H3K27me3 chromatin domains in pre-implantation embryos. Nature.
2016;537(7621):558-562.

Fournier C, Labrune E, Lornage J, et al. The impact of histones
linked to sperm chromatin on embryo development and ART outcome.
Andrology. 2018;6(3):436-445.

Tsuribe PM, Lima Neto JF, de Assis Golim M, de Paula Freitas DellAqua
C, Issa JP, Gobbo CAM. Assessment of sperm DNA in patients sub-
mitted the assisted reproduction technology procedures. JBRA Assist
Reprod. 2016;20(1):17-22.

Seli E, Vergouw CG, Morita H, et al. Noninvasive metabolomic pro-
filing as an adjunct to morphology for noninvasive embryo assess-
ment in women undergoing single embryo transfer. Fertil Steril.
2010;94(2):535-542.

Pudakalakatti SM, Uppangala S, D'Souza F, et al. NMR studies of
preimplantation embryo metabolism in human assisted reproductive
techniques: a new biomarker for assessment of embryo implantation
potential. NMR Biomed. 2013;26(1):20-27.

D’Souza F, Uppangala S, Asampille G, et al. Spent embryo culture
medium metabolites are related to the in vitro attachment ability of
blastocysts. Sci Rep. 2018;8(1):17025.

Uppangala S, Pudakalakatti S, D’souza F, et al. Influence of sperm DNA
damage on human preimplantation embryo metabolism. Reprod Biol.
2016;16(3):234-241.

Tarahomi M, Vaz FM, van Straalen JP, et al. The composition of human
preimplantation embryo culture media and their stability during stor-
age and culture. Hum Reprod. 2019;34(8):1450-1461.

Leese HJ, McKeegan PJ, Sturmey RG. Amino acids and the early mam-
malian embryo: origin, fate, function and life-long legacy. Int J Environ
Res Public Health. 2021;18(18):9874.

NDROLOGY

PANDYAET AL.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Drabkova P, Andrlova L, Hampl R, Kand'ar R. Amino acid metabolismin
human embryos. Physiol Res. 2016;65(5):823-832.

Fulka H, Mrazek M, Tepla O. DNA methylation pattern in human
zygotes and developing embryos. Reproduction. 2004;128(6):703-708.
Menezo Y, Clément P, Dale B. DNA methylation patterns in the early
human embryo and the epigenetic/imprinting problems: a plea for a
more careful approach to human assisted reproductive technology
(ART). Int J Mol Sci. 2019;20(6):1342.

Bonilla L, Luchini D, Devillard E, Hansen PJ. Methionine requirements
for the preimplantation bovine embryo. J Reprod Dev. 2010;56(5):527-
532.

lkeda S, Sugimoto M, Kume S. Importance of methionine metabolism
in morula-to-blastocyst transition in bovine preimplantation embryos.
J Reprod Dev.2012;58(1):91-97.

Brison DR, Houghton FD, Falconer D, et al. Identification of viable
embryos in IVF by non-invasive measurement of amino acid turnover.
Hum Reprod. 2004;19(10):2319-2324.

Houghton FD, Hawkhead JA, Humpherson PG, et al. Non-invasive
amino acid turnover predicts human embryo developmental capacity.
Hum Reprod. 2002;17(4):999-1005.

Wallace M, Cottell E, Cullinane J, McAuliffe FM, Wingfield M, Brennan
L. (1)H NMR based metabolic profiling of day 2 spent embryo
media correlates with implantation potential. Syst Biol Reprod Med.
2014;60(1):58-63.

Steele W, Allegrucci C, Singh R, et al. Human embryonic stem cell
methyl cycle enzyme expression: modelling epigenetic programming in
assisted reproduction? Reprod Biomed Online. 2005;10(6):755-766.
van Winkle LJ, Ryznar R. One-carbon metabolism regulates embry-
onic stem cell fate through epigenetic DNA and histone modifications:
implications for transgenerational metabolic disorders in adults. Front
Cell Dev Biol. 2019;7:300.

Carone BR, Fauquier L, Habib N, et al. Paternally induced transgenera-
tional environmental reprogramming of metabolic gene expression in
mammals. Cell. 2010;143(7):1084-1096.

Ng SF, Lin RC, Laybutt DR, Barres R, Owens JA, Morris MJ. Chronic
high-fat diet in fathers programs g-cell dysfunction in female rat
offspring. Nature. 2010;467(7318):963-966.

Schaefer S, Nadeau JH. The genetics of epigenetic inheritance: modes,
molecules, and mechanisms. Q Rev Biol. 2015;90(4):381-415.

Wei J, Sun X, Chen Y, et al. Perinatal exposure to bisphenol A
exacerbates nonalcoholic steatohepatitis-like phenotype in male rat
offspring fed on a high-fat diet. J Endocrinol. 2014;222(3):313-325.
Champroux A, Cocquet J, Henry-Berger J, Drevet JR, Kocer A. A
decade of exploring the mammalian sperm epigenome: paternal epige-
netic and transgenerational inheritance. Front Cell Dev Biol. 2018;6:50.
Xu X, Miao Z, Sun M, Wan B. Epigenetic mechanisms of paternal stress
in offspring development and diseases. Int J Genomics. 2021:6632719.
Fitz-James MH, Cavalli G. Molecular mechanisms of transgenerational
epigenetic inheritance. Nat Rev Genet. 2022;23(6):325-341.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Pandya RK, Jijo A, Cheredath A, et al.
Differential sperm histone retention in normozoospermic
ejaculates of infertile men negatively affects sperm functional
competence and embryo quality. Andrology. 2024,;12:881-890.
https://doi.org/10.1111/andr.13541

85U8017 SUOIWIOD BAeaID) 8|eol|dde au Aq peusnob a1 91 YO '8N JO Se|n. Joj AkIgIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WICD A8 1M A Iq 1 jBU UO//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseiuewnsoq @ A sueydniny| S818IBAIUN SIAB N ZNYOPUO - IPeLULLRYOW WeAiw AQ THSET IpUe/TTTT OT/I0p/Woo i8] 1M ALIq1jpul|uo//Sdiy Woj papeojumoq ‘' *v20Z ‘L262L702


https://doi.org/10.1111/andr.13541

Received: 31 July 2023

Revised: 21 September 2023

W) Check for updates

Accepted: 5 October 2023

DOI: 10.1111/andr.13546

ORIGINAL ARTICLE

ANDROLOGY @

Testicular function after non-cytotoxic and immunotherapy

drug treatment

David J. Handelsman®?® | Amandaldan® | SueSleiman® | FeyBacha® |

Georgina V.Long® | Alexander M. Menzies® | Tejnei Vaishnav® | Noosha Litkouhi* |
Xanthie Volckmar* | WilliamLedger*> | Antoinette Anazodo*>¢

1Andrology Department and Clinical

Andrology Laboratory, Concord Hospital, Abstract

Sydney, New South Wales, Australia

2ANZAC Research Institute, University of
Sydney, Sydney, New South Wales, Australia

3Melanoma Institute of Australia, University of
Sydney, Royal North Shore & Mater Hospitals,
Sydney, New South Wales, Australia

4School of Women'’s and Childrens Health,
Royal Hospital for Women, Sydney, New South
Wales, Australia

5University of New South Wales, Sydney, New
South Wales, Australia

6Sydney Children’s Hospital, Sydney, New
South Wales, Australia

Correspondence

David J. Handelsman, ANZAC Research
Institute, University of Sydney, Sydney, 2139
NSW, Australia.

Email: djh@sydney.edu.au

Funding information

NHMRC Investigator Grants, University of
Sydney; Nicholas and Hele Moore and
Melanoma Institute of Australia

Background: The effects of novel non-cytotoxic and immunotherapy drugs for cancer
treatment on human testicular function have not been studied systematically.
Objectives: The present study aimed to characterize effects of non-cytotoxic and
immunotherapy drugs in patients with cancers who had not been previously treated
with gonadotoxic chemo- or radiotherapy.

Materials and methods: This study involved 34 men, not previously treated with
gonadotoxic regimens, in a mixed longitudinal (Cohort 1: 19 men about to start and
approximately 1 year on non-cytotoxic and immunotherapy treatment) and cross-
sectional (Cohort 2: 15 men already on non-cytotoxic and immunotherapy treatment)
study using data modeling to estimate within-person time-course changes in testicu-
lar exocrine and endocrine functions. Cohort 1 provided 45 paired semen and blood
samples (34 prior to and nine during treatment) and Cohort 2 provided 45 sets of
samples (15 pre-treatment, 30 on treatment), including six men in Cohort 2 who had
pre-treatment spermatozoa cryostorage prior to the study. Men on non-cytotoxic
and immunotherapy treatment had undergone a median of 33.5 months long-term
treatment.

Results: Spermatozoa output and concentration were reduced by about 50%, with cor-
responding increases in serum follicle-stimulating hormone and decreases in serum
inhibin B. Serum testosterone, luteinizing hormone, and sex hormone-binding globulin
were unaffected by non-cytotoxic and immunotherapy treatment.

Conclusion: Within limits of the present study of sample size and duration of on-non-
cytotoxic and immunotherapy treatment, non-cytotoxic and immunotherapy drugs
have a modest effects on testicular exocrine function (sperm production) or its hor-
monal correlates (follicle-stimulating hormone, inhibin B), with minimal impact on
testicular endocrine (testosterone, luteinizing hormone) function.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Over decades, prognosis for long-term remission or cure of cancers
has improved due to therapeutic advances in conventional treatment
based on chemotherapy and/or radiotherapy.! For the increasing num-
bers of long-term survivors, quality of life is a pivotal concern, with
reproductive function and fertility of prominent concern for younger
men. However, both conventional treatment modalities are gonado-
toxic creating severe, and often irreversible, spermatogenic damage,
leading to male infertility and/or hypogonadism.? Gonadotoxic sper-
matogenic damage reflects the exquisite sensitivity of the intensely
replicating germinal epithelium to cytotoxic drugs and irradiation, a
sensitivity even greater than the often dose-limiting bone marrow
toxicity of cancer treatments. Impaired reproductive function and fer-
tility have serious adverse effects on survivor’s quality of life, creating
psychological distress in current and future relationships.3-¢

Hence, fertility preservation procedures aiming to preserve or pro-
tect reproductive potential arising from gonadotoxic therapy have
developed as fertility insurance to minimize the impact of treatment
on a patient’s future fertility.”-8 The original, most widely available fer-
tility preservation procedure is sperm cryostorage, a long standard
clinical practice recommended by most international guidance docu-
ments on comprehensive cancer care,”1% and the forerunner of the
new oncofertility discipline.X* Over decades, well-established sperma-
tozoa banking programs have been available for men with cancer or
non-cancer disorders where medical gonadotoxic treatment involves
risk of temporary or permanent male infertility.12-14

An important contemporary advance in cancer treatment has been
the advent of non-cytotoxic regimens including immunotherapy using
monoclonal antibody checkpoint inhibitors,> as well as small molecule
enzyme inhibitors.2® Conventional cancer treatment aims to directly
kill any replicating cells, albeit indiscriminately, leading to off-target
effects damaging rapidly proliferating epithelia such as the germi-
nal epithelium as well as the often dose-liming bone marrow toxicity
and bystander damage to spermatogenesis. Such treatment regimens
are provided in discrete treatment periods of limited duration, leav-
ing residual gonadotoxic damage in its long-term wake. In contrast,
newer non-cytotoxic agents have a different molecular mechanism
of action, with selective immunological or biochemical targeting to
malignant cells, but sparing the intensely replicative reproductive
and bone marrow epithelia. Furthermore, such non-cytotoxic treat-
ments are deployed differently, intended as ongoing treatment that
could turn malignant disease into a chronic, treatable disease like
diabetes, epilepsy, hypertension, heart failure or HIV infection. Such
new non-cytotoxic and immunotherapy (NCIT) drugs have been suc-

cessfully applied to improving prognosis for several cancers, notably
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melanoma, lung cancer, lymphoma, and leukemia with wider applica-
tion anticipated.t”

Currently, there are limited clinical data on NCIT drug effects on
human reproductive function. A comprehensive review of 32 new non-
cytotoxic oncology drugs marketed between 2014 and 2018 by the
US Federal Drug Administration or the Australian Therapeutic Goods
Administration identified no human studies of reproductive effects for
any of these drugs.'® Furthermore, pre-clinical data were very lim-
ited, with nine drugs showing impaired male fertility and three showing
impaired male and female fertility. As a result, it remains prudent for
men to undertake sperm cryostorage prior to NCIT treatments. Nev-
ertheless, as the impact of these newer NCIT drugs on male fertility
remains largely unknown, we aimed to characterize the impact of novel
NCIT drugs on male reproductive function in patients not previously
treated with gonadotoxic drugs or irradiation (Figure 1).

2 | METHODS
2.1 | Study design

This observational study had a mixed longitudinal and cross-sectional
design with two parallel cohorts of men with cancer or non-cancer dis-
eases who had planned, or had undergone, treatment with NCIT drugs.
Participants were recruited from two centers, the Andrology Depart-
ment, Concord Hospital and the Royal Hospital for Women, both in
Sydney, NSW, Australia.

Cohort 1 involved longitudinal investigation of men scheduled to
be treated with NCIT drugs who had not been treated with cytotoxic
drugs or radiotherapy. They were studied before and on long-term
NCIT drugs at about 12 months after starting treatment. Participants
were usually referred for sperm cryostorage as part of standard care.
Men who had stored spermatozoa before their treatment were already
involved in routine follow-up to determine ongoing need for sperm
cryostorage.’* Cohort 2 included men who were already on NCIT drug
treatment who were referred to participate in this observational study.
Some men in Cohort 2 had previously cryostored spermatozoa prior to
entering this study and those data if available were used.

The planned sample size was 25 men in each cohort. Formal pre-
study sample size projections were not feasible due to the lack of
suitable prior data on NCIT drug effects. Consequently, the sam-
ple size was based on what would be expected to be significant
spermatogenic damage on conventional gonadotoxic treatments. The
study, including the written informed consent form, was approved by
the Sydney Local Health District Human Ethics Committee (Concord
Hospital).
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FIGURE 1 Plots of sperm output (million spermatozoa per ejaculate, left panel) and sperm concentration (million spermatozoa per milliliter

ejaculate, right panel) of study participants who had multiple pre-treatment and on-treatment semen analyses due to their use of sperm
cryostorage either coinciding with recruitment to the study for non-cytotoxic and immunotherapy (NCIT) treatment (Cohort 1) or having been
completed before starting NCIT treatment (Cohort 2). The results for each man are plotted as connected symbols and lines with 15 men in Cohort
1 (filled circles, straight lines) and six men in Cohort 2 (open squares, dashed lines). The y axis is on a cube-root scale, which optimizes
normalization of sperm distributions, and the x axis represents sequential visits before and after the start of NCIT treatments, with the start of
treatment indicated as the O visit and uneven time intervals between visits. Prior to start of treatment, men were having spermatozoa cryostored,
and the visits were usually within 1-2 weeks. After treatment, the men in Cohort 1 were scheduled to be studied at 12 months after start of
treatment. However, the time on treatment for Cohort 2 was by definition longer and more variable, as they only entered the study after the start

of NCIT treatment. For further details see text.

2.2 | Study procedures

The inclusion criteria were (i) aged between 18 and 65 years, (i) diag-
nosis of cancer or non-cancer disease requiring treatment with NCIT
drugs (immunotherapy checkpoint or enzyme inhibitors or analogous
non-cytotoxic drugs), and (iii) provide written informed consent to
participate in the research including undergoing additional tests and
providing blood and semen samples. Exclusion criteria were (a) having
received chemotherapy or pelvic radiotherapy prior to current treat-
ment, and (b) major psychiatric disease or psychological condition that
inthe investigator’s opinion, limited participant’s understanding of, and
compliance with, study requirements. After providing written informed
consent, men completed a standardized medical and reproductive his-
tory, underwent physical examination (including testicular size), and
provided blood and semen samples. At entry, men provided informa-
tion on their reproductive, marital and fertility status, smoking, and
alcohol consumption, as well as age, height, and weight. Their under-
lying diseases were classified as melanoma, hematological, or other,
with treatments classified as antibody-based and/or enzyme inhibitor.

At subsequent visits, the men again provided semen and blood samples.

2.3 | Semen analyses and sperm cryostorage

Semen analysis was conducted according to the WHO Semen Anal-

ysis Manual®?

in a NATA-accredited Andrology laboratory, providing
semen analysis and sperm cryostorage, and consistent with the jour-

nal’s guidelines for semen analysis.2° In addition to routine semen

analysis (abstinence interval, semen volume, sperm concentration and
output, sperm motility and morphology), sperm DNA fragmentation
was measured by Halosperm G2, an improved commercial version of

the Halosperm sperm chromatin dispersion test.2!

2.4 | Reproductive hormone assays

As far as possible, blood samples were obtained non-fasting in the
mornings, but collections during sperm cryostorage were opportunis-
tic and considered at random times. Serum luteinizing hormone (LH),
follicle-stimulating hormone (FSH), testosterone, and sex hormone-
binding globulin (SHBG) were measured as they were drawn in routine
hospital pathology laboratory using commercial (Roche) immunoas-
says, subject to routine internal and external quality control pro-
grams. Sera were also stored frozen for analysis in a single batch
by liquid chromatography-mass spectrometry (serum testosterone,
dihydrotestosterone, dehydroepiandrosterone, estradiol, estrone, 3a
androstanediol, and 3 androstanediol),?? as well as serum inhibin B
and AntiMullerian Hormone (AMH) by ELISA immunoassays (ANSH
laboratories, Banksia Scientific) performed according to the manufac-

turer’s instruction.

2.5 | Data analysis

The primary study endpoints were the impact of NCIT drug treatment

on sperm output and concentration in gonadotoxic-naive men with
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cancer. Secondary endpoint included semen volume, sperm motility

and morphology, serum testosterone, LH, FSH, SHBG, and testicular
volume.

The impact of NCIT drugs on the primary outcomes (sperm out-
put, concentration) was analyzed by mixed model analysis for repeated
measures using an autoregressive covariance structure with Fisher
scoring and Newton-Raphson maximization (NCSS 2022 Statistical
Software, NCSS). This method fits an intercept for each individual with
the slope of the regression based exclusively on the sperm parameters
from that individual. This optimizes the integrated analysis of longitu-
dinal and cross-sectional data with unequal numbers of samples and
spacing of endpoints, and circumvents the bias or inefficiency of reduc-
ing the data to individuals or samples alone. Covariate adjustments
were performed for continuous (age, height, weight, body mass index,
body surface area) or categorical (type of NCIT drug [antibody, enzyme
inhibitor], alcohol, smoking, fertility status) variables.

Descriptive summary of variables was reported as mean and stan-
dard error of the mean (for gaussian data) or median with interquartile
range (for non-gaussian data). Normality of data distribution was
evaluated by the Shapiro-Wilks test together with the Box-Cox trans-
formation to identify optimal power transformations to normalize non-
gaussian distributions prior to parametric analyses. Sperm concentra-
tion and output were right-skewed and cube-root transformed?3 with
serum testosterone, FSH, and DNA fragmentation log transformed and
serum SHBG cube-root transformed prior to analysis. After analysis,
transformed variables were backtransformed for ease of interpreta-
tion. Each semen analysis was classified as pre-treatment or on NCIT
treatment.

3 | RESULTS
3.1 | Patients (Table 1)

The 34 participants were divided into 19 men in Cohort 1 providing
45 paired semen and blood samples (34 prior to and nine during treat-
ment), and another 15 in Cohort 2 providing 45 sets of samples (15
pre-treatment, 30 on treatment), which included six men in Cohort 2
also having had pre-treatment sperm cryostorage prior to the study.
Men on NCIT treatment had undergone a median of 33.5 (IQR: 8-55)
months of treatment.

Overall, most were married or de facto (22/33), but only a minor-
ity had prior paternity (10/35, including one successful sperm donor
prior to illness), and none had prior infertility. Two men on treatment
had produced a pregnancy in a partner. Most were non-smokers (never
= 25, current = 5, past = 3), and reported light alcohol consumption
(never, light, or social drinking = 30, heavy or binge = 3), and none had
cryptorchidism.

Their underlying diseases were melanoma (n = 16), hematological
(chronic myeloid leukemia = 10, lymphoma = 1), and other (n = 7,
multiple sclerosis = 2, liver cancer = 1, medullary thyroid cancer = 1,
lung cancer = 1, sarcoma = 1, systemic lupus nephropathy = 1). Treat-

ments were antibody-based (n = 21), small molecule enzyme inhibitor

HANDELSMAN ET AL.

(n=14) or both (n = 3) in the following therapeutic classes: monoclonal
antibody (rituximab, belimumab, pembrolizumab), checkpoint inhibitor
(nivolumab), immunomodulator (natalizumab), kinase inhibitors (ima-
tinib, vandetanib, dasatenib, nilotinib, erlotinib, levatinib, dabrafenib,
trametinib, encorafinib, binimetanib), ALK kinase inhibitor (alectanib),
or BCR-ABL tyrosinase kinase inhibitor (asciminib).

3.2 | Sperm output and function

By linear mixed model for repeated measures, sperm output (p < 0.001)
and concentration (p = 0.005) were significantly lower on treatment
compared with pre-treatment when adjusted for semen volume (see
also Table 2 and Figure 1). For either sperm outcome, none of the
covariables (age, height, weight, body mass index, body surface area,
marital status, fertility status, number of children, alcohol, smoking,
antibody treatment, enzyme inhibitor treatment, or the combination
of treatments) had significant influence on that difference (data not
shown). One man with melanoma had normal sperm output (median
133 million) and serum FSH (7.3 IU/L) at entry, but after 18 months of
treatment with both antibody and enzyme inhibitors was azoospermic,
with marked elevation of serum FSH (22.5 IU/L) but no other known
gonadotoxin exposure.

Semen volume was not different according to NCIT treatment, but
was significantly lower in men who were single versus married, de facto
or separated (2.8 vs. 3.6 mL, p = 0.043) or with proven versus unknown
fertility (3.1 vs. 4.7 mL, p = 0.014), but not influenced by any other
covariables. Sperm motility and morphology and DNA fragmentation
were not significantly different according to NCIT treatment or any
covariates.

3.3 | Serum reproductive hormones

NCIT treatment was associated with increased serum FSH (6.5 vs.
2.6 1U/L, p=0.005) and decreased serum Inhibin B (218 vs. 293 pg/mL,
p =0.020). Serum testosterone, LH, and SHBG did not show any differ-
ence according to NCIT treatment, with or without adjustment for all

covariates (excluding sperm output or concentration, data not shown).

4 | DISCUSSION

The present study demonstrates that among men not previously
exposed to therapeutic gonadotoxicity, NCIT drug treatments reduce
sperm output by about 50% after a median of over 30 months
on treatment. The reduction in sperm production was associated
with increased serum FSH and decreased serum inhibin B, expected
effects of any drug having adverse impact on spermatogenesis.242°
One man treated with both antibody and enzyme inhibitor drugs for
18 months displayed severe reduction of sperm production, becom-
ing azoospermic with highly elevated serum FSH and undetectable

inhibin B consistent with severe spermatogenic damage. No specific
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TABLE 1 Baseline descriptive data of male participants.
Variable Number
Age (years) 34
Height (cm) 32
Weight (kg) 32
BMI (kg/m?) 32
BSA (m?) 32
Mean testis volume (mL) 32
Semen volume (mL) 34
Sperm density (million per mL) 34
Total sperm output (million) 34
Sperm motility (%) 34
Sperm morphology (%) 25
Sperm DNA fragmentation (%) 17
Serum testosterone? (ng/mL) 21
Serum LH (1U/L) 23
Serum FSH (1U/L) 23
Serum SHBG (nmol/L) 22
Serum inhibin B (pg/mL) 21
Serum AMH (ng/mL) 21
Serum testosterone® (ng/mL) 21
Serum DHT (ng/mL) 21
Serum DHEA (ng/mL) 21
Serum estradiol (pg/mL) 21
Serum estrone (pg/mL) 21
Serum 3a androstanediol (ng/mL) 21
Serum 3B androstanediol (ng/mL) 21

ANDROLOGY @ 2 FYFSRI

Mean + SEM Median [IQR]
319 + 12 32[26-38]
180 + 1.5 181[173-185]
870 + 3.1 84.0[74.0-96.0]
268 + 0.9 26.0[23.9-30.3]
2.09 + 0.04 2.05[1.93-2.20]
256 + 1 25[22-29]
35+03 3.6[2.2-4.3]
82 + 12 57[21-136]
295 + 47 203([76-478]
30 + 4 39[0.6-49]
49 +08 4.0[2.0-7.5]
19+ 5 11[8.5-22]
50+ 04 5.0[3.3-6.3]
5.6 + 0.6 4.5[3.6-6.7]
40+ 05 2.9[2.2-5.5]
38 + 4 32[25-46]
270 + 20 242[215-326]
104 + 1.0 7.8[7.4-14.9]
6.2 + 05 6.4[4.0-7.5]
0.51 + 0.04 0.51[0.38-0.66]
48 + 0.6 5.2[2.4-5.9]
46 + 7 42[26-63]
33+4 29[19-39]
0.47 + 0.08 0.60[0.07-0.80]
0.82 + 0.02 0.81[0.75-0.88]

Note: Data are expressed as mean + standard error of the mean (SEM) and as median and interquartile range (IQR) [Q1-Q3].
Abbreviations: AMH, AntiMullerian Hormone; DHEA, dehydroepiandrosterone; DHT, dihydrotestosterone; FSH, follicle-stimulating hormone; LH, luteinizing

hormone; SHBD, sex hormone-binding globulin.
2Measured by testosterone immunoassay as samples became available.

bMeasured batchwise at end of study by high-pressure liquid chromatography mass spectrometry.

cause was identified, but autoimmune orchitis triggered by check-
point inhibitor treatment?42” was not excluded, although the lack of
testicular pain and swelling made it unlikely. The changes in sperm pro-
duction could not be attributed statistically to effects of antibody or
enzyme inhibitor treatments alone, or their combination. The potential
contribution from autoimmune hypophysitis2® contributing to par-
tial gonadotrophin deficiency, representing a potentially reversible
mechanism for the reduction in sperm output, could not be excluded;
however, none of the men in this study had clinical evidence of
hypophysitis, which, while a well-recognized, is often temporary and/or
reversible, complication of immunotherapy treatments,?? remains rare
with a prevalence of about 1.5%.2%%° The lack of significant change in
serum testosterone, LH, and SHBG indicates that androgen deficiency
is unlikely because of NCIT treatments. Overall, however, these effects
on sperm production and its related hormones (FSH, Inhibin B) appear
substantially less than expected for conventional gonadotoxic cancer
treatments involving chemo- and/or radiotherapy. For men in whom

NCIT drugs are therapeutically successful, it is likely they may continue

to be used indefinitely, so further research into longer term effects is
still needed. Conversely, despite the relatively mild testicular impact of
NCIT drugs, if they are used in combined regimens with gonadotoxic
therapies, the net effect on testicular function and fertility is likely to
be more severe.

These data are consistent with limited prior finding that men on sim-
ilar non-cytotoxic drug treatments are usually still capable of fathering

children,31-33

although quantitative estimates of male fertility, such
as time to pregnancy are not available.3*"3¢ The median sperm out-
put and concentration in men on NCIT treatment (89 million and
48 million/mL, respectively) are still well above lower 95% confidence
limits (20 million and 9 million/mL, respectively) for unselected men
in the community®” or for young Australian men.?¢ Furthermore, they
exceed the threshold for sperm concentration (8 million/mL) required
to achieve paternity in gonadotropin-treated infertile men with hypog-
onadotropic hypogonadism,3? a group that has fertile female partners
and no known defects in sperm function. These considerations support
and extend previous findings on the high likelihood of paternity among
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TABLE 2 Effects of non-cytotoxic and immunotherapy treatment.

Variable Pre-treatment
Number of men 17

Number of samples 52

Semen volume (mL) 32 +0.2
Sperm density (million per mL) 65 [48-86]

Total sperm output (million)

Sperm motility (%)

202[151-264]
34+ 3

Sperm morphology (%) 6.2 + 0.6
Sperm DNA fragmentation (%) 11[8-46]
Serum testosterone? (ng/mL) 50+ 04
Serum LH (IU/L) 52+ 0.5
Serum FSH (1U/L) 35+04
Serum SHBG (nmol/L) 36.2 + 4.2
Serum inhibin B (pg/mL) 281 + 23
Serum AMH (ng/mL) 10.7 + 11
Serum testosterone® (ng/mL) 6.3 +0.5
Serum DHT (ng/mL) 0.53 + 0.04
Serum DHEA (ng/mL) 51+ 0.7
Serum estradiol (pg/mL) 43 + 7
Serum estrone (pg/mL) 33+5
Serum 3a androstanediol (ng/mL) 0.47 + 0.08
Serum 3 androstanediol (ng/mL) 0.84 + 0.02

On treatment p
14
40
3.6 +0.2 0.24
28[17-43] 0.002
77[48-117] 0.002
31+4 0.67
51+06 0.24
11[9-17] 0.65
53+ 04 0.72
59+ 06 041
6.6 + 0.9 0.009
374 + 37 0.83
209 + 21 0.026
11.6 + 1.7 0.65
6.1+ 05 0.81
0.52 + 0.05 0.79
39+06 0.19
44 + 7 0.99
29 +4 0.49
0.53 + 0.08 0.56
0.77 + 0.02 0.053

Note: Descriptive data are tabulated as mean + SEM if gaussian, or median and interquartile range (IQR) [Q1-Q3] if non-gaussian. p-Values from unpaired
t-test or Mann-Whitney rank test (if non-gaussian) with Bold data to indicate statistically significant difference. Semen variables are adjusted by covariance
analysis for semen volume as a surrogate for abstinence interval.
Abbreviations: AMH, AntiMullerian Hormone; DHEA, dehydroepiandrosterone; DHT, dihydrotestosterone; FSH, follicle-stimulating hormone; LH, luteinizing

hormone; SHBD, sex hormone-binding globulin.
2Measured by testosterone immunoassay as samples became available.

bMeasured batchwise at end of study by high-pressure liquid chromatography mass spectrometry.

men treated with NCIT drugs. However, this is subject to the reserva-
tion that spermatogenic damage may occur on combination or more
intense NCIT regimens, so that men embarking on NCIT drug treat-
ments, when the ultimate treatment regimen(s) may not be predictable,
should continue to be advised on both pre-treatment sperm cryostor-
age as well as adequate contraception, both options intended to ensure
timely future paternity.

The present study extends previous reports on male reproduc-
tive function on NCIT drug treatments. A post-mortem study of
men with metastatic melanoma reported that six of seven men
treated with immunotherapy, as well as two of six men not treated
with immunotherapy, had severe spermatogenic damage.*® The lack
of statistically significant differences reflects both the small sam-
ple as well as prior knowledge that terminal illness and its treat-
ments are major, non-specific determinants of post-mortem testic-
ular damage.*! Consequently, post-mortem testicular damage may
not reflect pre-mortem testicular function or sperm output. Check-
point inhibitor treatment-related orchitis may also damage sperm
output, 2627 although we observed no history or evidence of orchi-

tis in our study. A cross-sectional study of 25 men treated for a

median 20 months with immune checkpoint inhibitors for melanoma
reported that semen analysis was qualitatively normal in 18/22, includ-
ing four of 22 on treatment, as well as one of five men having
abnormal pre-treatment semen analysis.>®> No quantitative data on
sperm output or function nor any reproductive hormone analyses were
reported.

More data are available for effects of imatinib on paternity3%52
with limited congruent data on paternity data among men treated
with second-generation tyrosine kinase inhibitors (nilotinib, dasatinib,
bosutinib).32 The significant increase in serum FSH in this study is con-
sistent with the moderate decline in sperm production, noting one
man treated most intensively with both types of NCIT drugs, becom-
ing azoospermic with a high serum FSH. Other than our finding of a
significant increase in serum FSH, the present findings are consistent
with a study of 48 Chinese men with CML in which serum testos-
terone, LH, FSH, and estradiol by immunoassay did not differ from 50
outpatient control or 10 infertile men3!; however, sperm output was
not reported.®! Similarly, the inverse correlation between serum SHBG
and BSA in this study is consistent with the known effects of larger

bodly size in obesity with lower serum SHBG.*2
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Strengths of this study were its longitudinal component with anal-
ysis by a data modeling technique that focused on within-person
time-course changes, notably before versus on treatment, that was
robust to irregular sampling times and missing data. The relatively lim-
ited duration of observation on NCIT treatment (median 33.5 months)
is long enough to observe gonadotoxic effects on spermatogenesis,
which has a cycle time of 3 months. The main limitations of this study
are its relatively small sample size and the lack of data on sexual
function. Further prospective comprehensive studies of the system-
atic impact of non-cytotoxic drugs on male reproductive function are
needed.

Overall, we conclude that these non-cytotoxic and immunotherapy
drugs mostly have little or no effects on testicular exocrine func-
tion and none on testicular endocrine function. Only in the most
heavily treated individuals—also those with the most advanced under-
lying disease—the effects on sperm output may be due to the non-
specific effects of underlying disease and its severity rather than
the non-cytotoxic and immunotherapy drug therapies. Further larger
and longer studies including disease-specific measures of underlying

disease severity would be valuable.
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Abstract

Background: Acetaminophen and ibuprofen are widely administered to babies due
to their presumed safety as over-the-counter drugs. However, no reports exist on
the effects of cyclooxygenase inhibitors on undifferentiated spermatogonia and sper-
matogonial stem cells. Infancy represents a critical period for spermatogonial stem
cell formation and disrupting spermatogonial stem cells or their precursors may be
associated with infertility and testicular cancer formation.

Objectives: The goal of this study was to examine the molecular and functional impact
of cyclooxygenase inhibition and silencing on early steps of undifferentiated sper-
matogonia (u spg) and spermatogonial stem cell development, to assess the potential
reproductive risk of pharmaceutical cyclooxygenase inhibitors.

Methods: The effects of cyclooxygenase inhibition were assessed using the mouse
C18-4 undifferentiated juvenile spermatogonial cell line model, previously shown to
include cells with spermatogonial stem cell features, by measuring prostaglandins,
cell proliferation, and differentiation, using cyclooxygenase 1- and cyclooxygenase
2-selective inhibitors NS398, celecoxib, and FR122047, acetaminophen, and ibupro-
fen. Cyclooxygenase 1 gene silencing was achieved using a stable short-hairpin RNA
approach and clone selection, then assessing gene and protein expression in RNA
sequencing, quantitative real-time polymerase chain reaction, and immunofluores-
cence studies.

Results: Cyclooxygenase 2 inhibitors NS398 and celecoxib, as well as acetaminophen,
but not ibuprofen, dose-dependently decreased retinoic acid-induced expression of
the spg differentiation gene Stra8, while NS398 decreased the spg differentiation
marker Kit, suggesting that cyclooxygenase 2 is positively associated with spg differ-
entiation. In contrast, short-hairpin RNA-based cyclooxygenase 1 silencing in C18-4
cells altered cellular morphology and upregulated Stra8 and Kit, implying that cyclooxy-
genase 1 prevented spg differentiation. Furthermore, RNA sequencing analysis of
cyclooxygenase 1 knockdown cells indicated the activation of several signaling path-

ways including the TGFb, Wnt, and Notch pathways, compared to control C18-4
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1 | INTRODUCTION

Acetaminophen (ACE) and ibuprofen (IBU) are widely administered
to babies due to their presumed safety as over-the-counter drugs.?
Despite their prevalent use, studies have suggested that treating
infants with cyclooxygenase (Cox) inhibitors could jeopardize their
long-term reproductive functions.~> However, no reports exist on the
effects of Cox inhibitors on spermatogonial stem cells (S5Cs) required
for sperm formation. Infancy represents a critical period for SSC for-
mation and disrupting SSCs or their precursors may be associated with
infertility and testicular germ cell tumor formation.

Testicular cancer and infertility are part of a series of disorders
believed to have a common developmental origin and are known col-
lectively as testicular dysgenesis syndrome (TDS).6 TDS can develop
during fetal life or within a few months after birth, during which a pool
of pluripotent cells, known as gonocytes, differentiate to form a reser-
voir of SSCs to ensure the life-long production of sperm. Molecular
signals dictate the balance between differentiation and self-renewal
during the different stages of pre-meiotic spermatogenesis, ensur-
ing that there is a constant pool of SSCs that can be induced to
differentiate into mature sperm throughout a male’s life.” Steps of dif-
ferentiation and meiosis in spermatocytes and spermatids comprise
the remainder of spermatogenesis. Improper germ cell development
can result in carcinoma in situ, the pathological precursor of testic-
ular cancer which has origins in primordial germ cells or gonocytes
that have failed to differentiate into u-spgs. In addition to classical
seminomas, another class of seminomas can arise from more differen-
tiated postnatal germ cells such as the SSCs, known as spermatocytic
seminomas (SS). While SS can initially form a benign tumor, it can
result in life-threatening disease if allowed to progress to more serious
sarcomas.®

Eicosanoids are fatty-acid-based signaling molecules that have
effects ranging from the regulation of physiological systems such as
pain perception and cell growth to specific roles in females during
pregnancy and childbirth.?1° They are formed through the release of
esterified arachidonic acid (AA) from membrane phospholipids by an

enzyme called phospholipase A2 (Pla2) in response to inflammatory

TRAN-GUZMAN ET AL.

cells. Notch pathway genes were upregulated by selective cyclooxygenase inhibitors,
acetaminophen and ibuprofen.

Conclusion: We report that cyclooxygenase 1 and 2 differentially regulate undiffer-
entiated spermatogonia/spermatogonial stem cell differentiation. Cyclooxygenases
regulate Notch3 expression, with the Notch pathway targeted by PGD2. These data
suggest an interaction between the eicosanoid and Notch signaling pathways that
may be critical for the development of spermatogonial stem cells and subsequent

spermatogenesis, cautioning about using cyclooxygenase inhibitors in infants.

analgesics, C18-4 spermatogonial cell line, cyclooxygenases, eicosanoid pathway, NSAIDs,

stimuli. Upon release, AA gets further oxidized by various enzymes,
epoxygenases, lipoxygenases, and Coxs. Two Coxs exist in cells, Cox1,
which is constitutively expressed, and Cox2, whose expression is
inducible and tissue-specific. The binding of AA on the Cox active
site of the Cox enzymes is responsible for its cyclization, forming
prostaglandin (PG) H2. Due to the unstable nature of PGH2, it is
quickly converted to lipid-based mediators PGs, prostacyclins, and
thromboxanes.!! Several isoforms of PG synthases, which have vary-
ing expression from tissue to tissue, isomerize PGH2 to various PGs
that exert both autocrine and paracrine effects on nearby membrane
receptors.

We previously reported that rat gonocytes and spgs express Cox2
and that gonocytes produce PGs at significant levels.2 We also char-
acterized in a mouse SSC model, the C18-4 cell line, expression of
both Cox1 and Cox2 mRNA and protein, as well as other intermediates
of the eicosanoid biosynthetic pathway including Pla2 and measur-
able levels of PGs -D2, E2, and F2a production.!® In this study, we are
continuing to interrogate the role of the eicosanoid pathway on male
reproductive development using the C18-4 cell line as a relevant in
vitro model, to elucidate the mechanism of action of Cox inhibitors on
spg development that could underlie potentially toxic effects. Using
several Cox1, Cox2, and non-selective pharmacological Cox inhibitors,
we have identified unique roles played by Cox1 and Cox2 in regulat-
ing SSC differentiation and downstream molecular signaling pathways.
The upregulation of Notch pathway genes and significant changes
in cell morphology were observed in a Cox1 knockdown model of
the C18-4 cell line, suggesting that eicosanoids may regulate cellular

maintenance and differentiation.

2 | MATERIALS AND METHODS
2.1 | Cell line and treatments
The mouse type A spg C18-4 cell line, gifted by Marie-Claude Hof-

mann, was generated by LTAg-immortalization of spg from 6-day-old
Balb/c mice (The University of Texas MD Anderson Cancer Center).
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The absence of mycoplasma contamination in the C18-4 cell line was
confirmed (Figure S1). The C18-4 cell line was shown to include a
subset of cells with characteristics representative of SSCs.1* Cells
were cultured in Gibco Dulbecco’s Modified Eagle Medium (DMEM)
containing 4.5 g/L d-Glucose, L-Glutamine, and 110 mg/L of sodium
pyruvate (Thermo Fisher Scientific) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Sigma-Aldrich) and 1% Penicillin-
Streptomycin (P/S Solution 100X (Corning) at 35°C, 7% CO,. The cells
were allowed to grow in 25 and 75 cm? Corning cell culture-treated
flasks and passaged every other day.

Pharmacological Cox inhibitors NS398, celecoxib, and FR122047
were purchased from Sigma Aldrich and were dissolved in ultra-
pure grade dimethyl sulfoxide (DMSO from VWR International)
to obtain concentrations 5, 20, and 50 mg/ml, respectively. Treat-
ment solutions were subsequently diluted in cell culture media to
obtain 1, 10, and 100 uM final concentrations. ACE and IBU were
purchased from Sigma Aldrich. The drugs were dissolved in 100%
ethanol to obtain concentrations of 0.05 g/ml. Treatments were
subsequently diluted in cell culture media to obtain 50 and 100 uM
final concentrations. All-trans Retinoic Acid purchased from Sigma
Aldrich was dissolved in ultra-pure grade dimethyl sulfoxide and
diluted in culture medium to obtain a final concentration of 1 pM.
Supplemental PGD2 (Cat No. 538909) was purchased from EMD
Millipore Pore. The compound was dissolved in 100% EtOH to
obtain a stock concentration of 1 mg/ml. Treatments were sub-
sequently diluted in cell culture media to obtain 50 and 100 pM
final concentrations. Stock solutions of the drugs were stored at
—20°C.

2.2 | Cox1 short-hairpin RNA-mediated silencing

Cox1 silencing was achieved using short-hairpin RNA (shRNA)-based
transfection in which plasmids containing several silencer sequences
targeted to Cox1 were integrated into the C18-4 cellular genome.
Control samples were treated with plasmids containing scrambled
sequences. Cox1 shRNA plasmid for a mouse (sc-35097-SH) and con-
trol shRNA plasmid (sc-108060) were purchased from Santa Cruz
Biotech. Cells were plated at 500,000 cells/well in 6-well plates and
transfected with 0.5 pg plasmid and introduced into a 1.5 pL Lipo-
fectamine 3000 mix (ThermoFisher Scientific) diluted in Opti-MEM
(ThermoFisher Scientific). Positively transfected cells were selected
with two weeks of 4 yg/ml puromycin treatment. We screened several
candidate clones using different concentrations of plasmid DNA and
Lipofectamine 3000, generating groups A-D pairs of C18-45crambled g
C18-4Cox1-KD1 transfected cells. Successful silencing of Cox1 was val-
idated with immunoblot and quantitative real-time polymerase chain
reaction (QPCR) assays, before isolating cells into 1 cell/well concen-
trations into 96 well plates to select for stably transfected clones. Cells
were allowed to proliferate for several weeks to obtain enough cells for

further downstream validation and analysis.
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2.3 | Liquid chromatography-mass spectrometry of
PGs

Liquid chromatography-mass spectrometry (LC-MS) of PGs was con-
ducted according to the previously reported protocol.!213 In short,
C18-4 cells were plated at 1,000,000 cells/well in 6-well Corning
culture-treated microplates overnight in a culture medium consisting
of DMEM supplemented with 10% charcoal stripped-FBS (CS-FBS) and
1% Penicillin-Streptomycin (CS-culture medium). Cells were treated
with either medium containing DMSO/ethanol (used at the same
final percentage as in samples treated with Cox inhibitors) as a con-
trol medium, or with Cox inhibitors diluted in a CS-culture medium.
Aliquots of CS-culture medium without cells were collected and stored
at —80°C to establish base line levels of PGs in LC-MS analysis. The con-
ditioned media from control cells and cells treated with Cox inhibitors
were collected and stored at —80°C until LC-MS analysis. Samples
were analyzed using a Shimadzu Nexera ultra-high-performance LC
(UHPLC) coupled with a Sciex TripleTOF quadrupole time of flight MS.
PGs were detected using electrospray negative mode ionization fol-
lowed by tandem MS fragmentation. Sciex Analyst v1.7 software was
used for data acquisition. Sciex MultiQuant v3.02 software was used to
select peak area measurements from selected product ions and to per-
form calibration curve regression analysis and sample quantifications.
PG concentrations were normalized to total protein/well and protein
was measured by BCA quantification as described below. Data for
PGD2 represent the means + SEM of two independent experiments,
each conducted in duplicates. PGE2 was measured in 2 experiments,
each with one control well, one well with 10 pM NS398, and another
well with 100 uM NS398.

2.4 | Prostaglandin D2 enzyme-linked
immunosorbent assay

For PGD2 enzyme-linked immunosorbent assay (ELISA) quantifica-
tion, C18-4 cells were plated at 400,000 cells/well in 12-well Corning
culture-treated plates and treated with Cox inhibitors diluted in a cul-
ture medium supplemented with CS-FBS. Control samples consisted
of cells grown in a culture medium containing the same proportion
of DMSO/ethanol as that present in treatments. After treatments,
cell culture supernatants were collected and saved for PG analysis.
Samples were stored at —80°C until use. PGD2 levels were measured
using the Prostaglandin D2 ELISA Kit (Cayman Chemical) according to
the manufacturer’s instructions. ELISA standards detecting PGD2 at a
range from 19.5 to 2500 pg/ml were prepared in a CS-culture medium
without cells. The VICTOR X5 Multilabel Plate Reader (PerkinElmer,
Inc.) was used to detect the OD measurement of Ellman’s reagent at
wavelength 405 nm. Data analysis was evaluated using the Cayman
PGD2 computer spreadsheet, and %B/Bg from standards S1-S8 versus
PGD2 concentration was plotted in Prism version 7.0 (GraphPad Soft-

ware) software using a 4-parameter logistic fit. PGD2 concentrations
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were normalized to total protein/well quantified with Bradford

reagent according to the manufacturer’s protocol (VWR Life Science).
Cell layers were solubilized using 0.1 N NaOH and stored at —80°C for
total protein quantification. All experiments were performed using a
minimum of three independent experiments, with data normalized to

the control medium. The mean + SEM is shown.

2.5 | EdU proliferation assay

Cells were plated in 96-well Corning culture-treated black bottom
microplates at 8-10,000 cells/well density and allowed to grow
overnight in serum-free DMEM containing 1% P/S. The next day, cells
were treated with a CS-culture medium containing ethanol/DMSO
(control medium) or Cox inhibitors diluted in a CS-culture medium
for 24 h. For the last 6 h of treatment, cells were incubated with
10 uM EdU (5-ethynyl-2’-deoxyuridine) as recommended by the man-
ufacturer (Click-IT EdU HCS Assay, Invitrogen). Cells were washed
with phosphate-buffered saline (PBS) and fixed with 4% paraformalde-
hyde followed by a 0.1% Triton X-100 permeabilization surfactant. The
Click-IT reaction cocktail was then added to each well and allowed
to incubate in the dark for 30 min. Cells were washed and 100 pL of
1:2000 HCS NuclearMask was added to stain DNA for 30 min in the
dark. The plates were imaged and quantified with the Cytation 5 Cell
Imaging Multi-Mode Reader (Biotek).

2.6 | RNA extraction, complementary DNA
synthesis, and qPCR

C18-4 cells were plated at 100—200,000 cells/well in 24 well plates
and treated with a CS-culture medium containing ethanol/DMSO (con-
trol medium) or with Cox inhibitors diluted in CS-culture medium for
24 h. Cells were collected after treatment and stored in RNA lysis
buffer and extracted based on manufacturer recommendations using
the RNAqueous Micro Total RNA Isolation Kit (Invitrogen). Comple-
mentary DNA (cDNA) was synthesized from purified RNA using the
PrimeScript RT Master Mix (Takara Bio) also according to the manufac-
turer’s instructions. gPCR was performed using a LightCycler 480 with
a SYBR Green PCR Master Mix kit (Roche Diagnostics). Primers were
designed using Primer-BLAST from the NCBI-NIH gene database and
are listed in Table 1.

gPCR cycling conditions were as follows: initial step at 95°C fol-
lowed by 40 cycles at 95°C for 15 s, 60°C for 1 min. This was followed
by both melting curves and cooling cycles. Direct detection of PCR
products was monitored by measuring the increase in fluorescence
caused by the binding of SYBR Green dye to double-stranded DNA, and
the comparative threshold cycle (C;) method was used to analyze the
data. Glyceraldehyde 3-phosphate dehydrogenase was used for data
normalization for C18-4 cells. Assays were performed in triplicates. All
experiments were performed using a minimum of three independent

sample preparations and the mean + SEM is shown.
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2.7 | Immunoblot analysis

Cells were plated at 1,000,000 cells/well in 6-well Corning culture-
treated microplates overnight and treated as described above. Treated
C18-4 cells were scraped from plates using chilled PBS (Santa Cruz
Biotechnology), centrifuged, and collected. Cell pellets were stored at
—80°C for western blot analysis.

Protein was extracted in 30 pL from cell pellets using RIPA lysis
buffer (Santa Cruz Biotechnology) containing Pierce protease and
phosphatase inhibitors (Thermo Fisher Scientific). Contents were vor-
texed to lyse cells and protein extracts were collected after centrifu-
gation for 30 min at 4°C. Protein was quantified using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific), following the man-
ufacturer’s instructions. Samples were calculated against the stan-
dard curve diluted in RIPA lysis buffer based on the working range
of 20-2000 pg/mL bovine serum albumin. 16 pg/sample of protein
were mixed at a 1:1 ratio with 2x Laemmli Sample Buffer + beta-
mercaptoethanol (Bio-Rad Laboratories), and boiled for 10 min at 95°C
to allow for protein denaturation. Samples were frozen at —20°C
until western blotting. Western blotting was conducted according to
the protocol previously reported.’® Antibodies used are as follows:
Cox1 (Cat No. 4841, Cell Signaling Technologies, RRID: AB_2084807),
Cox2 (Cat No. 13314, Cell Signaling Technologies, RRID: AB_2798178),
Notch3 (Cat No. ab23426, Abcam, RRID: AB_776841), Hes1 (Cat
No. 11988, Cell Signaling Technologies, RRID: AB_2728766). Pro-
tein expression was either compared or normalized to alpha-tubulin
(Cat No. T9026, Sigma Aldrich, RRID: AB_477593) or to total protein
(TotalStain Q, Azure Biosystems).

2.8 | Immunofluorescence analysis

C18-4 cells were plated at 50,000 cells/well in 96 well Corning culture-
treated black bottom microplates and were allowed to reach 80%
confluency overnight. The next day, they were treated with a CS-
culture medium containing ethanol/DMSO (control medium) or with
Coxinhibitors diluted in CS-culture media for 24 h. After treatment, the
samples were fixed with cold 4% paraformaldehyde in PBS (Santa Cruz
Biotechnology) for 10 min at room temperature and washed with PBS.
The cells were then incubated with 1% Triton X-100 (Promega) in PBS
for 10 min at room temperature, washed, and incubated in 5% donkey
serum (Sigma-Aldrich) in PBS for another 30 min. Cells were incubated
with primary antibodies, either Cox1 1:300 (Cat #4841 Cell Signal-
ing Technology, RRID: AB_2084807), Notch3 1:300 (Cat No. ab23426,
Abcam, RRID: AB_776841), or c-Kit 1:100 (5C168, Santa Cruz Biotech,
RRID: AB_631033) diluted in 5% donkey serum overnight at 4°C. On
the next day, the wells were washed and corresponding Alexafluor
anti-mouse or anti-rabbit secondary antibodies (Thermo Fisher) were
added at 1:400 in 5% donkey serum for 30 min at room temperature.
The cells were washed one last time, and 100 uL DAPI (D1306; Thermo
Fisher) at 300 nM was added to the wells for 5 min. The Cytation 5 Cell

Imaging Multi-Mode Reader (Biotek) was used to capture images and
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TABLE 1 List of primers used for quantitative real-time polymerase chain reaction (qPCR) analysis.

Gene Forward Primer Reverse Primer

Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA
Cox1 CCTCTTTCCAGGAGCTCACA TCGATGTCACCGTACAGCTC
Foxo1 CTTCAAGGATAAGGGCGACA GACAGATTGTGGCGAATTGA
Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA
Id4 CAGGGTGACAGCATTCTCTG CCGGTGGCTTGTTTCTCTTA

Kit AGCAAATGTCACAACAACCT CCTCGTATTCAACAACCAAA
Mcam CAAACTGGTGTGCGTCTTCTT CTTTTCCTCTCCTGGCACAC
Stra8 GCCTCAAAGTGGCAGGTACTG CTTATCCAGGCTTTCTTCCTGTTC
Jam1 CAAGGCAAGGGTTCGGTGTA TAGGGAGCTGTGATCTGGCT
Mmp2 GCCCCCATGAAGCCTTGTTT TAGCGGTCTCGGGACAGAAT
Tgbfr3 CCTCCGCAGTACAGACCAAG AACCCTCCGAAACCAGGAAG
Tgbf2 TCCCCTCCGAAAATGCCATC TGCTATCGATGTAGCGCTGG
Tgbf3 ATGACCCACGTCCCCTATCA CAGACGGCCAGTTCATTGTG
Smad3 CAGCCATGTCGTCCATCCTG CCATCCAGTGACCTGGGGAT
Smad?9 CCTGAGCTCTGCCTCCTATG ACACACTTGCTAGGCTGACC
Notch1 TGCCATATACAGGAGCCACG ATTGGTGTTCTGGCAGGAGG
Notch3 AGGTGGTCACAGACTTGAATGA GTGGGGTGAAGCCATCAGG
Hes1 CGGAATCCCCTGTCTACCTC CTTGGAATGCCGGGAGCTAT
Hey1 CCACTGCAGTTAACTCCTCCT CGCGTCAAAATAACCTTTCCCT

WILEY- ™

quantify protein expression levels after adjusting for background sig-
nal and normalizing data to nuclei counts by the Cytation 5 software.
Briefly, data were obtained from three independent experiments con-
ducted in triplicates, based on the analysis of 4 pictures per well taken
at different locations of the field. Signal quantification was normalized
to cell nuclei counts, by dividing the number of immunofluorescence
(IF) signal-positive cells by the total number of cells in the sample. The
total cell number was obtained by automatic counting of DAPI-labelled
nuclei. A gate was set against the background, and cells were consid-
ered positive if they had an IF signal above background fluorescence.
Note that 50,000 cells were screened per well for each protein marker.

2.9 | Total RNA sequencing

The total RNA of three samples representing different passages of
Scrambled Controls and C18-4€ox1-KD1 were collected as described
in section 2.7, and they were sent to the USC Molecular Genomics
Core lab for whole transcriptome RNA sequencing (RNAseq). RNA was
extracted from cells using the RNAqueous Micro Total RNA Isolation
Kit (Invitrogen) as previously described, and quality control was per-
formed using Agilent BioAnalyzer 2100. The integrity of RNA used for
RNAseq of C18-4Cx1-KD1 \ya5 assessed by agarose gel electrophoresis.
Only samples that passed quality checks with RIN > 8 were selected

to move forward with RNAseq, resulting in two scrambled controls

(SCR-1 and SCR-3) and 3 Cox1 knockdown samples (KD1, 2, and 3).
cDNA libraries were prepared using Takara SMARTer Stranded Total
RNA-Seq Kit v2 - Pico Input Mammalian (Takara Bio Inc.) following
the manufacturer’s protocol. Prepared libraries were sequenced on the
Illumina Nextseq500 platform at a read length of 2 x 75 at 50 million
paired reads.

Transcriptomic datasets of each sample were imported into Partek
Flow software (Partek Inc.) as FASTQ files. Pre-alignment QA/QC was
conducted, and bases were trimmed based on a quality score (Phred)
of 20. Bases were trimmed on both ends for a minimum read length of
25 base pairs. The reminder reads were aligned to the mouse genome
(mm10-GENCODE Genes-release M24) using the STAR aligner tool.
Post-alignment QA/QC was conducted to confirm that over 70% of the
reads were aligned to the reference genome. Gene counts were con-
ducted, and a noise reduction filter was applied to exclude features in
which the maximum value is less than equal to 10 (<10 counts/gene
excluded). Upper quartile normalization and gene-specific analysis
were conducted, resulting in a list of 28,123 differentially expressed
genes (DEGs) between Scrambled controls and C18-4.€0x1-KD1 pApp|y-
ing parameters of false discovery rate greater than or equal to 0.1
and fold changes of —2 and 2 narrowed down the gene list to 1,265
genes which were used for gene ontology and pathway analysis. The
PANTHER Classification System was used to evaluate gene ontolo-

15,16

gies and relationships, and the Qiagen Ingenuity Pathway Analysis

Software (IPA; Qiagen) was used to evaluate functional pathways.
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2.10 | Statistical analysis

Statistical analysis was conducted by Student’s t-test or one-way
ANOVA with post-hoc multiple comparison analysis using Prism ver-
sion 7.0 (GraphPad Software). Multiple comparison analyses were done
using Tukey’s (using statistical hypothesis testing) or the Benjamini,
Krieger, and Yekutieli methods (controlling for false discovery rate).
Statistical significance was considered at p < 0.05. Results are shown
as the mean + SEM. Significant difference in treatments compared to
control samples: * p <0.05,** p <0.01 and *** p < 0.001.

3 | RESULTS

3.1 | Cox inhibitors decrease PG production in the
C18-4 cell line

Confirmatory studies were conducted to validate that PG production
was inhibited with pharmacological Cox inhibitors as evidence that
Cox enzymatic activity was blocked as expected. Cells were plated
overnight and treated for 24 h with various concentrations of selec-
tive and non-selective Cox inhibitors in culture media supplemented
with 10% CS-FBS, which contains significantly lower amounts of PGs
than conventional FBS used for cell culture. NS398 and celecoxib
are Cox2 selective inhibitors that target Cox2 at IC50 = 3.8 uM
and at IC50 = 0.04 pM respectively.}”:18 FR122047 is a selective
Cox1 inhibitor (IC50 = 28 nM), and ACE and IBU are non-selective
Cox inhibitors (ace: IC50 = 26 uM for Cox2, 114 uM for Cox1, ibu:
IC50 = 12 uM for Cox1, IC50 = 80 pM for Cox2).1-22 Since the con-
centrations of PGD2 measured by ELISA and LC-MS were in the same
range (20 + 2 pg/mL with LC-MS and 50 + 31 pg/mL by ELISA), we
pooled the fold changes calculated from these experiments. PGD2 lev-
els were decreased in a dose-dependent manner by NS398, with a 33%
decrease at 10 uM and 45% decrease at 100 pM, while 10 uM of cele-
coxib showed a non-significant 27% decrease similar to that of NS398
at the same concentration, suggesting the contribution of Cox2 activ-
ity on PGD2 synthesis in C18-4 cells, that was prevented by blocking
this enzyme (Figure 1A). On the other end, FR122047 had no effect
(small not significant decrease at 10 uM) suggesting that Cox1 was
not involved in PGD2 production (Figure 1A). Ace induced a signifi-
cant 30% decrease at 50 uM, similar to the effects of Cox2-specific
inhibitors at 10 pM, but it had no effect at 100 uM, whereas Ibu sig-
nificantly inhibited PGD2 production at both doses, by 38% at 50 uM
and 40% at 100 uM, suggesting that the effects of Ibu were driven
by its inhibitory effect on Cox2. The levels of PGE2 were examined
only in a few samples treated with medium (control samples), 10 and
100 uM NS398, measured by LC-MS. The means + SD of PGE2 in cell
supernatants of control samples were 396 + 32 pg/mL, around 10-
time higher than those of PGD2, as expected from our previous study
on C18-4 cells.!3 Due to the limited number of samples analyzed, one
could not perform statistical analysis. However, replicates had small

variability that allowed raw data comparison. PGE2 levels from cells
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treated with 10 uM NS398 were slightly lower than those of control
samples (358 + 33 pg/mL), while PGE2 production by cells treated with
100 pM NS398 was 222 + 2 pg/mL (44% lower than control levels).
This effect was similar to that induced by the same concentration of
NS398 on PGD2 production by C18-4 cells, suggesting that PGE2 was
also formed via Cox2 activation.

3.2 | Effects of pharmacological Cox inhibitors on
cell proliferation and differentiation

The effects of 24-h treatment with Cox inhibitors selectively targeting
Cox1, Cox2, or with non-selective Cox inhibitors, on proliferation and
differentiation were evaluated. Proliferation, measured by EdU incor-
poration, showed that 100 uM ACE treatment significantly increased
proliferation by 20% of control levels, while 50 pM of ACE and both
doses of IBU did not significantly alter cell proliferation (Figure 1B,C).
The selective Cox2 inhibitor NS398 slightly increased cell prolifera-
tion (17% above control) at 10 pM, but 100 uM NS398 had no effect
(Figure 1B,D). EDU incorporation did not show proliferation changes
in cells treated with the selective Cox2 inhibitor celecoxib from 1 to
50 uM (Figure 1E). Similarly, the selective Cox1 inhibitor FR122047 did
not alter cell proliferation at doses from 1 to 50 uM (Figure 1F). How-
ever, both celecoxib and FR122047 at 50 uM significantly reduced total
cell counts by almost 50% (Figure 1G-H). Since cell proliferation mea-
sured by EdU incorporation was not altered by 50 uM of these Cox
inhibitors (Figure 1E,F), the decreases in cell counts could be due to
either a cytostatic or apoptotic effect of the inhibitors. Therefore, our
subsequent experiments were limited to concentrations of 10-100 uM
of NS398, and 1-10 uM of celecoxib and FR122047. We also chose to
focus on concentrations of 50 and 100 uM of ACE/IBU, as these cor-
responded to blood levels of ACE and IBU derived from a clinical trial
conducted on feverish children treated with a single dose of ACE and
IBU.12.22

Taken together, the differential effects of the Cox inhibitors
observed on PGD2 (Figure 1A) and cell proliferation (Figure 1B-F)
suggest that the synthesis of PGD2 via Cox1 and Cox2 is not or min-
imally involved in C18-4 cell proliferation. However, the reduction of
cell numbers by the highest dose tested (50 uM) of celecoxib and
FR122047 indicates cytotoxicity, since proliferation was not affected
at that dose (Figure 1E,F). Since PG levels were normalized to cell
numbers, one might be able to determine whether the adverse effects
of the two inhibitors on cell numbers are related to their effects on
PGs at 50 uM in future experiments. However, the comparison of the
inhibitory effects of 100 pM NS398 on PGD2 production, with its
apparent lack of effect on cell numbers as seen in Figure 1E, suggests
that PGD2 levels are not related to cell survival, implying that celecoxib
and FR122047 might exert off-target cytotoxic effects.

Next, the ability of pharmacological Cox inhibitors ACE and IBU to
alter the differentiation status of SSCs was evaluated by measuring
the expression levels of gene markers of SSC, progenitor spgs, and

differentiated spgs, in cells treated with medium (basal conditions) or
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FIGURE 1 Effects of cyclooxygenase (Cox) inhibitors on prostaglandin and cell proliferation in C18-4 spermatogonia. (A) Prostaglandin D2
levels measured by enzyme-linked immunosorbent assay (ELISA) and liquid chromatography-mass spectrometry (LC-MS) after 24 h treatment.
Treatments were 10 and 100 uM NS398, 1 and 10 uM of celecoxib and FR122047, or 50 and 100 uM acetaminophen and ibuprofen. ELISA results
were obtained from N = 3 independent experiments conducted in triplicates, while LC-MS was performed on N = 2 independent experiments
conducted in duplicates. Since the ELISA data gave similar concentrations of PGD2 to those obtained by LC-MS, the calculated fold changes of all
experiments were pooled. Data are reported as fold change/ control (indicated by a zero). (B-F). COXIB's effects on proliferation assessed by
visualizing EDU incorporation into C18-4 cells. (B) Example of EDU labeling in cells treated with control medium, 10 uM NS398 and 100 uM
acetaminophen. Green: EDU, Blue: DAPI. Scale in um. (C-F) The percent of proliferating cells after 24 h treatment with medium or the indicated
COXIBs was quantified as a percent of total cell numbers and expressed as fold change of control. (C) 50 and 100 uM acetaminophen and
ibuprofen. (D) 10 and 100 uM NS398; (E) 1-50 uM celecoxib; (F) 1—50 uM FR122047. (G-H) Quantification of average cell number normalized to
control medium (fold change of controls) with treatment of up to 50 uM celecoxib (F) and FR122047 (G). For all data, N = 3 independent
experiments were conducted in triplicates. Significant difference relative to controls with one-way ANOVA test and multiple comparisons: * (p <
0.05), ** (p < 0.01), *** (0 < 0.001).
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Effects of cyclooxygenase (Cox) inhibitors on cell differentiation. Effect on differentiation was examined by measuring genes (A-D)

and protein (E, F) markers after 24 h treatment of C18-4 cells with acetaminophen and ibuprofen +/- 1 uM retinoic acid. MRNA expression of (A)
Id4, (B) Foxo1, (C) Mcam, (D) Stra8. mRNA expression data were normalized to Glyceraldehyde 3-phosphate dehydrogenase (Gapdh). (E, F)
Visualization and quantification of Kit protein expression after 24 h treatment with 10 and 100 uM NS398. Green: Kit, Red: alpha-tubulin, Blue:
DAPI. Scalein um. N = 3 independent experiments conducted in triplicates. Significant difference relative to controls with one-way ANOVA test

and multiple comparisons: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

1 uM retinoic acid (RA) used to induce SSC differentiation, alongside
medium or the drugs. In the absence of RA, ACE at 50 or 100 uM had no
effect on the expression of the classical SSC marker Inhibitor Of DNA
Binding 4 (Id4), Forkhead Box O1 (Foxo1), a gene expressed in SSCs
and progenitor spgs, the progenitor marker Melanoma Cell Adhesion
Molecule (Mcam) or the differentiated spg marker Stimulated by RA 8
(Stra8) (Figure 2A-D). Similarly, 50 and 100 uM IBU did not affect Id4,
Foxo1, Mcam, or Stra8 expression in the absence of RA, but it induced a
22% decrease in Mcam at 50 uM. In contrast, treatment with 1 uM RA
for 24 h reduced the gene expression of Id4 and Foxo1 (Figure 2A,B),
while it induced the expression of (Stra8) (Figure 2D), as expected, but it

did not affect Mcam levels (Figure 2C). Moreover, in the presence of RA,
ACE at 100 uM significantly induced the expression of Mcam by 41%
above basal levels, whereas it inhibited by 47% the RA-induced upregu-
lation of Stra8 (Figure 2C,D). IBU at 100 uM decreased the RA effect on
Stra8 expression by 32%. Since ACE had stronger effects on cell differ-
entiation and is known to have a greater inhibitory effect on Cox2 than
Cox1, we examined the effect of the Cox2 selective inhibitor NS398 on
Kit, another marker of spermatogonial differentiation. 24-h treatment
with 100 uM NS398 decreased Kit protein expression (Figure 2E,F),
suggesting that Cox2 may uniquely exert pro-differentiation

effects.
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3.3 | Morphological and transcriptomic
characterization of C18-4¢0x1-KD1

To further characterize the downstream effects of Cox inhibition on
SSCs, we examined the role of Cox1 by stably knocking down its
expression as described in the methods section. From the A-D pairs of
C18-45crambled gpnd €18-4Cox1-KD1 transfected cells, cells in the knock-
down “B” condition were the most promising candidates for single-cell
isolation (Figure 3A). Scrambled and Knockdown B cells were plated
into 96 well plates at a density of a single cell per well and allowed to
proliferate. Isolated clones, referred now as C18-4Cox1-KD1 displayed
significantly lower expression of Cox1 at both the protein and tran-
script levels, expressing approximately 30% of the levels present in
Scrambled cells (Figure 3B-D).

We observed significant morphological differences in C18-
4Cox1-KD1 compared to scrambled control cells (Figure 3E). The cells
adopted a more fibroblastic or mesenchymal phenotype, likely due to
loss of integrity of adhesion between cells. Indeed, the epithelial adhe-
sion marker junctional adhesion molecule 1 (Jam-1), was significantly
downregulated in C18-4€*1-KP1 compared to its control (Figure 3F).
Mmp2, matrix metalloproteinase 2, which encodes a protein involved
in extracellular matrix remodeling, was also significantly downregu-
lated (Figure 3G). Silencing of Cox1 also induced the expression of
spermatogonial differentiation marker Stra8 (Figure 3H), suggesting
that Cox1 is important for maintaining cells at an undifferentiated

state.

3.4 | Ontology and pathway analysis of DEGs in
C18-4C0ox1-KD1 ¢g[|g

To evaluate the signaling pathways altered by silencing Cox1, we char-
acterized the C18-4Cox1-KD1 ce|| transcriptome using total RNAseq
(RNAseq). FASTQ files were imported into Partek Flow and the
two control samples averaged approximately 12,422,840 total reads,
whereas the knockdown samples averaged approximately 13,353,310
total reads. Number of reads removed in the control samples were
~1410 (0.011%) and in the knockdown samples ~2070 (0.015%).
Cleaned reads were aligned to the mouse genome assembly, and counts
were normalized. This resulted in 436 down- and 829 up-regulated
genes in C18-4Cox1-KD1 jjjystrated by the volcano plot (Figure S2).
Overall, we identified 1265 DEGs using a false discovery rate of < 0.1
and fold change parameters of —2-2. Hierarchical clustering analysis
of the three individual C18-4C2x1-KD1 samples and two scrambled sam-
ples showed high similarity in DEGs between controls and between
knockdown samples (Figure 4A).

The PANTHER classification system was employed for functional
and gene ontology annotation of DEGs based on the gene list of 1265
genes compiled by Partek Flow. The top biological processes identi-
fied by PANTHER included cellular processes (557 genes), biological
regulation (376 genes), metabolic processes (347 genes), response to
stimulus (221 genes), and signaling (176 genes) (Figure S3A). As for
the molecular function analysis, the greatest percentage of genes were

ANDROLOGY @ EH FWSRISRET

annotated with binding (350 genes), followed by catalytic activity (242

genes), and molecular function regulation (163 genes) (Figure S3B).
Although the transcriptome of C18-4 cells was very different between
C18-45crambled 5nd C18-4Cox1-KD1 transfected cells, “cell differentia-
tion” was not identified among altered functional pathways, and genes
related to spg differentiation were not in the DEGs list. This may be
due to the fact that the Cox1 silencing studies were performed in
basal conditions with small amounts of RA from FBS insufficient to
observe effects on differentiation. It could also suggest that the reduc-
tion of Cox1 by RA contributes but is not sufficient to induce spg
differentiation, a complex process known to involve several genes.
Note that, 995 genes were annotated as pathway-related genes,
with 26 genes associated with the Wnt signaling pathway, 12 genes
associated with the TGFb signaling pathway, and 4 genes associated
with the Notch signaling pathway. The regulation of the epithelial-
to-mesenchymal transition (EMT) pathway (192 genes), inhibition
of matrix metalloproteases (39 genes), and inhibition of prostanoid
synthesis (10 genes) were pathways identified as altered by Cox1
knockdown using IPA analysis (Figure S3C). Wnt, TGFb, and Notch
signaling pathways that were identified as significantly differentially
altered by PANTHER classification were also identified as top path-
ways altered via IPA. Interestingly, all three pathways were predicted
to be involved in the regulation of EMT, one of the top canonical
pathways activated in our data set (Figure S4). Top DEGs associ-
ated with EMT include several Wnt family members Wnt11, Wnt5a,
Wnt7a, and Wnt%a, TGFb genes Tgfb2, Tgfb3, and Smad3, and Notch
receptors Notch1 and Notch3 (Table 2). Next, PCR was performed to
verify RNAseq expression values. We chose to verify the genes that
were most relevant to our model and that were amongst the most
significantly altered. Amongst the genes identified with the major sig-
naling pathways predicted to be altered, TGFb signaling comprised
several genes significantly altered in RNAseq by more than 2-folds,
including Tgfb2, Tgfb3, and Tgfbr3 (Table 2; Table S1). Tgfbr3 was sig-
nificantly increased by over 2-fold in gPCR analysis, in agreement
with the RNAseq data, while non-significant increases (~1.5-fold) were
observed in Tgfb2 and Tgfb3 mRNA expression by gPCR (Figure 4B).
Smad3 and Smad9, genes that are also associated with TGFb signal-
ing, were significantly increased when measured with gPCR consistent
with RNAseq expression values (Figure 4B). Another major signaling
pathway was the Notch signaling, in which Notch1 and Notch3 tran-
scripts were significantly upregulated as well. Overall, qPCR data were

consistent with what was being measured using RNAseq.

3.5 | Activation of Notch3 signaling pathway in
C18_4Cox1-KD1

Immunofluorescence analysis showed increased expression of Notch3
in C18-4Cox1-KD1 compared to the scrambled controls (Figure 5A),
confirming the induction of this signaling pathway when Cox1 expres-
sion is reduced. To further investigate the effect of Cox1 knockdown
on Notch pathway expression, we evaluated protein levels of Notch3

and its downstream target, transcription factor Hes1 using western

85U8017 SUOWIWIOD BAeaI) 8|eol|dde au Aq peuenob a1 91 YO '8N JO Se|n. Joj ARigIT 8UIIUO AB]IM UO (SUONIPUCD-PUB-SLLLR)/WICD A8 1M AIq 1 jBU Uo//SthL) SUORIPUOD pUe SWB | U 88S *[7202/20/82] U0 Ariqiaulluo A8|Im * uoAseiuewnsoq @ A sueydniny| S818IBAIUN SIAB N ZNYOPUO - IPeLULLRYOW WeAiw AQ ZEGET IpUB/TTTT OT/I0p/W00 4] 1M AleIqjpul|uo//Sdiy WO papeojumoq ‘¥ *v20Z ‘L262L702



MWI LEY ANDROLOGY & TRAN-GUZMAN €T AL.

" (B) C18-4cell Cl
Antibiotic Selection KDa -4 cell Clones
O i 70— Cox1

70 w— - — e | —
1
1

50-——-—I——

- o = Coxl

“w w=e aTubulin

1 X 75 - Total
4 .
1 2 Scrb KD :Scrb KD, Scrb KD Scrb KD Protein
I
C18-4 | 37
I &
" A __B1 D ‘
KEiClones WT Scrb B Isolated
CloneB
(C) Cox1 (D) C18-4 Scrambled (C18-4Cex1-KD1
1.5+
5% .
w2 1.0
$ &
2 9 0.5+
O —
GRS fkk (
= GreeniCox1 .
0.0 Red: a Tubulin
Scrb Cox1-KD1 BjUe. DAE
(E) c18-gscrambies (F) (G)
- 15 Jam-1 15+ M.mp2
= ]
§3 52
aE 10 2 % @ E 104
5 8 : 535
O
3L os & ig 0.54 *Ek
[}
23 5§z :
© & oo O £ god
Scrb Cox1-KD1 Scrb  Cox1-KD1

—

T
=
—
=

Stra8 < Kit
e g % 6§02 0.0697
9 _9 . ‘B ey : .
» 820 @ E 20
uw E 9 ©
© I
5 O1s S 515
X n 2 32
v 10 o 5 10
v o e 3
S Tos &5 08
O L =
~0.0 0.0
Scrb Cox1-KD1 Scrb Cox1-KD1
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protein. (C) Gene expression of Cox1 in C18-4¢ox1-KD1 and Scrambled controls, (D) Immunofluorescence staining of Cox1 in C18-4Cox1-KD1 54
Scrambled controls. Green: Cox1, red: alpha-tubulin, blue: DAPI. Scale in pm. (E) Brightfield visualization illustrating morphological differences
between C18-4Cx1-KD1 3nd Scrambled controls. (F) Differences in gene expression between C18-4<9*1-KP1 and Scrambled controls of Jam-1,
Mmp2, Stra8, and Kit. Results are presented as fold change of controls. nRNA expression data were normalized to Glyceraldehyde 3-phosphate
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**(p <0.01), ** (p < 0.001).
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**(p < 0.01), *** (p < 0.001).

blotting (Figure 5B). Compared to the scrambled controls, Notch3
receptor expression was upregulated in C18-4Cox1-KD1 by approxi-
mately 50% (Figure 5C). While Hes1 was significantly increased in
C18-4Cox1-KDL compared to the scrambled controls by western blot
(Figure 5B,C), the percentage of Hes1-positive cells in C18-4C0x1-KD1
showed a non-significant increasing trend compared to scrambled con-
trols (Figure 5D). Hes1 immunolocalization was mainly diffuse in nuclei,
but not different between scrambled controls and Cox1 KD cells. The
alteration of Cox2 expression was consistent with what was observed
using RNAseq and gPCR (Table S1).

3.6 | Differential effects of pharmacological Cox
inhibitors on Notch pathway expression

To validate the effects of blocking eicosanoid synthesis on Notch
signaling, wildtype C18-4 cells were treated for 24 h with pharma-
cological Cox inhibitors that target Cox enzymes selectively and
non-selectively. Both drugs targeting Cox2 significantly induced the
expression of Notch3- NS398 at 50 and 100 pM, and Celecoxib at 1
and 10 pM (Figure 6A,B). NS398 reduced Notch1 expression at 50 uM

but celecoxib had no effect on the expression of this gene. Celecoxib
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TABLE 2 List of differentially expressed genes involved in signaling pathways predicted to be altered by cyclooxygenase (Cox)1 silencing.

Gene name Gene symbol FDR Fold change
Peroxisome proliferator-activated receptor gamma Pparg 2.16E-05 32.7
Inhibitor of DNA binding 2 Id2 1.80E-03 6.185
Phosphoinositide-3-kinase regulatory subunit 5 Pik3r5 3.13E-04 5.868
Platelet-derived growth factor receptor beta Pdgfrb 1.17E-03 4.673
Twist family bhih transcription factor 2 Twist2 7.60E-04 4,627
Whnt family member 7A Wnt7a 3.41E-02 3.653
Phosphoinositide-3-kinase regulatory subunit 1 Pik3r1 1.33E-03 3.488
Notch receptor 3 Notch3 1.26E-03 2.785
Transforming growth factor beta 2 Tgfb2 2.78E-03 2.761
Notch receptor 1 Notch1 1.84E-03 2.653
Jagged canonical Notch ligand 1 Jagl 7.95E-04 2.632
Fibroblast growth factor 2 Fgf2 9.14E-02 2.565
Fibroblast growth factor 5 Fgf5 2.04E-02 2.536
SMAD family member 3 Smad3 7.14E-04 2.308
Transforming growth factor beta 3 Tafb3 4.72E-03 2.268
Phosphoinositide-3-kinase regulatory subunit 3 Pik3r3 2.15E-02 2.059
AKT serinethreonine kinase 3 Akt3 1.28E-03 —2.007
Epithelial splicing regulatory protein 2 Esrp2 2.56E-02 -2.171
Wnt family member 5A Whnt5a 6.41E-03 —2.462
Par-6 family cell polarity regulator alpha Pardéa 1.39E-02 —-2.471
Whnt family member 9A Wnt9a 5.83E-04 -28
Whnt family member 11 Wnt11 5.22E-04 —-2.994
Matrix metallopeptidase 2 Mmp2 1.47E-04 -3.751
Fibroblast growth factor 22 Fgf22 8.97E-02 —-4.516
Fibroblast growth factor 21 Fgf21 6.90E-04 —-11.362

induced the expression of Hes1 at both 1 and 10 uM, whereas only a
non-significant increase was observed with NS398 treatment, which
only reached significance at 50 uM (p = 0.054). Interestingly, 10 uM
NS398 induced Hey1 expression while the drug concentration had to
reach 100 uM before a decrease in the expression of this gene was
observed. On the other hand, celecoxib decreased Hey1 expression at
1 uM, but the effect was not significant at 10 uM.

FR122047 was used in the same conditions as the Cox2 selec-
tive inhibitors to evaluate any differential effects between Cox1 and
Cox2 selective inhibition. Similar to what was observed with the Cox2
selective inhibitors, FR122047 treatment over 24 h induced the gene
expression of Notch3 and Hes1 at both doses of the drugs, 1 and 10 uM
(Figure 6C). There was no effect of FR122047 on Notch1 expression,
and similarly to what was observed with 100 uM NS398, high dose
FR122047 induced a significant decrease in Hey1 expression.

Lastly, ACE and IBU were chosen as representative non-selective
Cox inhibitors at doses of 50 and 100 uM, which were converted from
human-relevant doses.?2 Both 100 uM ACE and IBU significantly

upregulated Notch3 expression, while only 100 uM IBU induced Hes1
expression (Figure 6D). An increase was observed with 100 uM ACE
on Hes1 expression, though not significant. Interestingly, while not
observed with the Cox selective inhibitors, 100 uM ACE induced the
expression of Notch1, which indicates that ACE is capable of targeting
both types of Notch receptors, perhaps due to independent effects
outside Cox inhibition. 100 pM IBU was also able to induce Hey1l
expression, which is another effect not observed with the selective
Cox inhibitors at high doses and may be attributed uniquely to this
drug.

Evaluation of Notch3 protein expression using immunofluorescence
staining illustrated similar effects, with NS398 and FR122047 increas-
ing the percent of cells expressing Notch3, visible as bright green
fluorescence spots in nuclei (Figure 6E). Quantification of positive cells
showed significant increases with the high doses of 100 and 10 uM
NS398 and FR122047, respectively (Figure 6F,G). Western blot valida-
tion showed similar results, however, induction of Notch3 expression

was not observed with either dose of celecoxib (Figure 6H).
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3.7 | PGD2 negatively regulates Notch signaling in
C18-4 spermatogonial cells

We next wanted to explore whether PGs are involved in mediating
the interaction between the eicosanoid and Notch signaling pathways
and whether they are responsible for the activation of the Notch
pathway observed with silencing Cox1. Wildtype C18-4 cells were
treated for 24 h with 1, 10, and 50 uM of supplemental PGD2. PGD2

treatment resulted in the suppression of Notch3 mRNA expression

(Figure 7A), and a similar effect was observed with Hes1 expression as
suppression was also observed at the 10 and 50 uM doses (Figure 7C).
Note that, 10 uM PGD2 downregulated Notchl and Heyl expres-
sion (Figure 7B,D), but at 50 uM, the opposite effect was observed.
Such biphasic response is reminiscent of adaptative hormetic effects
observed with substances acting on the hormonal system and chemi-
cal stressors.23 However, this effect of PGD2 was found only for Hey1
expression, suggesting that the higher dose of PGD2 had activated a

unique signaling pathway regulating Hey 1 expression.
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4 | DISCUSSION

The objective of this study was to explore the role of the eicosanoid
pathway in spermatogonial development. We chose to target the
Cox enzymes due to their properties as rate-limiting enzymes of the
eicosanoid pathway and as targets of over-the-counter analgesics ACE
and IBU. We first observed that concentrations of ACE and IBU equiva-
lent to those measured in treated infants did not alter spg proliferation.
However, the Cox1 selective inhibitor FR122047 and Cox2 selective
inhibitor Celecoxib reduced cell numbers at the highest dose used, indi-
cating some toxicity. Although cell numbers were not measured for
the high 100 uM concentration of NS398, subsequent experiments
using that dose did not show remarkable changes in cell numbers com-
pared to controls (Figure 2E) suggesting that NS398 is less toxic for
spermatogonia than Celecoxib and FR122047. This also suggests that

Cox enzymes might play a role in spermatogonia survival and that
two selective Cox2 inhibitors might not have the exact same effects,
either due to different affinities for Cox2 or via unknown off-target
effects.

As Cox1 is the more prevalent of the two enzymes, and being
one that is constitutively expressed in all cell types,2* we focused
our efforts towards interrogating the role of Cox1. We believe that
a greater understanding of its involvement in regulating spg devel-
opment will also aid in elucidating potentially toxic properties of
analgesic drugs that target the eicosanoid pathway. Observations
from Cox1 knockdown studies were confirmed with pharmacological
Cox inhibitors that target Cox1 and Cox2 both selectively and non-
selectively. Our data indicate that blocking Cox enzymes either with
shRNA-based silencing or pharmaceutical Cox inhibitors can alter the

cellular properties of the SSCs, as modeled by the C18-4 cell line. Cox2
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FIGURE 6 Continued

was found to be positively associated with differentiation, while Cox1
was negatively associated with differentiation.

Previous studies conducted by our lab found that ACE and IBU also
provoked functional changes in neonatal gonocytes, and we reported
that treatments of these drugs were able to induce gonocyte prolifera-
tion and partially inhibit differentiation after 24 h. In the current study,
we report that reducing Cox1 levels in spg promotes differentiation,
whereas in gonocytes, reducing Cox2 levels decreases differentia-
tion. Cox2 was positively associated with differentiation during the
gonocyte and spermatogonia stages of development. However, more
studies will be needed in gonocytes to determine whether Cox1 has
similar roles in both cell types. It is also important to note that gono-
cytes and SSCs represent two unique stages of development with
the establishment of germ cells on the basement membrane being
the major differentiator between these two cell types. These cells
also exhibit unique roles, with the gonocytes’ main purpose being to
establish the foundational SSC pool and SSCs being to maintain the
lifelong production of sperm. Their unique roles are reflected in the dis-
tinctive molecular profile of these two populations of cells and their
different fate trajectories.”2>~27 Therefore, it is possible that drugs
targeting the same enzymes within the gonocyte and spermatogonial
populations may have different effects on regulating differentiation.
However, we cannot disregard that our current findings are based on

1 10 1 10

Celecoxib FR122047

a cell-line model, which, despite being able to exhibit differentiating
properties that are characteristic of SSCs, may not be able to recapit-
ulate all the properties of a non-immortalized mammalian germ cell
population.

From the total RNAseq analysis, we identified several signaling path-
ways that were altered by Cox1 silencing. Of those, the Notch signaling
pathway was consistently upregulated in both knockdown and drug
studies, suggesting that this pathway is a major downstream target of
eicosanoids. This is confirmed with the treatment of PGD2 on wild-
type C18-4 cells, illustrating that PGD2 can negatively regulate the
expression of Notch pathway genes. By suppressing PGD2 levels, Cox
inhibitors may be releasing a brake on Notch pathway activity, which
subsequently results in constitutive activation of the pathway. The
Notch signaling pathway is a well-conserved pathway that has been
widely characterized for its involvement in cell fate determination.28
Upon ligand binding, the Notch receptor undergoes proteolytic cleav-
age leading to the cytoplasmic release of its intracellular domain
(NICD) and subsequent translocation into the nucleus where it inter-
acts with transcriptional regulators and activate target genes such as
Hairy/Enhancer of Split (Hes) and Hes-related (Hey) genes.?? Cox1
silencing led to increased expression of both Notch3 and Hes1, while
pharmacological Cox inhibitors induced differential effects on Notch
receptors and their downstream targets.
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(D) Hey1 after 24 h treatment of 1, 10, and 50 uM PDG2. Results are presented as fold change of control (0). nRNA expression data were
normalized to Glyceraldehyde 3-phosphate dehydrogenase (Gapdh). Significant difference relative to control medium with one-way ANOVA test

and multiple comparisons: * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

Silencing of Cox1 in the C18-4 cell line prompted morphological
changes that seemed to reflect an epithelial to mesenchymal transition
(EMT) both in the alteration of C18-4Cox1-KD1 ce|| physical appearance,
decreases in the expression of cellular adhesion and matrix metallopro-
teinase genes, and in the molecular pathways that were predicted to be
altered from IPA. EMT is characterized by a transition from an epithe-
lial phenotype to an elongated fibroblastic or mesenchymal phenotype
leading to increased motility and invasion, which is also characteristic
of tumors. During embryonic development, EMT is related to cellular
plasticity, and this process plays a critical role in stem cell behav-
jor and induction of pluripotency.®® While more studies will have to
be conducted to evaluate downstream Notch signaling effects before
definitively determining a role of this pathway’s involvement with EMT
observed in the C18-4Cox1-KD1 cells we can presently turn to the
literature to speculate a possible relationship.

The Notch pathway has been found to be implicated in many
human cancers and several Notch pathway receptors have been
shown to be prognostic markers in different types of cancers such
as breast, gastric, and prostate.3132 Whereas many studies found
positive correlations between Notch signaling activation and cancer
progression, some studies evaluating the involvement of Notch signal-
ing on EMT showed that this pathway is negatively correlated with the
EMT transition of breast cancer cells.3334 The overexpression of the

Notch intracellular domain (N3ICD) decreased mesenchymal marker

vimentin and increased levels of tight junctional proteins E-cadherin
and E-catenin. Perhaps in spgs, this signaling pathway can also play
a significant role in the EMT of the SSC and may be involved in the
malignant transformation of spgs, which may aid in the pathogenesis
of SS.8

Other studies support the involvement of the Notch signaling path-
way in spermatogenesis either in affecting the development of germ
cells themselves or being involved in the regulation of germ cell devel-
opment by supporting Sertoli cells. Notch3 and Hes1 were found to be
expressed in juvenile and prepuberal spermatogonia, consistent with
our findings, and only weakly in adult spermatogonia.> As for the role
of Notch signaling in Sertoli cells, the cells responsible for supporting
the proper maturation of spgs, the Notch-Hes1 signaling axis was dis-
pensable for spermatogenesis as Notch knockout mice retained normal
spermatogenesis and fertility.3¢ However, studies have shown that the
activation of Notch signaling in Sertoli cells is important for the reg-
ulation of SSC development.37:38 Undifferentiated spgs can modulate
the activation of the Notch1-Hey1 axis to downregulate CYP26b1 and
remove its blockade on RA production to drive SSC differentiation.3?
Our study indicates that the Notch signaling pathway is important to
the development of SSCs, supporting a similar role to that of Sertoli
cells.

Alternatively, one cannot rule out the role of TGFb signaling in our

model, as several TGFb signaling family members were upregulated in
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the C18-4Cox1-KD1 ce||s as well. TGFb signaling pathway plays a critical
role in establishing the germline during mouse embryogenesis, in addi-
tion to steroidogenesis, cord formation, and gonocyte behavior#?41
Furthermore, TGFb was able to induce Cox2 expression during EMT
in breast cancer progression, and Cox2 had the ability to enhance
oncogenic TGFb signaling by inhibiting Smad 2/3 activity via PGE2.42
Both the Notch and TGFb signaling pathways are known to converge
on the regulation of differentiation events during development,*344
and significant crosstalk exists between them in various tissues and
cell types.*>47 While we chose to focus our efforts on characteriz-
ing Notch signaling with respect to pharmacological Cox inhibitors, we
note that TGFb signaling may play animportant role as well, and its abil-
ity to crosstalk with Notch signaling pathways can also contribute to
downstream functional effects.

In future studies, we aim to explore the mechanistic interactions
between eicosanoid and Notch signaling pathways that are supported
by the literature. In a gastric cancer cell line, characteristics of can-
cer progression that were enhanced by Notchl pathway activation
were suppressed when the cells were treated with NS398 or by Cox2
knockdown.*® It was also found that the PGE2 receptor acts down-
stream of the Notch signaling pathway to inhibit differentiation of
human skeletal muscle progenitors.? Interestingly, while these stud-
ies suggest that the eicosanoid pathway acts downstream of the Notch
signaling pathway, we show that eicosanoids can also regulate the
expression of Notch signaling pathway genes. Indeed, PGs may play
crucial roles as biochemical mediators that regulate molecular sig-
naling pathways that are important for cell fate determination of
SSCs.

The roles of non-selective Cox inhibitors on male germ cell devel-
opment are only beginning to be deciphered. While several groups
have reported that Cox inhibitors can decrease the expression of fetal
germ cell markers,”9->3 no reports currently exist on the effects of Cox
inhibitors on SSCs, which are critical for sperm formation and fertility
beyond puberty. Infancy represents a critical period for SSC formation
and disrupting SSCs or their precursors may be associated with infertil-
ity and testicular cancer.>*~>¢ The development of germ cells is highly
dynamic during this period of development, and disruptions to the
balance between self-renewal, proliferation, and apoptosis have been
proposed to initiate testicular germ cell tumor formation.>” Therefore,
a greater understanding of how Cox inhibitors, such as ACE and IBU,
might impact the development of neonatal germ cells could provide
insights into the origins of testicular cancer and male infertility that

have been afflicting young men at an alarming rate.

5 | CONCLUSION

In this study, we report that Cox inhibition can alter the differentiation
of juvenile undifferentiated spgs, including SSC, with Cox1 preventing
differentiation and Cox2 promoting it. Cox1 silencing leads to the acti-
vation of the Notch signaling pathway primarily via the Notch3-Hes1
axis (see Graphic Abstract). We speculate that the Notch3 pathway

underlies a mechanism behind the ability of pharmacological Cox
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inhibitors to disrupt the normal fate determination by inducing the

morphological transformation of SSCs. Future studies will explore
interactions between eicosanoid and Notch signaling pathways to
further understand the role of Notch3 in regulating undifferentiated
spgs and SSC development.
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Abstract

Background: Phospholipase C zeta (PLCZ1) is considered the major sperm-borne
oocyte activation factor. Cryopreserved stallion spermatozoa are commonly used
for intracytoplasmic sperm injection (ICSI). However, plasma membrane damage and
protein modifications caused by cryopreservation could impair sperm structure and
function, leading to a reduction of PLCZ1 and oocyte activation after ICSI.

Objectives: We compared membrane integrity and PLCZ1 abundance in populations
for fresh, frozen, and refrozen stallion spermatozoa, either thawed and refrozen at
room or low temperature; and examined the effect of relative PLCZ1 content on
cleavage after ICSI.

Materials and methods: Western blotting, ELISA, and immunofluorescence were con-
ducted in stallion spermatozoa, freezing extenders, and detergent-extracted sperm
fractions to detect and quantify PLCZ1. Retrospectively, PLCZ1 content and cleavage
rate were analyzed. Fresh, frozen, and refrozen at room and low temperatures sper-
matozoa were evaluated for acrosomal and plasma membrane integrity and PLCZ1
content using flow cytometry.

Results: Western blotting, ELISA, and immunofluorescence revealed significant reduc-
tion of PLCZ1 in spermatozoa after cryopreservation and confirmed PLCZ1 detection
in extenders. After detergent extraction, a PLCZ1-nonextractable fraction remained
in the postacrosomal region of spermatozoa. Plasma membrane integrity was signifi-
cantly reduced after freezing. Acrosomal and plasma membrane integrity were similar
between frozen and refrozen samples at low temperature, but both were significantly
higher than samples refrozen at room temperature. Acrosomal and plasma membrane
integrity significantly correlated to PLCZ1 content. Percentages of PLCZ1-labeled
spermatozoa and PLCZ1 content were reduced after freezing but not after refreezing.
Relative content and localization of PLCZ1 were associated with cleavage rates after
ICSI.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Andrology published by Wiley Periodicals LLC on behalf of American Society of Andrology and European Academy of Andrology.
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1 | INTRODUCTION

During fertilization, the spermatozoon delivers oocyte activating fac-
tors into the ooplasm, inducing oocyte activation and, consequently,
cleavage, and embryo development.! Phospholipase C zeta (PLCZ1)
is considered the main sperm-borne oocyte activation factor in sev-
eral mammalian species.2 ! In stallion spermatozoa, PLCZ1 has been
identified as a 73 kDa protein, immunolocalized in the acrosomal
and equatorial regions, connecting piece, and principal piece of the
tail.12 After gamete membrane fusion, PLCZ1 is released into the
ooplasm, hydrolyzing organelle membrane-bound phosphatidylinositol
4,5-bisphosphate to inositol-1,4,5-triphosphate (IP3) and diacylglyc-
erol (DAG). In the endoplasmic reticulum, IP3 binds to the IP3 receptor,
causing calcium oscillations and oocyte activation events. In addition,
DAG activates protein kinase C.23 In various species, a relation-
ship between male infertility and deficiencies of PLCZ1 has been
established. Reduced levels, abnormal localization, or genetic muta-
tions of PLCZ1 are associated with intracytoplasmic sperm injection
(ICSI) failure or low fertilization rates in men, mice, and cats.*8:14-21
High content and appropriate localization of PLCZ1 in human and
equine spermatozoa are positively related to cleavage rates and ICSI
outcome, 1122 supporting the role of PLCZ1 for oocyte activation.

The initial application of ICSI was focused on producing offspring
from mares with compromised fertility?3. Currently, indications for
ICSI include poor sperm quality for artificial insemination or limited
availability of frozen sperm stores.?® In clinical ICSI, frozen-thawed
stallion spermatozoa are commonly used. A small quantity of sperma-
tozoais required for injection; thus, sperm injection could theoretically
be used to produce multiple in vitro embryos from a single straw
of frozen spermatozoa, maximizing its use. Advantageously, unused
frozen-thawed spermatozoa can be refrozen, maintaining sufficient
sperm quality and fertility potential for later microinjections,242° or
a single straw of frozen spermatozoa could be thawed and refrozen
into straws with reduced number of spermatozoa for use with ICSI.
A sperm attribute that is highly linked to embryo development and
pregnancy after ICSl is plasma membrane integrity.2> However, sperm
membranes are damaged during cryopreservation when lipids undergo
a phase change from a fluid to gel state during cooling and freezing
and by osmotic stress and extracellular ice formation during freezing.2¢
The membrane lipid phase change is implicated in cooling damage
caused by irreversible conformational modifications of membrane
proteins.?® In several species, proteins involved in sperm physiology
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Discussion and conclusion: Sperm PLCZ1 content associates with cleavage rates after
ICSI. Cryopreservation is detrimental to sperm plasma membrane integrity and PLCZ1
retention. However, refreezing did not result in additional PLCZ1 loss. Refreezing stal-
lion spermatozoa at a low temperature resulted in better survival but did not improve

ELISA, flow cytometry, freezing, PLCZ1, refreezing, viability

and fertilization are reduced or lost after cryopreservation.?” There-
fore, modifications in the sperm plasma membrane and PLCZ1 could
result in reduction of oocyte activation and ICSI success.

We hypothesized that PLCZ1 quantity in stallion spermatozoa is
reduced after cryopreservation, and this is exacerbated with thawing;
however, thawing and refreezing spermatozoa at a low temperature
would reduce plasma membrane damage and aid in the retention of
PLCZ1.Inthe present study, we assessed the effect of single and double
freezing cycles and sequential detergent extraction on the abundance
and localization of PLCZ1 in stallion spermatozoa using immunoblot-
ting, immunofluorescence, and quantitative sandwich enzyme-linked
immunosorbent assay (QS-ELISA). Retrospectively, we analyzed the
relative abundance of PLCZ1 assessed by immunofluorescence and
flow cytometry, and the extent that relative PLCZ1 content was asso-
ciated with cleavage rates after equine ICSI. Finally, we evaluated the
loss of membrane integrity and PLCZ1 abundance in stallion sperm
populations for fresh, frozen, and refrozen sperm samples, either
thawed and refrozen at room or low temperature in an effort to reduce
plasma membrane damage.

2 | MATERIAL AND METHODS
2.1 | Study design, antibodies, and reagents

Three experiments were conducted. In Experiment 1, the loss of PLCZ1
after single or double cryopreservation cycles or detergent exposure
was determined using immunoblotting, immunofluorescence, and QS-
ELISA. Experiment 2 was a retrospective study to assess the extent
that immunofluorescence and flow cytometry end points for PLCZ1
are associated with the ability of spermatozoa to activate the oocyte,
as determined by cleavage rates after ICSI. Finally, Experiment 3 was
performed using flow cytometry of spermatozoa from a single ejacu-
late of 12 stallions to assess acrosomal and plasma membrane integrity
and PLCZ1 content for fresh, frozen, and refrozen spermatozoa. Sper-
matozoa were also refrozen at room or low temperature prior to
the assessment of membrane integrity and PLCZ1 content. Single
ejaculates were collected from stallions (Experiment 1, n = 6 and
Experiment 2, n = 12 stallions), processed and analyzed for Exper-
iments 1 and 3 during the equine breeding seasons of 2023 and
2022, respectively. Methods for Experiments 1 and 3 are described

below. For Experiment 2, materials and methods were previously
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published.?228.2% Data collected for spermatozoa (n = 12) from a pre-

vious study were reanalyzed for correlation analysis.?2 Cleavage rates
obtained subsequent to the original study and including six of the
spermatozoa samples were compiled to determine the relationship
between relative abundance of PLCZ1 and cleavage rates after equine
ICS1.28:29

The primary antibody used in the experiments was a rabbit poly-
clonal antibody raised against amino acids 500—549 of PLCZ1 of
human origin (Santa Cruz Biotechnology, Dallas, TX) and characterized
in detail in a previous study.?2 Secondary antibodies for flow cytom-
etry, immunofluorescence, and immunoblotting were goat anti-rabbit
1gG-H+L-Alexa Fluor488 (Invitrogen, Eugene, OR) and goat anti-rabbit
1gG H+L HRP (Abcam, Boston, MA), respectively. Unless stated other-
wise, all chemicals and reagents were purchased from MilliporeSigma
(Burlington, MA).

2.2 | Semen collection and cryopreservation
procedures

Semen was collected using an artificial vagina (CSU Model; Animal
Reproduction Systems, Chino, CA) with an in-line nylon micromesh
filter to remove the gel fraction. A portion of semen from each
ejaculate was used for a fresh sperm evaluation, and the remaining
semen was frozen as previously described.3° Briefly, filtered semen
was extended 1:1 in prewarmed INRA96 (IMV Technologies, Maple
Grove, MN) and centrifuged at 400xg for 15 min at room tempera-
ture. The sperm pellet was resuspended to 200 x 10° spermatozoa/mL
in lactose-EDTA extender containing 20% egg yolk and 5% glycerol
(LEDTA).3! Spermatozoa were loaded into 0.5-mL polyvinylchloride
straws (IMV Technologies), sealed, and cooled at 5°C for 30 min.
The straws were frozen 4 cm above liquid nitrogen for 15 min and
then plunged into liquid nitrogen. Frozen straws were stored for at
least 60 days prior to analyses or refreezing. Frozen spermatozoa
were thawed at 37°C for 60 s and processed for analysis within
10 min.

For Experiments 1 and 3, eight straws of frozen spermatozoa were
thawed using one of two protocols. For the first protocol, frozen sper-
matozoa were thawed at 37°C water bath for 60 s. Frozen thawed
spermatozoa from individual straws were pooled for each stallion at
room temperature (22°C; RT; refrozen room temperature) and diluted
10-fold in E-Z Freezin CryoMax MFR5 (Animal Reproduction Systems).
Spermatozoa were packaged into straws, sealed, cooled at 5°C for
30 min and refrozen above liquid nitrogen as described above. For
the second protocol, all procedures (thawing, diluting, and packing)
occurred in a 5°C cold room.32 Eight straws of frozen spermato-
zoa from each stallion were thawed individually immersed in a water
bath at 37°C for 12 s and quickly removed into a cold-water bath
at 5°C (LT, refrozen low temperature). Thawed spermatozoa were
pooled and diluted 10-fold in E-Z Freezin CryoMax MFR5. Sperma-
tozoa were packaged into straws, sealed, and refrozen above liquid
nitrogen. Refrozen spermatozoa were thawed at 37°C for 60 s and

processed for analysis within 10 min.
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2.3 | Immunoblotting

A single ejaculate from each of six stallions was split for cryopreserva-
tion and detergent extraction. Protein lysates from fresh, frozen, and
refrozen spermatozoa from were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting
as described previously with some modifications.33 Approximately
500 x 10° frozen and refrozen spermatozoa were thawed at 37°C for
60 s and centrifugated at 500xg for 8 min to collect the freezing and
refreezing extenders. Fresh, frozen, and room temperature refrozen
spermatozoa were washed in phosphate buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCI, 10 mM NayHPOQy4, 1.8 mM KH,POy4, pH 7.4; fil-
tered 0.22 um) at 22°C. Supernatant was removed and the pellet was
resuspended in radioimmunoprecipitation assay buffer (RIPA: 50 mM
Tris-HCI, 150 mM NaCl, 1% Nonidet-P40, 0.5% sodium deoxycholate,
0.1% SDS, pH 8.0), sonicated (medium intensity level, 3 s x 5: Bioruptor
Standard, Liege, Belgium) and centrifuged at 14,000xg for 10 min.

Fresh stallion spermatozoa were sequentially extracted by incuba-
tion in nonionic (Nonidet-P40, USBiological, Salem, MA; NP40) and
ionic detergents (sodium dodecyl sulfate; SDS) to indirectly examine
the extent of PLCZ1 binding to internal sperm structures. Nonionic
and ionic detergents can differentially remove surface and internal
sperm components, respectively.3* Briefly, approximately 500 x 10°
fresh spermatozoa were washed in PBS twice to remove seminal
plasma and incubated in 400 uL of 1% NP40 at room temperature for
2 h. After incubation, spermatozoa were centrifugated at 500xg for
8 min, and the supernatant (NP40 extractable fraction) was recovered
for analysis. The pellet was washed twice in PBS, and spermatozoa
were incubated in 400 ulL of 2% SDS for 2 h. Spermatozoa were
centrifuged to recover the SDS extractable fraction. The remaining
spermatozoa (nonextractable fraction) were washed twice, resuspend
in 400 uL of PBS and sonicated for protein extraction. Nonextractable,
NP40 and SDS fractions were centrifuged at 14,000xg for 10 min,
and supernatants were collected for immunoblotting. Spermatozoa
after incubation with NP40 and SDS were washed and fixed for
immunofluorescence.

A Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA)
was used to assess protein concentration in fresh, frozen, and refrozen
spermatozoa; the corresponding freezing and refreezing extenders;
and extractable (NP40 and SDS fractions) and nonextractable deter-
gent fractions. Protein (60 ug) was suspended in 2X Laemmli buffer
(Bio-Rad, Hercules, CA) and distilled water up to a final volume of
40 uL and heated at 95°C for 10 min. Samples and molecular weight
markers (Precision Plus Protein Dual Color Standards, Bio-Rad) were
loaded into SDS-PAGE gradient gels (BOLT™ 4%—12% Bis-Tris Plus)
and separated at 150 V for 40 min at 4°C, followed by transfer to a
polyvinylidene difluoride membrane (PVDF; Immun-Blot PVDF Mem-
brane; Bio-Rad) at 40 V for 90 min at 4°C. The PVDF membrane was
blocked in 5% skim milk in tris-buffered saline with Tween (TBST:
137 mM NaCl, 2.7 mM KCI, 19 mM Tris base, 0.1% Tween 20, pH 7.4)
for 60 min at room temperature and then incubated overnight with
anti-PLCZ1 antibody (1:40) at 4°C under continuous agitation. After
incubation, the PVDF membrane was washed with TBST and incubated
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with secondary antibody (1:3000; goat anti-rabbit IgG H+L HRP) for
60 min at room temperature. After washing, immunoreactivity was
captured using enhanced chemiluminescence (Super Signal West Dura;
Thermo Scientific). Amido Black Staining Solution (Millipore Sigma)
was used to assess total protein for the loading control. Individual
PLCZ1 densitometric measurements from each sample group were
standardized to total protein as the loading control, then expressed rel-
ative to the average standardized PLCZ1 band density for the fresh
sample.3> Densitometry analysis was performed using Vision Works
Software (Analytik Jena, Germany) and ImageJ (NIH, Bethesda, MD).

2.4 | Immunofluorescence

Immunofluorescence of PLCZ1 in stallion spermatozoa was conducted
as previously described with some modifications.®¢ Two replicates for
each sperm sample from the ejaculates of six stallions for Experiment
1 were evaluated. Fresh, frozen, refrozen at room temperature, and
detergent-extracted spermatozoa were washed in PBS, and pellets
were fixed in 2% paraformaldehyde for 40 min at room tempera-
ture. Fixed spermatozoa were washed and permeabilized using 0.1%
Triton X-100 in PBS for 40 min. After washing, spermatozoa were
resuspended to 5 x 10 spermatozoa/mL in PBS. A 30-uL aliquot was
pipetted onto a 0.1% poly-L-lysine-coated slide and allowed to dry
for 15 min on a slide warmer at 37°C. Spermatozoa were blocked
(5% normal goat serum in PBS) for 60 min in a humidified chamber.
The blocking solution was discarded, and spermatozoa were incu-
bated with anti-PLCZ1 antibody (1:100; Santa Cruz Biotechnology)
overnight at 5°C in a humidified chamber. Slides were washed in PBS
and incubated with Alexa Fluor488-conjugated goat anti-rabbit IgG-
H+L (1:200) for 60 min. Slides were washed, and spermatozoa were
counterstained with 2 ug/mL Hoechst 33342 (Invitrogen) for 10 min.
Slides were washed and prepared (Fluoromount Aqueous Mounting
Media) for analysis. To evaluate background and nonspecific bind-
ing, permeabilized spermatozoa were incubated overnight in blocking
solution without the primary antibody and only with the secondary
antibody. Slides were imaged at X1000 magnification using an epifluo-
rescence microscope equipped with 40,60-diamidino-2- phenylindole
(DAPI) and fluorescein isothiocyanate (FITC) filters (BX53; Olympus
Scientific, Waltham, MA) and using cellSens Dimension 1.6 Software
(Olympus Scientific). Fluorescence intensity and localization of PLCZ1
were examined in > 200 spermatozoa per sample in each replicate
for quantitative and proportional distribution analyses, respectively.
Sperm heads were analyzed using ImageJ (NIH) and the regions of
interest tool. Integrated density was calculated for the mean level of
fluorescence and the area of each sperm head. Corrected total cell
fluorescence (CTCF) was obtained after subtraction of background

fluorescence.?”

2.5 | Quantitative sandwich enzyme-linked
immunosorbent assay

A commercially available QS-ELISA(MBS072674, MyBioSource, San
Diego, CA) was used to quantify PLCZ1 in sperm extracts from fresh,
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frozen, and refrozen spermatozoa and their corresponding freezing

and refreezing extenders from six stallions for Experiment 1. Protein
sperm extraction and procedures for QS-ELISA were performed fol-
lowing the manufacture’s guidelines. Briefly, 4 mL of semen from each
of the six ejaculates containing approximately 800 x 10° spermatozoa
was washed in PBS, and the seminal plasma was removed to obtain
fresh spermatozoa. Frozen and room temperature refrozen sper-
matozoa from the same ejaculate were cryopreserved as described
previously. Approximately 800 x 10° frozen and refrozen spermato-
zoa were thawed at 37°C for 60 s and centrifugated at 500xg for
8 min to recover the freezing and refreezing extender for analysis.
Pellets from fresh, frozen, and refrozen spermatozoa were washed
in PBS, and the supernatants were discarded. Spermatozoa were
resuspended in 400 uL of PBS and sonicated at 5°C for protein extrac-
tion. Sonicated sperm samples and extenders were centrifuged at
10,000x%g for 10 min at 5°C, and the supernatants were collected for
analysis.

In brief, 50 uL of sperm samples were placed into each well in
duplicate, with the provided two-fold serial dilution of standard at con-
centrations of 20, 10, 5, 2.5, 1.25, and 0.625 ng/mL added in triplicate.
A blank (0 ng/mL protein) control was used to assess the enzymatic
reaction without sample or HRP-conjugated reagent. Samples and
standards were incubated at 37°C for 1 h with 100 uL HRP-conjugated
reagent (excluding blank wells). After washing four times with a sup-
plied wash buffer, 50 uL of Chromogen Solution A and B were added.
The microplate was incubated at 37°C for 15 min, and the reaction was
ended by adding 50 ul of Stop Solution into each well. The microplate
was evaluated within 5 min at the optical density of 450 nm using a
VersaMax Microplate Reader (Molecular Devices, San Jose, CA). Trip-
licates of blank and standard optical density values were fitted in a
linear curve (y = 0.017 + 0.070x. R? = 0.997) to estimate the protein
concentration of the samples.

2.6 | Flow cytometric assessment

Fresh, frozen, and refrozen at room or low-temperature spermatozoa
from single ejaculates from 12 stallions (Experiment 3) were washed
in 10 mL of PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NayHPQy,
1.8 mM KH, POy, pH 7.4; filtered 0.22 um) and centrifuged at 500xg
for 8 min. The pellet was resuspended in PBS, and an aliquot contain-
ing approximately 5 x 10° spermatozoa was incubated with 1 uL of
fixable viability stain (LD; LIVE/DEAD Fixable Far-Red Kit, Molecular
Probes, Eugene, OR) for 30 min in the dark, following the manufac-
turer’s guidelines. Stained spermatozoa were washed in PBS, fixed with
2% paraformaldehyde for 40 min at room temperature in the dark,
washed in PBS, and permeabilized with 0.1% Triton-X-100 for 1 h. Sper-
matozoa were blocked with 5% normal goat serum for 1 h, and then
incubated with anti-PLCZ1 antibody (1:100). After overnight incuba-
tion at 5°C, spermatozoa were washed in PBS and incubated with goat
anti-rabbit IgG-H+L-Alexa Fluor488 (1:200) for 60 min at room tem-
perature. Then, 5.6 ug/mL of lectin from Arachis hypogaea (peanut)
Alexa Fluor594 conjugate (PNA594; Invitrogen) was added, incubated

for 15 min, and washed in PBS for flow cytometric analysis.
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Samples were analyzed in duplicate using ZE5 Cell Analyzer (Bio-

Rad) and FlowJo v10.2 Software (Ashland, OR). Fluorochromes were
excited with 488, 561, and 640 nm lasers and 525/25, 615/24, and
670/30 nm band pass filters were used for green, red, and far-red
fluorescence detection. Spermatozoa unstained, single-stained with
viability stain (LD) or PNA594 and incubated only with secondary
antibody were used to set voltages, compensations, and quadrants.
Acquired events were gated into FSC-area/FCS-height plot to exclude
cell aggregates. Single events were gated into an LD histogram and
acquisition stopped at 20,000 positive events for LD stain. Events
included in the LD gate were considered spermatozoa. Spermato-
zoa displaying low LD intensity were considered as viable with intact
plasma membrane (Ml+), and spermatozoa exhibiting high LD inten-
sity were determined as nonviable with disrupted plasma membrane
(MI-). Spermatozoa included in the LD gate (Ml+ and MI-) were
brought into a PNA594 histogram to identify spermatozoa with intact
acrosome (intact, PNA+) or damaged acrosome (reacted, PNA-). Sper-
matozoa then were gated into LD/PNA594 plot to identify three
main sperm subpopulations: (1) spermatozoa with intact plasma and
acrosomal membranes (MI+/PNA+); (2) spermatozoa with disrupted
plasma membrane and intact acrosome (MI-/PNA+); and (3) sperma-
tozoa with damaged plasma and acrosomal membranes (MI-/PNA-).
Fluorescence emitted by spermatozoa incubated only in secondary
antibody was used to assess nonspecific binding, setting a marker at
the end of the nonspecific binding. Spermatozoa displaying fluores-
cence from the primary-secondary antibody complex to the right of the
marker were considered positive spermatozoa for PLCZ1 (PLCZ1+).
Mean fluorescence intensity (MFI) emitted for the whole and each
sperm subpopulation were recorded for analysis (Figure 1).

2.7 | Oocyte collection and intracytoplasmic sperm
injection procedures

Equine oocyte collection and ICSI procedures are described in detail
in previous studies.?82? Briefly, oocytes were collected from light-
horse mares by transvaginal, ultrasound-guided follicular aspiration
during the follicular phase and after follicle maturation induction of
dominant follicles > 35 mm in diameter. Cumulus oocyte complexes
were incubated in TCM 199 with Earle’s salts (GibcoTM, ThermoFisher)
with 10% fetal calf serum, 25 ug/mL of gentamicin and 0.2 mM pyru-
vate at 38.2°C in 5% CO, and air for approximately 26 h, before
being denuded of cumulus cells. Extrusion of the first polar body
was confirmed. Prior to ICSI, approximately one-tenth of a 0.5-mL
straw of frozen-thawed spermatozoa (n = 6), evaluated for PLCZ1
from a previous study,?2 was cut under liquid nitrogen and thawed by
placing directly into 1 mL of MOPS-buffered medium (G-MOPS, Vitro-
life, Sweden) with 0.04% BSA at 38.2°C. Selected spermatozoa were
injected into oocytes (n = 227) using a micromanipulator (Narishige
Group, Amityville, NY) with a piezo-driven injection system (Prime
Tech, Japan). Presumptive zygotes were placed into the embryo cul-
ture medium (Global, LifeGlobal Group, Guilford, CT) and incubated at
38.2°C in 5% O,, 7% CO, and 88% N,. Cleavage (>2 apparent cells)
was assessed at approximately 24 and 48 h after ICSI.

GONZALEZ-CASTROET AL.

2.8 | Statistical analysis

Statistical analyses were conducted using R Core Team Software
(2020), R Foundation for Statistical Computing. In Experiment 1,
densitometry, quantitative immunofluorescence analysis and pro-
tein concentration assessed by QS-ELISA were evaluated using a
one-factor mixed model for repeated measures with sample type
(spermatozoa state, extender, and detergent-extracted fraction) as
a fixed effect and stallion as a random effect. For comparison of
relative PLCZ1 abundance, Dunnett’s pairwise comparison was con-
ducted to examine differences among fresh sperm lysates, used as
the control group, and the other experimental groups. For quantita-
tive immunofluorescence and protein concentration, Tukey’s pairwise
comparison was performed to detect differences among experimen-
tal groups. In Experiment 2, the association of fluorescence intensity
of PLCZ1 acquired by immunofluorescence and flow cytometry was
estimated by a Pearson’s correlation. Cleavage rates were compared
by the Chi-square test. Spermatozoa were examined and categorized
into four patterns of PLCZ1 localization: (1) acrosomal, (2) acroso-
mal and postacrosomal combined, (3) postacrosomal region, or (4)
the absence of PLCZ1 immunostaining. The proportional distribution
of PLCZ1 localization was analyzed by the generalized linear model
and Tukey-adjusted pairwise comparison. The likelihood of cleavage
by PLCZ1 content or localization pattern was estimated using odd
ratio (OR) with a 95% confidence interval (Cl). For Experiment 3,
data obtained from flow cytometry assessments were tested for nor-
mality and homogeneity of variances using the Shapiro and Levene
test. The one-factor mixed model for repeated measures with sam-
ple state (fresh, frozen, refrozen at room temperature, and refrozen
at low temperature) as fixed effect and stallion as a random effect
was fit for each parameter evaluated. Tukey-adjusted pairwise com-
parison was carried out to identify differences among sample states.
Pearson’s correlation was used to determine the association between
flow cytometric sperm parameters. Significance was considered at
p <0.05.

3 | RESULTS
3.1 | Experiment 1

Equine PLCZ1 was detected from the spermatozoa of six stallions
by immunoblotting in protein extracts prepared from fresh, frozen,
and refrozen spermatozoa; freezing and refreezing extenders; and
extractable and nonextractable sperm proteins by detergents. Samples
exhibited an immunoreactive band at ~71 kDa, the expected molecular
weight for equine PLCZ1 (Figure 2A). The band density of PLCZ1 of
each sample group was standardized by total protein content and then
expressed as relative to the average band density of the fresh sample,
which was used as the control group, for Dunnett’s comparisons.
The relative abundance of PLCZ1 was lower in frozen (p = 0.01) and
refrozen (p < 0.01) sperm isolates than fresh isolates. Successive
detergent extraction using NP40 and SDS was performed to assess the
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FIGURE 1 Representative cytograms and gating strategy for acrosome and plasma membrane integrity and PLCZ1 content in

refrozen-thawed equine spermatozoa. Spermatozoa were stained with LIVE/DEAD Fixable Far-Red Kit, and then fixed, permeabilized, blocked,
and incubated with rabbit anti-PLCZ1 antibody of human origin and goat anti-rabbit IgG-H+L-Alexa Fluor488 as primary and secondary antibody,
respectively. (A) Event acquisition. (B) Single cells were selected and gated into Live/Dead Fixable stain histogram. (C) Events within LD gate were
identified as spermatozoa with intact plasma membranes (viable, MI+) or disrupted plasma membranes (nonviable, MI-). (D) Acrosome integrity
of spermatozoa within LD gate were detected using Lectin-PNA Alexa Fluor594 conjugate and classified with intact acrosome (intact, PNA+) or
damaged acrosome (reacted, PNA-). (E) Spermatozoa were gated into a Live/Dead Fixable stain/PNA-594 plot to identify spermatozoa with intact
acrosomal and plasma membrane (MI+/PNA+), or disrupted plasma membrane with intact (MI—/PNA+) or reacted acrosome (MI—/PNA-). (F)
Spermatozoa displaying fluorescence from the primary-secondary antibody complex to the right of the marker were considered positive
spermatozoa for PLCZ1 (PLCZ1+) and mean fluorescence intensity was recorded for each sperm subpopulation. LD, LIVE/DEAD; PLCZ1,

phospholipase C zeta 1.

extent of PLCZ1 binding to surface and/or internal sperm structures,
respectively.3* No difference was observed between fresh samples
and spermatozoa treated with NP40 detergent or the relative PLCZ1
abundance in freezing and refreezing extenders. Nonextractable
samples and those treated with SDS contained lower (p < 0.01) PLCZ1
than fresh preparations (Figure 2B). The relative PLCZ1 abundance
tended to be greater (p = 0.051) in NP40 extracts than in refreezing
extenders.

Representative immunofluorescence images for PLCZ1 of fresh,
cryopreserved, and detergent-extracted spermatozoa are shown in
Figure 3. Quantitative immunofluorescence analysis of PLCZ1 in
equine sperm heads demonstrated a reduction (p < 0.01) in CTCF
values after the first freezing cycle but not after the second
freezing cycle (Figure 3S). In addition, we observed an apparent
decline in tail fluorescence after each freezing cycle and detergent
extraction (Figure 3A-R). In spermatozoa subjected to detergent

extraction, NP40-extracted spermatozoa displayed lower (p < 0.01)

CTCF than fresh spermatozoa, but similar CTCF when compared
to frozen and refrozen spermatozoa at room temperature. Sperma-
tozoa extracted with SDS after NP40 exhibited lower (p < 0.01)
values of CTCF than fresh and frozen spermatozoa but did not
differ from refrozen and NP40-extracted spermatozoa (Figure 3S).
After SDS extraction, remaining spermatozoa retained a weak PLCZ1
signal in the base of the postacrosomal region, midpiece, and tail
(Figure 3M-0).

Using a commercial QS-ELISA, PLCZ1 concentration was esti-
mated in sperm extracts from fresh, frozen, and refrozen spermatozoa
and their corresponding freezing and refreezing extenders. Freez-
ing and refreezing were associated with reduced (p < 0.01) sperm
PLCZ1 protein concentration when compared to fresh preparations.
No difference was observed in PLCZ1 concentration between frozen
and refrozen sperm samples at room temperature. The concentra-
tion of PLCZ1 was similar in freezing and refreezing extenders when

compared to fresh spermatozoa (Figure 3T).
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FIGURE 2 Immunoblotting of PLCZ1 and densitometry analysis in
fresh and cryopreserved equine spermatozoa and
detergent-extracted fractions using anti-PLCZ1 antibody of human
origin. Ejaculates (n = 6) were split for cryopreservation and detergent
extraction. The first split of fresh spermatozoa (Fresh) was frozen
(Frozen), thawed, diluted, and refrozen (Refrozen). Freezing (Freezing)
and refreezing (Refreezing) extenders were recovered and tested for
PLCZ1. The second split of fresh spermatozoa were sequentially
incubated in Nonidet-P40 (NP40) and sodium dodecyl sulfate (SDS) to
obtain detergent-extractable, sperm-free fractions. Spermatozoa
after detergent extraction were considered the nonextractable
fraction (Nonextractable). (A) Anti-PLCZ1 antibody labeled an
immunoreactive band of ~71 kDa corresponding to equine PLCZ.
Amido Black Staining Solution was used to assess total protein as
loading control. (B) Densitometry analysis was performed by
standardization of total protein load and expressed as relative to the
average band density of the fresh sample (mean + SD, relative units)
for Dunnett’s comparisons. Relative to fresh samples, sperm PLCZ1
abundance was reduced after cryopreservation and the presence of
PLCZ1 was confirmed in cryodiluents after each freezing cycle.
Nonionic detergent extraction by NP40 largely removed PLCZ from
equine spermatozoa.®? Superscripts differ at p < 0.01. PLCZ1,
phospholipase C zeta 1.

3.2 | Experiment 2

Retrospective analysis of sperm samples from 12 stallions for fluores-
cence intensity of PLCZ1 evaluated by flow cytometry and immunoflu-
orescence was performed. MFI of PLCZ1 acquired by flow cytometry
strongly correlated (r=0.63, p = 0.02) to CTCF obtained by immunoflu-
orescence (Figure 4M). Six stallions from the 12 stallions were grouped
by high (n = 2) and low (n = 4) relative abundance of PLCZ1 before

ICSI (n = 227). Representative differences of spermatozoa with high
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(Stallion Q and R) and low (Stallion D and E) PLCZ1 fluorescence
intensity are presented in Figure 4A-L. Equine oocytes (n = 192)
injected with spermatozoa from samples with high PLCZ1 fluo-
rescence intensity had a higher (p < 0.01) cleavage rate (Stallion
Q, 145/182, 79.7% and Stallion R, 9/10, 90.0%) than did equine
oocytes (n = 35) injected with spermatozoa from samples with
low PLCZ1 fluorescence (Stallion D, 4/12, 33.3%; Stallion E,
4/12, 33.3%; Stallion F, 3/8, 37.5%, and Stallion J, 1/3, 33.3%)
(Figure 4N). Mare oocytes microinjected with spermatozoa from
sperm samples displaying low PLCZ1 fluorescence were 76.7%
(Cl: 0.05-0.29) less likely to cleave when compared to oocytes
injected with a spermatozoon from a sample with high fluorescence
intensity.

Proportional distribution analysis of PLCZ1 revealed that sperm
populations exhibiting high PLCZ1 had a greater (p = 0.01) propor-
tion of spermatozoa with PLCZ1 in the acrosomal-postacrosomal and
postacrosomal localization than in the acrosomal region or absent
PLCZ1. In sperm populations with low PLCZ1, the proportion of
spermatozoa exhibiting PLCZ1 in the acrosomal-postacrosomal local-
ization was greater (p = 0.01) than spermatozoa lacking PLCZ1
but did not differ to spermatozoa displaying acrosomal (p = 0.06)
or postacrosomal localization (p = 0.5). When compared by PLCZ1
content, samples with high content had a greater (p = 0.01)
proportion of spermatozoa displaying PLCZ1 in the acrosomal-
postacrosomal localization than samples with low content. Samples
with low content tended to have higher proportion of spermato-
zoa without PLCZ1 (p = 0.08) or exhibiting PLCZ1 only in the
acrosomal region (p = 0.06) when compared to samples showing
high PLCZ1 content (Figure 40). Cleavage rates were negatively
associated with acrosomal localization (p < 0.01, OR: 0.91, CI:
0.86—0.95), but positively associated with acrosomal-postacrosomal
(p < 0.01, OR: 1.13, Cl: 1.07-1.20) and postacrosomal localizations
(p<0.01,0R: 1.08,Cl: 1.03-1.14).

3.3 | Experiment 3

Flow cytometry was used to assess PLCZ1 content and integrity of the
plasma membrane and acrosome. The percentage of spermatozoa with
intact plasma membrane was reduced (p < 0.01) in frozen and refrozen
spermatozoa at room temperature, but refrozen spermatozoa at
low temperature did not differ with frozen spermatozoa. Acrosome
integrity was reduced (p < 0.01) only in refrozen samples at room
temperature when compared to fresh, frozen, and refrozen at low tem-
perature samples (Table 1). When both sperm attributes were assessed
simultaneously, percentages of spermatozoa with intact plasma mem-
brane and acrosome were reduced (p < 0.01) after freezing and RT
refreezing. However, refrozen spermatozoa at low temperature had
similar plasma membrane and acrosome integrity to frozen spermato-
zoa. Percentages of positive-labeled spermatozoa for PLCZ1 (PLCZ1+)
were reduced (p < 0.01) after freezing, but frozen and refrozen sam-
ples at room or low temperature did not differ (Table 1). MFI of PLCZ1

in the sperm population was reduced (p < 0.01) after freezing, but
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FIGURE 3 Representative immunofluorescence images (X1000) of fresh, frozen, refrozen, and detergent-extracted spermatozoa from one of
six stallions for PLCZ1, quantitative immunofluorescence analysis and protein concentration of sperm PLCZ1 assessed by QS-ELISA. A single
ejaculate from each of six stallions was split for cryopreservation and detergent extraction. Fresh spermatozoa (Fresh) were frozen (Frozen),
thawed, diluted, and refrozen (Refrozen) at room temperature. Freezing (Freezing) and refreezing (Refreezing) extenders were collected for
QS-ELISA. A split of fresh spermatozoa was sequentially incubated in Nonidet-P40 (NP40) and sodium dodecyl sulfate (SDS) to obtain
detergent-extracted spermatozoa. (A-R) Images of spermatozoa incubated with rabbit anti-PLCZ 1 antibody of human origin and goat anti-rabbit
1gG-H+L-Alexa Fluor488 and counterstained with Hoechst 33342 (Hoechst). (P-R) Control spermatozoa incubated only with the secondary
antibody. (S) Corrected total cell fluorescence [CTCF, mean + SD of arbitrary units (a.u.)] of PLCZ1 for fresh spermatozoa was reduced after
cryopreservation. Fluorescence of PLCZ1 was also reduced after detergent extraction and similar to cryopreserved samples. (T) Protein
concentration (mean + SD) of PLCZ1 in fresh sperm samples determined by QS-ELISA was also reduced after cryopreservation, with similar
PLCZ1 quantity in both freezing and refreezing extenders.< Superscripts differ at p < 0.01. QS-ELISA, quantitative sandwich enzyme-linked
immunosorbent assay; PLCZ1, phospholipase C zeta 1.
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FIGURE 4 Immunodetection of sperm PLCZ1 by immunofluorescence and flow cytometry and its association with cleavage rate after ICSI.
Spermatozoa from 12 stallions, identified by different capital letters, were incubated with rabbit anti-PLCZ1 antibody of human origin and goat
anti-rabbit IgG-H+L-Alexa Fluor488, and counterstained with Hoechst 33342 (Hoechst). Representative immunofluorescence intensity for
PLCZ1 of frozen-thawed spermatozoa from stallions with relatively high (A-F) and low PLCZ1 content (G-L). (M) Relative abundance of sperm
PLCZ1 acquired by flow cytometry [mean fluorescence intensity, MFl in arbitrary units (a.u.)] and immunofluorescence [CTCF, corrected total cell
fluorescence in arbitrary units (a.u.)] were significantly correlated. (N) Cleavage rates after ICSI of equine oocytes using frozen-thawed sperm
samples of stallions grouped as high (n = 2 stallions; n = 192 oocytes; stallion Q, 145/182 and R, 9/10) or low PLCZ1 (n = 4 stallions, n = 35 oocytes;
stallion D, 4/12; stallion E, 4/12; stallion F, 3/8 and stallion J, 1/3). (O) Percentage (mean + SEM) of localization patterns of PLCZ1 on frozen-thawed
spermatozoa from stallions with sperm population containing relatively high (n = 2, Q and R) or low (n =4, D, E, F and J) PLCZ1 content. Ac,
acrosomal region; Ac+PA, acrosomal and postacrosomal regions; PA, postacrosomal region; None, absence of PLCZ1.2P Superscripts differ at p <
0.01.CP Superscripts differ at p = 0.06.EF Superscripts differ at p = 0.08. ICS, intracytoplasmic sperm injection; PLCZ1, phospholipase C zeta 1.
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TABLE 1

stallion spermatozoa at room temperature (RT) or low temperature (LT).
Sperm subpopulation Fresh
Membrane intact 67.9+28°
Acrosome intact 79.5+3.6%
Membrane and acrosome intact 62.8 +3.0°
Membrane disrupted-acrosome intact 222+ 3.5
Membrane and acrosome disrupted 12.7 +2.32
PLCZ1+ spermatozoa (%) 84.3+1.92

ANDROLOGY
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Plasma membrane and acrosome integrity and positive-labeled spermatozoa for PLCZ1 (PLCZ1+) of fresh, frozen, or refrozen

Frozen Refrozen RT Refrozen LT
340+28° 17.7 £2.7¢ 28.2+29°
74.1 +3.6° 58.1+ 3.4° 79.0+3.72
26.7 +£3.0° 15.9+2.9¢ 25.5+3.1°
48.9 + 3.6 42.3+340 55.8+3.7¢
234+23° 40.8 +2.2¢ 18.0 + 2.4
58.8+1.9° 56.9 +1.9° 530+ 1.9°

Notes: Sperm samples from 12 stallions were stained with LIVE/DEAD Fixable Far-Red Kit, fixed, permeabilized, blocked, incubated with rabbit anti-PLCZ1
antibody of human origin, goat anti-rabbit IgG-H+L-Alexa Fluor™488 and lectin from Arachis hypogaea (peanut) Alexa Fluor594 conjugate, and analyzed by

flow cytometry.

a.b.c Syperscripts within a row differ at p < 0.01. Results shown as percentage (mean + SEM).

TABLE 2 Mean fluorescence intensity (MFI) of PLCZ1 in sperm subpopulations for fresh, frozen, and refrozen spermatozoa at room (RT) or

low temperature (LT).

Sperm subpopulation Fresh

Whole sperm population 329.2+19.32
Membrane intact 325.3 +29.6°
Membrane disrupted 314.0+19.72
Acrosome intact 328.4 + 23.6*
Acrosome disrupted 295.1+19.4%
Membrane and acrosome intact 322.4 + 27.6%
Membrane disrupted-acrosome intact 337.0 +22.0%
Membrane and acrosome disrupted 287.4+ 16.2%

Frozen Refrozen RT Refrozen LT
201.1+19.3° 176.7 +19.3 133.6 +19.3°
228.5+29.6° 230.1 + 28.3> 136.1+12.1°
200.5 +19.7° 180.4 + 18.8% 128.5+20.7°
218.3 +23.6" 205.5 + 22.5> 133.2 +24.8>
170.2 + 19.4% 163.3 + 18.5% 120.1 +20.4%
224.3 +27.6> 223.1+26.3* 133.9 +29.0%
214.2 + 22.0 200.4 + 21.0™ 133.1+23.2>
169.2 + 16.2 158.8 + 15.5% 116.3+17.1%

Notes: Sperm samples from 12 stallions were stained with LIVE/DEAD Fixable Far-Red Kit, fixed, permeabilized, incubated with rabbit anti-PLCZ1 anti-
body of human origin, goat anti-rabbit IgG-H+L-Alexa Fluor488 and lectin from Arachis hypogaea (peanut) Alexa Fluor594 conjugate, and evaluated by flow

cytometry.

ab Superscript within a row differ at p < 0.01.%Y Superscripts within a column for membrane integrity, acrosome integrity, or both attributes differ at p < 0.01.

Results shown as arbitrary units of mean fluorescence intensity (mean + SEM).

similar among frozen and refrozen samples at room or low temperature
(Table 2). Within sperm subpopulations, MFI of PLCZ1 was reduced
(b < 0.01) after freezing within the subpopulations of spermatozoa
with intact plasma membranes or acrosomes or both attributes simul-
taneously. The MFI did not differ between sperm populations from
frozen and refrozen at room or low-temperature samples (Table 2).

Mean percentages of membrane-intact spermatozoa for all sam-
ples correlated positively to the percentage of PLCZ1+ spermatozoa
(r=0.74, p < 0.01). Similarly, percentages of spermatozoa with intact
acrosomal or plasma membrane correlated positively to the mean
fluorescent intensity of PLCZ1 (Figure 5).

When, MFI of PLCZ1 was compared within a sperm treatment
group, sperm subpopulations with intact acrosomes displayed higher
(b < 0.01) MFI than sperm subpopulations with damaged acrosomes in
all sample types (Table 2). Sperm subpopulations exhibiting intact acro-
somes with intact or disrupted plasma membrane showed similar MFI,
but both were higher (p < 0.01) than the MFI observed in sperm sub-
population with disrupted plasma membrane and damaged acrosomes
(Table 2).

4 | DISCUSSION

Frozen and refrozen spermatozoa are routinely used for equine ICSI.
Frozen-thawed spermatozoa undergo membrane damage and protein
conformational changes,?é that can lead to a loss or modification of
sperm-borne PLCZ1 and a reduction in oocyte activating potential.
Therefore, the development of techniques to maintain and identify
spermatozoa with high plasma membrane integrity after cryopreser-
vation are important for ICSI success.

In the present study, we wanted to determine to what extent
PLCZ1 is lost during cryopreservation or sperm manipulations. Using
immunoblotting, we detected equine PLCZ1 as a ~71 kDa protein in
fresh, frozen, and refrozen spermatozoa as previously described.212:22
Our results demonstrate that cryopreservation leads to significantly
lower abundance of PLCZ1 in stallion spermatozoa. To further con-
firm the extent that equine PLCZ1 is reduced after cryopreservation,
we quantified PLCZ1 using a commercial QS-ELISA kit. ELISA is com-
paratively a more sensitive assay than immunoblotting. We found con-
gruent and quantitative lower PLCZ1 in cryopreserved sperm samples
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FIGURE 5 Correlation of mean florescence intensity [MFI, arbitrary units (a.u.)] of positive-labeled spermatozoa for PLCZ1 (PLCZ1+) with
percentage of membrane intact, acrosome intact, and membrane and acrosome intact spermatozoa. Different dot shapes indicate fresh, frozen,

and refrozen spermatozoa at room temperature (RT) and low temperature (LT). Sperm samples from 12 stallions were stained with LIVE/DEAD
Fixable Far-Red Kit, fixed, permeabilized, blocked, incubated with rabbit anti-PLCZ1 antibody of human origin, goat anti-rabbit IgG-H+L-Alexa

Fluor488 and lectin from Arachis hypogaea (peanut) Alexa Fluor594 conjugate, and assessed by flow cytometry. PLCZ1, phospholipase C zeta 1.

when compared to fresh samples. The presence of PLCZ1 in cryodilu-
ents confirmed that PLCZ1 was removed from stallion spermatozoa
after cryopreservation.

Sequential protein extraction using nonionic and ionic detergents
did not totally extract PLCZ1 from stallion spermatozoa. A large
proportion of PLCZ1 was removed by a nonionic detergent (NP40),
suggesting that PLCZ1 interacts with sperm surface structures and
to a lesser extent with internal structures. However, a nonextractable
fraction of PLCZ1 was retained in the postacrosomal region. In mouse
and hamster spermatozoa treated with a nonionic detergent, Triton
X-100, the immunofluorescent signal of PLCZ1 was retained sim-
ilar to untreated spermatozoa in the postacrosomal region in the
full-length form of ~74 kDa. However, the acrosomal localization
of PLCZ1 was eliminated, and the Triton-soluble fraction showed a
smaller prominent band of ~55—60 kDa corresponding to acrosomal
PLCZ1.%% Congruently, we observed reduced PLCZ1 by flow cytom-
etry in spermatozoa with damaged acrosomes when compared to
spermatozoa with intact acrosomes. Using immunogold labeling and
electron microscopy, PLCZ1 localizes in the perinuclear theca (PT)
and inner acrosomal membrane at the end of the base of the acro-
somal vesicle in human spermatozoa.’® This localization is consistent
with the immunofluorescence images obtained in this study from cry-
opreserved and detergent-extracted stallion spermatozoa. The PT is
a condensed cytosolic protein layer that forms the major cytoskele-
tal component in the sperm head. It is a nonionic detergent-resistant
structure, divided structurally and compositionally in the subacro-
somal layer and postacrosomal sheath (PAS), which are involved in
the assembly of the acrosome and sperm-oocyte interactions during
fertilization, respectively.? It is anticipated that the sperm oocyte acti-
vation factor locates in the PAS-PT which is the first component of

the sperm cytosol to enter the oocyte cytoplasm and its disassembly

triggers oocyte activation.3?40 Interestingly, mouse spermatozoa with
chemically misshapen acrosomes injected into homologous oocytes
kept oocyte activating ability.*! Local solubilization of the PAS is suf-
ficient to elicit oocyte activation during murine and bovine in vitro
fertilization.* Proteins located in PAS-PT such as WBP2NL (PAWP)
and WBP2 of mouse, bull, and human sperm have also been demon-
strated to be capable of initiating oocyte activation.34#2-44 These
findings support the hypothesis that the PAS is the region of the
PT where the sperm-oocyte activating factor is located.37404%46 |n
stallion spermatozoa, freezing and thawing procedures cause cryo-
damage, reducing the abundance of PLCZ1. However, a fraction of
PLCZ1isretained in the postacrosomal region, potentially strategically
located to be available for sperm-oocyte interactions, as seen in human
spermatozoa.l®

From the flow cytometric evaluations, we observed that the propor-
tion of acrosomal- and plasma membrane-intact spermatozoa within
the total sperm population was reduced with each freezing cycle
when the refreezing was conducted at room temperature, confirming
that cryopreservation results in plasma membrane damage. However,
we also thawed and refroze spermatozoa in low temperature (5°C)
conditions without letting spermatozoa warm to room temperature.
Compared to the initial freeze, refreezing spermatozoa at a low tem-
perature did not result in more disruption of the acrosomal and plasma
membranes or reduction of spermatozoa expressing PLCZ1. Dur-
ing cryopreservation of mammalian spermatozoa, a membrane-phase
transition occurs when transitioning from physiological temperatures
to 0°C. This is the result of the lipid fractions within the cell mem-
branes going into a gel phase and initiating lateral phase separation
of membrane components.*” Phase changes are implicated in cold
shock injury caused by permanent conformational changes of mem-

brane proteins.2é At subzero temperatures, extracellular ice formation
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occurs with a fluid-to-gel membrane phase transition, exposing sper-
matozoa to strong osmotic gradients that cause cell dehydration.*®
In the low-temperature protocol for refreezing, thawing to only 5°C
prevents the sperm plasma membranes from undergoing an additional
cycle of phase changes, resulting in higher percentages of spermatozoa
with intact plasma membranes after the second freeze-thaw cycle; but
content of PLCZ1 in spermatozoa refrozen at a low temperature did
not differ to frozen or refrozen spermatozoa at room temperature.

Possibly the time elapsed between the moment of sperm freez-
ing occurred and the thawing to prepare spermatozoa for ICSI may
have a negative impact on the relative abundance of PLCZ1. In human
spermatozoa, the variations in protein abundance after cryopreserva-
tion are most likely caused by protein degradation, post-translational
processing, changes in secondary or tertiary structure, and/or translo-
cation to other cellular compartments or outside the spermatozoon,
but also by membrane damage.2”? However, stallion spermatozoa
do not form intracellular ice at subzero temperatures using current
freezing protocols.>® Therefore, the main source of sperm cryodamage
results from osmo-tic stress, especially during the thawing.>!

In our study, the PLCZ1 content measured by MFI and the propor-
tion of spermatozoa positively labeled for PLCZ1 were reduced after
freezing but refreezing at room or low temperature did not result in
additional loss. Among sperm subpopulations within frozen or refrozen
samples, spermatozoa with intact acrosomes had higher PLCZ1 con-
tent than spermatozoa with damaged acrosomes. PLCZ1 is thought to
be a soluble protein, as soluble sperm extracts trigger calcium oscilla-
tions in oocytes consistent with the PLC activity.”2 Because PLCZ1 is
a soluble protein, modifications after the freeze-thaw are not unex-
pected. In ruminants and human, sperm proteins involved in transport,
membrane stabilization, and capacitation are reduced in abundance,
lost, or translocated after cryopreservation with a consequent loss
of function.?’#? In the horse, protein denaturation in spermatozoa
is evident in the hydrated, frozen, or dried state.”3>* Congruently,
cryopreservation of human and stallion spermatozoa has been associ-
ated with reduced PLCZ1 content using immunofluorescence and flow
cytometric assessment, respectively.8>>-57 |n the retrospective analy-
sis, relative content of PLCZ1 was positively correlated with cleavage
rates after equine ICSI. Although numbers were limited, sperm sam-
ples with a higher proportion of spermatozoa exhibiting PLCZ1 at
the acrosomal-postacrosomal or postacrosomal regions versus the
acrosomal region were positively associated with cleavage rates after
ICSI. Similarly, PLCZ1 fluorescence intensity and localization patterns
have been associated with cleavage rates after sperm injections in
human and equine oocytes.202258-¢0 | retrospective data analysis
of three consecutive breeding seasons (2006-2008) of clinical ICSI,
we observed a higher (p = 0.04) cleavage rate in equine oocytes
injected with spermatozoa from cooled samples (71.1%, n = 114)
when compared to oocytes injected with frozen-thawed spermatozoa
(60.9%, n = 463) (unpublished data). Consequently, oocytes injected
with spermatozoa from frozen-thawed samples were 36.6% (95% Cl:
0.4-0.9) less likely to cleave when compared to oocytes injected with
spermatozoa from cooled samples. Our results indicate that PLCZ1

content is associated with the likelihood of cleavage. Cryopreservation
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induces changes in the sperm plasma membrane integrity, facilitating

the loss of PLCZ1 and, consequently, reducing the likelihood of cleav-
age. However, a sperm subpopulation within the cryopreserved sperm
sample retains enough PLCZ1 to potentially maintain oocyte activat-
ing capability. Further investigation is needed to characterize variation
in spermatozoa populations between and within stallion ejaculates in
larger numbers for PLCZ1 abundance and localization and their effects
on ICSl success.

In clinical practice, individual sperm selection for ICSI in horses
is performed under X200 or X400 magnification and based on gross
morphology and motility of individual spermatozoon.®! In a previ-
ous study, motility was less affected when frozen spermatozoa were
thawed at 5°C and then refrozen in diluents containing glycerol and
methylformamide.3? In this study, refrozen spermatozoa had better
survival after thawing at low temperature in the first cycle. Subse-
quently, refrozen sperm samples that exhibit higher proportions of
motile spermatozoa can be further sorted by swim-up, density gradient
centrifugation, or microfluidics,2 facilitating the selection of individual
spermatozoon for ICSI, which potentially has higher PLCZ1 content.>7-
Further research needs to be completed to elucidate the impact of
spermatozoa refrozen at low temperature on cleavage and embryo
development after ICSI.

In conclusion, acrosomal and plasma membrane damage caused by
cryopreservation procedures result in a reduction of PLCZ1 in stallion
spermatozoa. Cryopreservation is deleterious to sperm plasma mem-
brane integrity and PLCZ1 retention. Refreezing stallion spermatozoa
for ICSI at a low temperature result in better sperm survival rates
during the second freeze cycle, although retention of PLCZ1 is not
improved.
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