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BACKGROUND: Hyperglycemia can result from a loss of pancreatic beta-cells or a decline in their function leading to decreased insulin
secretion or may arise from insulin resistance and variable degrees of inadequate insulin secretion resulting in diabetes and related
comorbidities. To date several reviews have addressed the issue of diabetes-related male infertility but most have focused on how meta-
bolic syndrome causes the decline in male fertility. However, a comprehensive overview as to how diabetes-induced hyperglycemia impairs
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male fertility is missing. Impaired regulation of glucose and the resultant hyperglycemia are major threats to the health of individuals in mod-
ern societies especially given the rapidly rising prevalence affecting an increasing number of men in their reproductive years. Consequently,
diabetes-induced hyperglycemia is likely to contribute to a decline in global birth rates especially in those societies with a high diabetic
prevalence.

OBJECTIVE AND RATIONALE: This systematic review addresses and summarizes the impact of hyperglycemia on male reproductive
health with a particular emphasis on the molecular mechanisms that influence the testis and other parts of the male reproductive tract.

SEARCH METHODS: A systematic search of the literature published in the MEDLINE-Pubmed database (http://www.ncbi.nlm.nih.
gov/pubmed) and Cochrane Library (http://www.cochranelibrary.com) was performed, as well as hand searching reference lists, from the
earliest available online indexing year until May 2017, using diabetes- and male fertility-related keywords in combination with other search
phrases relevant to the topic of hyperglycemia.

Inclusion criteria were: clinical studies on type | diabetic (T|D) men and studies on TID animal models with a focus on reproductive
parameters. Case reports/series, observational studies and clinical trials were included. Studies on patients with type 2 diabetes (T2D) or
animal models of T2D were excluded to distinguish hyperglycemia from other metabolic effects.

OUTCOMES: A total of 890 articles were identified of which 197 (32 clinical, 165 animal studies) were selected for qualitative analysis.
While the clinical data from men with hyperglycemia-induced reproductive dysfunction were reported in most studies on T1D, the study
designs were variable and lacked complete information on patients. Moreover, only a few studies (and mostly animal studies) addressed
the underlying mechanisms of how hyperglycemia induces infertility. Potential causes included impaired function of the hypothalamic-
pituitary-gonadal axis, increased DNA damage, perturbations in the system of advanced glycation endproducts and their receptor, oxida-
tive stress, increased endoplasmatic reticulum stress, modulation of cellular pathways, impaired mitochondrial function and disrupted sym-
pathetic innervation. However, intervention studies to identify and confirm the pathological mechanisms were missing: data that are
essential in understanding these interactions.

WIDER IMPLICATIONS: While the effects of regulating the hyperglycemia by the use of insulin and other modulators of glucose meta-
bolism have been reported, more clinical trials providing high quality evidence and specifically addressing the beneficial effects on male
reproduction are required. We conclude that interventions using insulin to restore normoglycemia should be a feasible approach to assess
the proposed underlying mechanisms of infertility.

Key words: hyperglycemia / diabetes mellitus type | / blood glucose / insulin / male infertility / testis / prostate / epididymis / activins /

poly(ADP-ribose) polymerases

Introduction

In 2010, an estimated 48.5 million couples worldwide were infertile
with male factor infertility contributing to ~40-50% of these cases,
and with as many as 2% of all men exhibiting suboptimal sperm para-
meters (Mascarenhas et al., 2012; Kumar and Singh, 2015).
Hyperglycemia is characterized by blood glucose levels exceeding
normal levels and is diagnosed either by impaired fasting blood glu-
cose levels (IFG) or by impaired glucose tolerance (IGT): IFG is a
state with blood glucose levels repeatedly exceeding normal blood
glucose concentrations above 7 mmol/l, while IGT is a state with
blood glucose levels greater than || mmol/| 2 h after a 75 g oral glu-
cose load. IGF and IGT are independent parameters for the diagnosis
of diabetes mellitus (DM) and have been used as a diagnostic criter-
jon in recent studies of diabetes as a cause of male factor infertility
(World Health Organisation, 2006; Alves et al., 2013a, 2013b).
These studies suggested a negative impact of DM on erectile and
ejaculation function, as well as a reduction in semen volume, sperm
counts, sperm motility and abnormal sperm morphology (Alves et dl.,
2013b). Given that the global burden of diabetes is constantly increasing
with an estimated prevalence of 422 million people in the year 2014,
there will be an increasing number of men of reproductive age, as there
is a rise in the number of childhood and adolescent males with DM
(Silink, 2002; Wild et al., 2004; Agbaje et al., 2007; Guariguata et dl.,
2014; World Health Organization, 2016). Furthermore, male infertility

is now recognized as a sign of male health impairment (Eisenberg et al.,
2015; Ventimiglia et al., 2015), particularly when sexual dysfunction is
present (Lotti et al., 2016).

Glucose metabolism in health and disease

Under physiological conditions, carbohydrates, mainly consisting of
starch or disaccharides such as sucrose and lactose, account for the
main source of energy income in the body (Lunt and Vander Heiden,
2011). Through intestinal digestion these carbohydrates are reduced
to monosaccharides, such as glucose, as well as low amounts of fruc-
tose and lactose, and are resorbed in enterocytes and hepatocytes,
where they are metabolized further via various pathways, including
glycolysis, the pentose-phosphate-pathway, hexosamine pathway and
glycogenesis (Fig. 1) (Zierler, 1999; Hay, 2016). Further pathways for
glucose metabolism (Fig. 2), which have also repeatedly been asso-
ciated with hyperglycemia-induced damage, include the polyol-pathway
and the formation of advanced glycation endproducts (AGEs), as well
as the activation of protein kinase C (PKC) (Brownlee, 2001).
Extensive reviews on glucose metabolic pathways can be found in Hay
(2016) or Brownlee (2001).

In order to maintain glucose homeostasis in all cells, glucose uptake
is mainly regulated by glucose transporters and glucose regulatory hor-
mones. Glucose transporters comprise sodium-dependent (sodium
glucose co-transporter, SGLT) and facilitative glucose transporters
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Figure | Glucose metabolism pathway under physiological conditions. Glucose enters the intracellular space through receptors GLUT |4, to enter into
the glycolysis pathway. The first metabolite glucose-6-phosphate (G6P) is metabolized further via the glycolysis pathway or via the branching pentose phos-
phate, hexosamine pathway or gylcolysis. 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; 6 PG, 6-phosphogluconate; 6PGDH, 6é-phosphogluconate
dehydrogenase; 6PGL, 6-phosphogluconolactonase; a-KG, a-ketoglutarate; AcCoA, acetyl-CoA; FI,6BP, fructose-|,6-bisphosphate; F2,6BP, fructose-2,6-
bisphosphate; F6P, fructose-6-phosphate; GIP, glucose- |-phosphate; G3P, glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; GIcN-6 P, glucosamine-
6-phosphate; GLUT, glucose transporter; NAcGIcN-I P, N-acetyl d-glucosamine-|-phosphate; NAcGIcN-6 P, N-acetyl d-glucosamine-6-phosphate; OAA,
oxaloacetate; PPi, inorganic phosphate; Rib-5 P, ribose-5-phosphate; UDP-Glc, UDP-glucose; UDP-GIctNAc, UDP-N-acetylglucosamine.
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Figure 2 Glucose metabolism pathways that are often associated with hyperglycemia-induced damage. Glucose enters the intracellular space
through GLUTs or SGLTs into the polyol-pathway, the AGE-formation pathway or into the activation of PKC. AGEs, advanced glycation endpro-
ducts; CEL, N(g)-(carboxyethyl)lysine; CML, N(g)-(carboxymethyl)lysine; DAG, diacylglycerol; GLUT, glucose transporter; GSH, reduced glutathi-
one; GSSG, glutathione disulfide; NAD, nicotinamide adenine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; NADP,
nicotinamide adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide phosphate; PKC, protein kinase C; SGLT,

sodium-glucose linked transporter.

(GLUTSs), which are sodium-independent (reviewed in (Baud et dl.,
2016; Mueckler and Thorens, 2013)).

Besides the glucose transporters, glucose homeostasis is also
maintained by the close interaction of glucose-regulatory hor-
mones, which include insulin, glucagon, amylin, glucagone-like-
(GLP-1), glucose-dependent insulinotropic peptide,
epinephrine, cortisol and growth hormone (GH) (Aronoff et al.,
2004).

peptide-|

Causes of abnormal glucose regulation and
associated mechanisms

Glucose dysregulation resulting in hyperglycemia can have several
causes, some of which are acquired and others congenital diseases.
Acquired disorders of glucose metabolism are hyperglycemia, caused
by absolute or relative insulin deficiency; hypoglycemia, due to hyper-
insulinism as a consequence of a pancreatic islet cell tumor or the
lack of insulin antagonists, such as glucocorticoids, in adrenal

insufficiency; carbohydrate malabsorption; and neonatal jaundice
caused by a deficiency in glucuronyltransferase activity.

Other than acquired defects in glucose metabolism, congenital glu-
cose disorders mainly affect enzyme functions leading to severe and
life-threatening diseases in homozygous carriers. These diseases
include galactosemia, fructose intolerance, glycogenosis and inherited
hemolytic anemia.

Among these diseases, DM is the disorder that has been studied
most extensively in terms of glucose dysregulation thus providing
insight into glucose metabolism. Diabetes comprises a group of
chronic, metabolic diseases characterized by hyperglycemia resulting
from defects in insulin secretion and/or insulin action (ADA, 2012).
Left untreated, diabetes leads to chronic hyperglycemia, which is
associated with long-term damage, dysfunction, and failure of differ-
ent organs, especially the eyes, kidneys, nerves, heart and blood ves-
sels (Chavakis et al., 2002; Schmidt et al., 2009; ADA, 2012; Alves
et al., 2013a; Hombrebueno et al., 2014; Lo et al., 2015; Venegas-
Pino et al, 2016). Besides these complications, DM has been
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discussed in recent years in the context of male reproductive dys-
function since it can lead to erectile and ejaculatory disorders, as well
as a reduction in semen volume, sperm counts, sperm motility and
abnormal sperm morphology (Alves et al., 2013a). Being one of the
most prominent public health threats in modern societies with a ris-
ing prevalence, DM leads to an increase in hyperglycemia-related dis-
orders (Li et al., 2015).

Several hypotheses about how hyperglycemia causes diabetic com-
plications at a biochemical level have been described, including
increased polyol and hexosamine pathway flux, increased AGE form-
ation and activation of PKC isoforms (Brownlee, 2001).

Testicular glucose metabolism

The maintenance of spermatogenesis requires the production of lac-
tate from glucose by the Sertoli cell. Therefore, blood-to-germ cell
transport of glucose and other metabolic intermediates from the
basal into the adluminal compartment is highly controlled, particularly
owing to the presence of the blood-testis-barrier (BTB) (Riera et dl.,
2009).

To date expression of Glutl, Glut2, Glut3, Glut8 and recently also
Glut4 has been demonstrated in the testis (Ulisse et al., 1992; Burant
and Davidson, 1994; Kokk et al., 2004; Carosa et al., 2005; Verma
and Haldar, 2016), with Glut| and Glut3 exhibiting synergistic roles in
the maintenance of glucose uptake (Carosa et al., 2005; Galardo
et al., 2008). To the best of our knowledge, the presence of sodium
dependent glucose transporters within the testis has not been
described. Besides the facilitated glucose transport, it has also been
reported that glucose uptake and lactate production by Sertoli cells
are regulated by various hormones such as FSH and testosterone
(Galardo et al., 2008; Oliveira et al., 2012; Rato et al., 2015b).
Moreover, it was shown that the insulin family of growth factors,
comprising insulin, insulin-like growth factors | (IGFI) and Il (IGF2)
and insulin receptors (INSR) as well as type-| insulin-like growth fac-
tor receptor (INSIR), are crucial for the development and function of
the testis (Nakayama et al., 1999; Pitetti et al., 2013). Most interest-
ingly, IGFI as well as INSIR were shown to be expressed by Sertoli
cells, Leydig cells, spermatogonia and spermatocytes. Thus, they are
involved in regulation of the energy metabolism of Sertoli cells by
regulating the uptake of nucleotides (ATP, GTP, UTP), and the secre-
tion of transferrin, pyruvate, and lactate, suggesting that insulin is
actively involved in initiation and maintenance of spermatogenesis
(Griswold and Merryweather, 1982; Skinner and Griswold, 1982;
Jutte et al., 1983; Borland et al., 1984; MacLean et al., 2013; Griffeth
etal., 2014).

Testicular cells have several metabolic features that tightly control
the blood-to-germ cell transport of glucose and other metabolic
intermediates. Glucose transport is further regulated via hormonal
action of the hypothalamic-pituitary-gonadal (HPG) axis and the pres-
ence of the BTB formed by specialized cell junctions between Sertoli
cells which have the ability to produce lactate at a very high rate
(Alves et al., 2013b). Since these unique characteristics of glucose
metabolism within testicular cells make them prone to changes under
diabetic conditions, several clinical and animal studies have focussed
on evaluating the molecular mechanisms responsible for the altera-
tions induced in male reproductive potential. While much remains to
be determined, it is likely that both the glucose sensing machinery as

well as the hormonal control of these cells work in concert to coun-
teract the effects of hyperglycemia and thus play a crucial role in the
prevention of subfertility and/or infertility associated with DM
(Sjoberg et al., 2013; Alves et al., 2013b; La Vignera et al., 2015).

Besides the insights into possible mechanisms linking metabolic dis-
eases with male factor subfertility and/or infertility, these data have
not distinguished the influence of hyperglycemia itself from other
metabolic changes such as obesity or insulin resistance. Hence, the
impact of metabolic changes on male reproductive health are often
associated with dyslipidemia and subsequent lipid peroxidation, as
well as inflammation, conditions that are not necessarily related to
hyperglycemia per se (Kasturi et al., 2008). Moreover, recent studies
have uncovered new mechanisms involved in hyperglycemia-induced
male subfertility/infertility.

Therefore, this systematic review validates studies using T1D as the
appropriate disorder to examine the impact of hyperglycemia per se on
male reproductive health. The contribution of selected studies to rele-
vant issues of medical practice is examined. Molecular pathways altered
by hyperglycemia resulting from the expected increase in glucose trans-
port into testicular cells are discussed. Potentially harmful mechanisms,
including enhancement of the activin family of proteins and reduced
activity of poly-ADP-ribose polymerase, are discussed. Finally, future
directions for the study of molecular mechanisms responsible for these
complications as well as options for the treatment of hyperglycemia-
induced male infertility are presented.

Methods

Protocol and registration

The protocol of the present study has been registered (PROSPERO ID
number: CRD42017070203) in the PROSPERO registry (http://www.
crd.york.ac.uk/PROSPERO), an international database for the prospect-
ive registration of systematic reviews in health and social care.

Information sources

We conducted a systematic search of the literature published in the
MEDLINE-Pubmed database (http://www.ncbi.nlm.nih.gov/pubmed)
and Cochrane Library (http://www.cochranelibrary.com), as well as
hand searching reference lists, from the earliest available online indexing
year until May 2017, in accordance with the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
(Liberati et al., 2009).

We applied the following inclusion filters: Classical Article, Clinical Study,
Comparative Study, Congresses Dataset, English Abstract, Evaluation
Studies, Introductory Journal Article, Journal Article, Letter, Meta-Analysis,
Multicenter Study, Observational Study, Abstract and English. The search
strategy used diabetes-related keywords and words related to male fertil-
ity: ‘Hyperglycemia’ OR ‘DM, Type I’ OR ‘Blood Glucose’ OR ‘Insulin’
OR ‘Male Infertility’ OR ‘Testis’ OR ‘Prostate’ OR ‘Epididymis’ OR ‘Sperm’
OR ‘Semen’ OR ‘Activins” OR ‘Poly(ADP-ribose) Polymerases’ in combin-
ation with other search phrases relevant to the topic of hyperglycemia.

Eligibility criteria, search and study selection

The titles and abstracts of all the articles were screened for eligibility
by C.C.M. and T.L., who are specialists in male (in)fertility and diabetes.
We included original interventional, case-control, cross-sectional and
observational prospective and retrospective studies in which TID was
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defined by hyperglycemia (blood glucose > 1.1 mmol/l) in the absence
of obesity. The primary outcomes of these studies were semen quality
(volume, motility, morphology, sperm count or concentration, sperm
DNA damage or chromatin integrity, sperm aneuploidies and hormonal
level) or testicular funtion (morphology or spermatogenesis). We
excluded studies on T2D patients or animal models, studies that investi-
gated both TID and T2D but did not distinguish the outcome clearly,
and review articles. Once compliance with all the inclusion/exclusion cri-
teria had been verified, the full text of the selected articles was evaluated
for the level of evidence of the results.

Data extraction

We extracted the following information from each study: author/s, year
of publication, journal, title of the article, location of the study, age, infer-
tility problem, number of patients or animals (sample size), study design,
exposure (intervention), primary outcomes and major findings or princi-
pal conclusion. Each report was double-checked by C.C.M. and T.L. in
terms of feasibility and fulfillment of inclusion criteria.

Quality assessment in clinical trials

We evaluated and scored the quality of the clinical trials using both custo-
mized and published grading criteria (Burns et al., 2011). The quality
scores were assessed in parallel by C.C.M. and T.L., and discrepancies
were re-evaluated together. With this system, we assessed the quality of
individual studies using the following grading criteria: (A) Trial in full
accordance with the aim of the review, T1D characterized by HbAlc or
repeated glucose measurements, duration of diabetes and daily insulin
dosage; (B) Trial comparing normal with elevated HbA | c or glucose mea-
surements irrespective of diabetes type, incomplete characterization of
TID; (C) Trial comparing diabetics with non-diabetics without giving
HbAlc or glucose, or not giving diabetes type in comprehensible way;
(D) Trial not related to aim of the review or only abstract available or
with incomplete information on diabetic patients or referenced informa-
tion which is not available in given source. Evidence levels were attributed
as follows: (1) RCTs, prospective, homogeneity of results, interventional;
(2) Cohort studies with acceptable quality, number of probands and con-
trols adequate to hypothesis, and reasonable homogeneity of results; (3)
Case-control or low-quality cohort study; (4) Case report, cross-
sectional study; (5) Expert opinion. For example, studies with scores C5
and D1 were considered of low quality, while studies with A4 to Bl were
considered of acceptable quality. Furthermore, risk of bias was evaluated
according to the Cochrane Collaboration (http://www.cochrane.org).
Three trials were eligible for complete bias analysis, two of which were
classified with low and one with high risk of bias.

Results

Study selection

We identified 808 articles after a primary search of MEDLINE-
Pubmed and 358 from other sources (Cochrane Library and reviews
references) (Fig. 3). By analyzing the titles and abstracts (n = 890),
we screened and excluded 598 for reasons of the scope of the study.
A total of 292 articles were collected as full texts so that the inclu-
sion/exclusion criteria and quality could be assessed: 81 articles were
excluded because they did not meet the inclusion/exclusion criteria,
and 14 articles for which no full text was available. After applying all
the eligibility parameters, 197 articles were included for qualitative
analysis.

Summary of selected studies and design

The articles included 32 clinical and 165 animal studies conducted in
I5 and 30 countries, respectively: Argentina, Australia, Brazil, Canada,
China, Egypt, Finland, Germany, India, Iran, Israel, Italy, Japan, Cuba,
Kuwait, Malaysia, Mexico, The Netherlands, Nigeria, Poland, Portugal,
Romania, Russia, Saudi-Arabia, South Africa, South Korea, Spain,
Taiwan, Tunisia, Turkey, UK, Ukraine, United Arab Emirates, USA.

General, summarized information on the studies is given in
Tables I-Il.

Clinical studies were conducted on a total of 5598 TID individuals
with a mean age of 33 + || years and a mean diabetes duration of
|2 + 6 years. There was | interventional, 3 cohort and 22 case—con-
trol as well as four case report/cross-sectional studies.

Animal studies were conducted on a mean number of 38 + 21.0
animals per study. The mean diabetes duration was 8 + 9 weeks.
There were 56 observational and 109 intervention studies.

Detailed information on the studies is given in Supplementary
Tables | and 2.

Hyperglycemia-related male infertility

The notion that hyperglycemia can compromise male fertility has long
been described. Physicians in the | Ith century already noticed that
men with dysregulated glucose metabolism presented problems
related to their sexual functions and difficulties in fathering offspring,
describing this condition as a “collapse of the sexual functions” of the
male. Accordingly, male infertility is now recognized as a sign of male
health impairment (Ventimiglia et al., 2015), particularly when sexual
dysfunction is present (Lotti et al., 2016).

Clinical studies

Notably, in vivo maintenance of spermatogenesis relies on the uptake
and use of glucose (Zysk et al., 1975), although its concentration in
the tubular fluid is very low (Robinson and Fritz, 1981). For many
years, it was suggested that hyperglycemia was a dysfunction asso-
ciated mostly with ageing, but this concept has changed. It is now
assumed that hyperglycemia affects an increasing number of children,
adolescents, young adults and men of reproductive age (reviewed in
(Alves et al., 2013a, 2013c)). Of these, ~50% of male diabetics pre-
sented some degree of subfertility or infertility (La Vignera et al.,
2009). The clinical manifestation of a large spectrum of conditions
depended on several factors including age, duration of the disease,
the frequency and severity of hyperglycemic/hypoglycemic events,
and the degree of glucose control. Unfortunately, this has resulted in
heterogeneous patient cohorts that make clinical studies difficult to
compare. Here, we have identified 32 clinical studies that focused on
the effects of hyperglycemia in resemblant interventional, cohort,
case—control or cross-sectional setups. Results from these investiga-
tions showed that hyperglycemia was associated with a reduced num-
ber of offspring (Holstein et al., 2012; Sjoberg et al., 2013; Wiebe
et al., 2014), going along with multiple alterations in the function of
the reproductive tract of male diabetics. These alterations included
non-testicular functions, such as retrograde ejaculation (RE)
(Kurbatov et al., 2015; Kam et al., 2017) and erectile dysfunction
(Schiavi et al., 1985; Wessells et al., 201 1), as well as alterations in
sperm parameters and hormone levels.
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Figure 3 Flow chart of the literature search and selection process.

While health detriments were clearly observed in diabetic men,
the effect of hyperglycemia on sperm quality was controversial. Albeit
the majority of trials (n = 9) with a total of 132 patients reported a
normal sperm count and semen volume (Padron et al., 1984; Murray
et al., 1988; Shrivastav et al., 1989; Niven et al., 1995; Agbaje et dl.,
2008; Mallidis et al., 2009a, 2009b; Paasch et al., 2011; Roessner
et al., 2012), only two studies including 34 patients found reductions
that occurred in the absence of diabetic complications (Garcia-Diez
et al, 1991; Agbaje et al., 2007). Poor glucose control was signifi-
cantly associated with impairment of sperm motility in 5 studies with
193 patients (Ali et al, 1993a; Niven et al, 1995; Baccetti et dl.,
2002; Lopez-Alvarenga et al., 2002; La Vignera et al., 2015). In fact, a
more detailed study concerning sperm of T1D men showed that only
some parameters associated with sperm motility were altered (i.e.
linearity and linear index of straightness of swimming), while others
remained unchanged (i.e. track speed, path velocity, progressive vel-
ocity, among others) (Niven et al., 1995). Further, a series of 3 publi-
cations with 100 patients indicated that a history of diabetic
neuropathy increased the total number of pathologic outcomes in
sperm analysis (Ali et al., 1993a, 1993b, 1993c).

More recently, a proteome analysis of sperm from T 1D men found
a distinct profile when compared to that of individuals with normal
glycemia (Paasch et al., 2011). Another sperm analysis from TI1D
men showed normal standard analysis parameters, such as sperm
count, but a higher level of chromatin damage (Agbaje et al., 2007),
which may compromise the fertility potential of those individuals to a
larger extent.

The effect of hyperglycemia on hormonal dysregulation was con-
firmed in some studies (Baccetti et al., 2002; Lopez-Alvarenga et al.,
2002; Grossmann et al., 2008; Maric et al., 2010), but not in others
(Cohen et al., 1984; Padron et al., 1984; van Dam et al., 2003; Leal
et al, 2012; Rocha et al, 2014). A single study with individuals
exposed to hyperglycemia displayed an abnormal feedback in the
HPG-axis linked to a reduced sensitivity in the pituitary to GnRH
stimulation, however, it did not become clear to what extent this
contributed to a significant impairment of fertility (Baccetti et al.,
2002). Blood levels of testosterone, LH, and FSH were rarely chan-
ged in the absence of concomitant diseases. By contrast, poorly con-
trolled TID in association with characteristic diabetic complications,
such as neuropathy or renal glomerulopathy, resulted in consistent
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Table I Summary characteristics from human studies
on diabetes-induced hyperglycemia and male
reproductive function.

Total number of TID patients (n) 5501
Median number of TID patients (min—max) 23 (1-2819)
Age range (mean + SD) years 33+ 12
Type of study (Evidence Level) (n)
Interventional (Level 1) 2
Cohort (Level 2) 2
Case-control (Level 3) 23
Case report, cross sectional (Level 4) 5
Mean diabetes duration (mean + SD) years I1+6
Reproduction outcome (no. of studies®)
Non-testicular functions
Retrograde ejaculation I
Erectile dysfunction I
PSA reduced with poor control |
Sperm parameters
Reduced count/volume 2
Reduced count/volume with neuropathy I
count/volume 9
Reduced motility with poor glucose control 3
Hormones
T reduced with neuropathy/ renal disease 3
Rarely or no changes of T, FSH, LH 5
LH reduced with poor glucose control |
Male fertility
No. of offspring reduced 3

TID, type one diabetes, T, testosterone, PSA, prostate-specific antigen.
?Each study counts single.
®Each study counts multiply, when multiple outcomes were observed.

reduction of androgen blood levels (Baccetti et al., 2002; Maric et dl.,
2010).

Unfortunately, most studies did not take into account the modern
medical care of TID patients, such as novel glucose measuring tech-
nologies, self-managed glucose control or flexible concepts of insulin
therapy.

Taken together, clinical studies revealed a lack of solid consensus
and even some contradictions concerning the effect of TID and the
hyperglycemic state on male fertility. This is caused by a variability of
factors, such as the duration of exposure to glucose dysregulation,
the age of the individuals, the techniques used to determine semen
quality and testicular morphology, dietary habits, lifestyle factors and
many others. In addition, the molecular mechanisms by which hyper-
glycemia may alter testicular functioning are not easy to unveil in
humans, partly owing to ethical concerns against testis biopsy.
Therefore, the vast majority of the clinical studies lack a molecular
approach to investigating the effects of hyperglycemia, glucose trans-
port and metabolism in sperm and testicular cells and, thus, those
mechanisms remain largely unknown. Therefore, the use of animal
models has been crucial to provide a more detailed molecular insight

Table Il Evidence-based statements derived from 32
clinical trials on males with TID compared with non-
diabetic control subjects.

Statement Report with highest

evidence level

Erectile dysfunction and TID |

Reduced testosterone blood levels and 2
diagnosis of diabetic nephropathy or

neuropathy

Subfertility and T1D

Reduced number of offspring in T1D 2
Reduced sperm count and diagnosis of 3

diabetic neuropathy

Reduced sperm motility associated with poor 3
glucose control

Table Il Summary characteristics from animal
studies.

Mean number of animals (n) 38+21.0
Mean diabetes duration (weeks) 8+9.10
Type of study (no. of studies)
Observational 56
Intervention 109
Insulin 25
Hormone replacement (testosterone, estrogen, 10
oxytocin, etc.)
Anti-oxidants (plant extracts, vitamins, etc.) 66
Exercise I
High energy diet I
Others 7
Reproduction outcome (no. of studies)
Reproductive function (general) 28
Testicular disruption 54
Altered sperm parameters 21
Disrupted spermatogenesis 17
Epididymal dysfunction 5
Prostatic dysfunction 19
Hormonal dysregulation 34
Ejaculation dysfunction
Erectile dysfunction
Apoptosis 14
Seminal vesicle, coagulating gland or penile dysfunction 6

on the effects of hyperglycemia on the male reproductive system and
fertility.

Animal studies

The first studies using diabetic rat models reported a decrease in
male fertility after mating with wild-type females (Frenkel et dl.,
1978). These studies also revealed that male diabetic rodents have

220z 1snBny 91 uo 1senb Aq 89091.91/98/L/Z/2101E/pdNWNy W00 dno-ojwapeoe// Ay WOl PaPEojUMOQ



94

Maresch et al.

diminished body and reproductive organ weight, lower testicular and
epididymal sperm content, and lower sperm motility (Hassan et al.,
1993; Soudamani et al., 2005; Scarano et al., 2006). Moreover, the
BB Wistar rats, a model that spontaneously develops T1D and thus a
good model to study the effects of hyperglycemia through time,
showed severe gonadal dysfunction and compromised male fertility
(Murray et al., 1981, 1983) with histological studies revealing a reduc-
tion in the size of the tubules and an increased epididymal lumen
(Soudamani et al., 2005) as hallmarks for hyperglycemia-induced
reproductive dysfunction. Sperm changes, particularly decreased con-
centration and motility, were also described in Goto-Kakizaki (GK)
diabetic rats (Amaral et al., 2006). Rats with diabetes induced using
the toxin Streptozocin (STZ) presented altered sex behavior,
decreased gonadal weight, decreased sperm quantity and sperm
motility (Hassan et al., 1993), also highlighting that diabetic individuals
present several problems in epididymal function (Soudamani et dl.,
2005). In fact, it was shown that DM causes a regression of the epi-
didymis, decreasing the absolute weight of caput, corpus and caudal
regions, accompanied by a reduction in tubular diameter and a lumen
devoid of spermatozoa (Soudamani et al., 2005). Still, STZ-induced
hyperglycemic rats sustain overall a fertilizing ability in spite of path-
ologies of a variable number of sperm parameters (Scarano et dl.,
2006). Moreover, tight glycemic control was able to restore sperm
counts and motility in the STZ-induced diabetic model (Seethalakshmi
et al., 1987), as well as the morphology of the epididymis (Soudamani
et al,, 2005). Although the molecular mechanisms involved were not
investigated, these studies illustrate that hyperglycemia, or poor gly-
cemic control, are (at least in part) responsible for the deleterious
effects of DM in male reproductive health. Indeed, uncontrolled gly-
cemia was shown to be a major contributor to testicular dysfunction in
diabetic male rats (Cameron et al., 1990).

Hyperglycemic rats were also reported to have altered steroido-
genesis (Kim and Moley, 2008), exhibiting a decrease in serum testos-
terone levels and negative outcomes after mating (Tsounapi et dl.,
2017a). Reduction of testosterone was associated with an enhance-
ment of testicular glycogen synthesis, suggesting that hyperglycemia
induces a metabolic and hormonal reprogramming in the testis, partly
through decreased enzyme activity of phosphofructokinase | and lac-
tate dehydrogenase (Rato et al., 2015a). DM is reported to increase
cellular glucose uptake and to reduce the production of lactate by
testicular cells, while also increasing the levels of cholesterol, non-
esterified fatty acids, triglycerides and phospholipids in rat testicular
tissues (Sharaf et al., 1978). The biochemical responses of Sertoli and
peritubular cells exposed to diabetic glucose levels showed that their
metabolic machinery was indeed modulated by glucose (Hutson,
1984). In addition, hyperglycemia also induces severe alterations in
lipid metabolism, particularly the hydrolysis of triglycerides, fatty acyl
esters of cholesterol, and steroid hormones, and studies have proved
that a normal lipid metabolism is essential for normal spermatogen-
esis (Chung et al., 2001). High-energy diets inducing mild hypergly-
cemia were reported to compromise male fertility (reviewed in (Rato
et al., 2014a)). It was recently shown that mild hyperglycemia in pre-
diabetic rats results in increased abnormal sperm morphology (Rato
etal., 2013).

The oxidative balance of the male reproductive tract has also been
studied and it was shown that hyperglycemia induces oxidative stress
(OS) and initiates apoptosis, among other deleterious effects (Amaral

et al., 2008). Indeed, it is known that hyperglycemia induces cellular
OS due to excessive reactive oxygen species (ROS) production and
decreased antioxidant defences (Tabak et al., 201 1). The production
of ROS has severe deleterious effects on sperm quality and function
(for review see (Aitken et al., 2016)). In addition, high levels of ROS
are detrimental to fertility potential in natural and assisted conception
(Agarwal et al., 2003). Hyperglycemia-induced superoxide overpro-
duction inhibits, among others, glyceraldehyde-3-phosphate dehydro-
genase, PKC and aldose reductase in endothelial cells (Nishikawa
et al., 2000), which results in lower antioxidant defences, overpro-
duction of ROS and mitochondrial dysfunction. Mitochondrial biogenesis
is also sensitive to ROS production (Yu et al., 2006) and hyperglycemia
inhibits the testicular antioxidant capacity in mitochondria (Palmeira
et al., 2001). Mild hyperglycemia decreases mitochondrial DNA content,
testicular mitochondrial complex Il and adenylate energy charge, which
were reported to be followed by a repression of respiratory capacity
and increased OS (Rato et al., 2014b). This effect was suggested to be
modulated by peroxisome proliferator-activated receptor y coactivator
| o and Sirtuin 3 (Rato et al., 2014b), which may be essential to control
the hyperglycemia-mediated effects on testis.

In STZ-induced hyperglycemic rats, an upregulation of the pro-
apoptotic factors Bax, Bad and c-Jun N-terminal kinases was also
reported, which was correlated with an increase in germ cell death
(Koh, 2007a, 2007b). OS markers were also increased in the epididy-
mis of prediabetic rats, illustrating that sperm are exposed to ROS
during storage, even in mild hyperglycemic conditions (Dias et dl.,
2016). In addition, sperm cells are highly susceptible to ROS since
their cell membranes are rich in polyunsaturated fatty acids (Aitken
et al., 2012) and apoptosis is known to be mediated by OS and thus
exerts an effect in sperm (Grunewald et al., 2008; Aitken and
Koppers, 201 1). Indeed, hyperglycemia-mediated ROS are suggested
to be a main mechanism by which DM affects male reproductive
health (Roessner et al., 2012) and high levels of ROS were detected
in the ejaculates of diabetic men (Roessner et al., 2012). STZ-induced
hyperglycemia promotes impaired sperm parameters, with an
increase of total oxidant levels accompanied by a decrease in antioxi-
dant levels (Kilarkaje et al., 2014), illustrating that oxidative unbalance
is a key hallmark for hyperglycemia in testis. This is supported by mul-
tiple studies showing that intervention using antioxidative agents was
able to rescue hyperglycemia-induced oxidative damage in the male
reproductive tract (Khaneshi et al., 2013; Sebai et al., 2015; Tsounapi
et al., 2017a,b; Shi et al., 2017; Yigitturk et al., 2017). Summarized
findings from these investigations are presented in Table Ill, while
Table IV provides an overview on the observed reproductive dys-
function and postulated mechanisms.

Glucose receptor expression

Even though sodium dependent and facilitative glucose transporters
are the main transport mechanisms for glucose to pass into the intra-
cellular space, surprisingly little research has been done on the regula-
tion of these transporters in the context of hyperglycemia-induced
male infertility. Kim and Moley (2008) have described the presence of
Scl2a8, the gene encoding Glut8, in the intra-cellular compartment
within the testis, as well as in the midpiece, principal piece, and
the acrosomal region of sperm of diabetic mice, with testicular
expression being reduced compared to wild-type controls. This goes
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Table IV Animal studies on the impact of hyperglycemia on reproductive function and postulated mechanisms.

Observed reproductive dysfunction
and postulated mechanisms

Detailed evidence

References

Sexual disturbance (in terms of libido,
potency, fertility, sexual motivation,
number of offspring)

Disrupted seminiferous tubular morphology
(i.e. disruption in spermatogenesis,
spermatogenic arrest, reduced tubular
diameter, reduced tubular lumen, germinal
arrest)

Disruption of the testicular interstitial area
(i.e. loss of interstitial tissue, vacuolization)

Impaired function of the HPG-axis (i.e.
changes in testosterone, LH, FSH,
prolactin, GnRH and leptin levels)

Pertubations in the AGE/RAGE axis

Oxidative stress

Significantly affected sperm parameters (i.e.
volume, motility, morphology)

Reduced fertility

Lower prolificacy

Reduced libido

Low sexual motivation and mating activity
Decrease intracavernous pressure

Lower fertilization rates

Reduced embryo development rates
Ejaculatory dysfunction

Reduced reproductive organ weight

Changes in spermatogenetic epithelium

Changes in type | collagen amino acid content

e Spermatogonial germ cells are unable to mature into
spermatocytes and spermatids

o Decreased mean seminiferous tubule diameter and

mean testicular biopsy score

Decreased germinal epithelium height

Increase apoptosis rate

Reduced proliferating cell nuclear antigen index

Germ cell depletion

Disrupted occludin distribution pattern

Decrease in number and function of Leydig cells
Edema in interstitial tissue
e Hypertrophic interstitial compartment

e Reduced serum levels of FSH, LH and testosterone
e Reduced pituitary LH levels
o Reduced prolactin and growth hormone serum levels

o Increase in RAGE protein in sperm and seminal
plasma
o Increased levels of CML in sperm

o Increase in neuronal NO synthase and urine nitrite
and nitrate concentration

o FElevated hydroperoxide, malondialdehyde and
caspase-3 activity

o Reduced superoxide dismutase and glutathione
peroxidase enzymatic activities

o Reduced manganese superoxide dismutase

o Reduced activity of aldehyde dehydrogenase,
tricarboxylic acid cycle enzymes

e Enhanced activities of oxidative phosphorylation
enzymes

o Perturbations in calcium homeostasis and membrane
potential

o Cyp2el mRNA over-expression in testes

Reduced sperm production

Lower sperm concentration
Reduced motility

Increase in sperm head detachments
poorer CASA parameters

Reduced seminal vesicle fluid
Increase in teratozoospermia

Ballester et al. (2004), De Young et al. (2004),
Scarano et al. (2006), Kim and Moley (2008),
Yonezawa et al. (2009), Pontes et al. (201 1),
Bondarenko et al. (2012), Schoeller et al. (2012)

Soudamani et al. (2005), Amaral et al. (2009),
Gomez et al. (2009), Ricci et al. (2009), Navarro-
Casado et al. (2010), Aktas et al. (201 1),
Mohasseb et al. (2011), Arikave et al. (2012),
Bondarenko et al. (2012), Kianifard et al. (2012),
Schoeller et al. (2012, 2014), Trindade et al.
(2013), Donmez et al. (2014), Shayakhmetova
etal (2014)

Ballester et al. (2004), Chandrashekar and
Muralidhara (2009), Ricci et al. (2009), Mohasseb
etal. 201 1), Kianifard et al. (2012), Trindade et al.
(2013)

Hutson et al. (1983), Benitez and Perez Diaz
(1985), Seethalakshmi et al. (1987), Ballester et al.
(2004), Aybek et al. (2008), Ribeiro et al. (2008),
Favaro et al. (2009), Burul-Bozkurt et al. (2010),
Mohasseb et al. (2011), Pontes et al. (2011), Porto
etal (201 1), Bose et al. (2012), Kianifard et al.
(2012), Schoeller et al. (2012, 2014), Trindade
etal. (2013)

Mallidis et al. (20072), O'Neill et al. (2010)

De Young et al. (2004), Shrilatha and Muralidhara
(2007), Aybek et al. (2008), Chandrashekar and
Muralidhara (2009), Gumieniczek and Wilk (2009),
Ricci et al. (2009), Burul-Bozkurt et al. (2010),
Mohasseb et al. (2011), Zhao et al. (2011),
Shayakhmetova et al. (2014)

Scarano et al. (2006), Shrilatha and Muralidhara
(2007), Kim and Moley (2008), Singh et al. (2009),
Navarro-Casado et al. (2010), Schoeller et al.
(2012), Mangoli et al. (2013)

Continued
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Table IV Continued

Observed reproductive dysfunction Detailed evidence

and postulated mechanisms

Increased ER-Stress e Increase in Chop expression and caspase-12

activation

Increased DNA damage (sperm nDNA,
mtDNA fragmentation) e Increased nDNA damage

o Reduced DNA integrity

o Affected sperm DNA integrity and DNA ploidy

References

Zhao et al. (2011)

Shrilatha and Muralidhara (2007), O’Neill et al.
(2010), Bose et al. (2012), Mangoli et al. (2013)

Modulation of cellular pathways (i.e. cyclic e Changed expression of Glut-3 hexose, transporter, c- Benitez and Perez Diaz (1985), Ballester et al.

AMP, ERK/JNK, GLUT, MAPK)

kit, Igf-I, androgen receptors, tyrosine
phosphorylation in Leydig cells
o Changed expression of c-kit, Igf-l, insulin, and Fsh

(2004), Mallidis et al. (2007b), Kim and Moley
(2008), Gomez et al. (2009), Zhao et al. (201 1);
Donmez et al. (2014)

receptors in the seminiferous tubules
e Reduced testicular expression of Slc2a8 and Slc2a%b
o Reduced 3B-hydroxysteroid dehydrogenase

expression in Leydig cells

e Decreased activity of total (t)-ERK and phosphor (p)-

ERK immunoreactivities

Increased Bax/Bcl-2 ratio

Decreased calcium load
Hyperplasia

Impaired mitochondrial function

Disturbances in the lower reproductive
tract (epididymis, prostate, seminal vesicle)
cauda epididymis

o Reduction in the size of the tubule and lumen of the
epididymal segments with an increase in interstitial

stroma

Decreased prostatic weight

e Reduced seminal vesicle weight
o Decrease in the absolute weight of caput, corpus, and (2005), Morrison et al. (2006), Scarano et al.

Increased p-JNK immunoreactivity
Decrease in testicular Zn level

Increase in activation of p38 MAPK and p53 protein

Ribeiro et al. (2008); Chandrashekar and
Muralidhara (2009); Zhao et al. (201 I); Kianifard
et al. (2012); Schoeller et al. (2012)

Seethalakshmi et al. (1987), Soudamani et al.

(2006), Ribeiro et al. (2008), Favaro et al. (2009),
Singh et al. (2009), Yonezawa et al. (2009),
Navarro-Casado et al. (2010), O’Neill et al.
(2010), Pontes et al. (2011), Porto et al. (2011)

principal cells packed tightly with clumping of nuclei
Epididymal lumen devoid of spermatozoa

Reduced epithelial cell proliferation in all lobes
Diminished prostatic acid phosphatase
Reduction in androgen-binding protein, sialic acid,

glycerylphosphoryl choline, and carnitine

e Defective sperm maturation

Disrupted sympathetic innervation o Increased uptake of tritiated noradrenaline which

decreased with age

Morrison et al. (2006)

e Increased release of tritiated noradrenaline in

response to various stimuli

AGE, advanced glycation endproduct; Bax, bcl-2 associated X protein; Bcl-2, B-cell lymphoma 2; CASA, computer-assisted semen analysis; Chop, C/EBP homologous protein; c-
kit, tyrosine-protein kinase Kit; CML, N(g)-(carboxymethyl)lysine; Cyp2el, Cytochrome P450 2E1; ERK, extracellular signal-regulated kinases; Glut, glucose transporter; GnRH,
gonadotropin-releasing hormone; HPG, hypothalamic-pituitary-gonadal; Igf-l, insulin-like growth factor I; JNK, c-Jun N-terminal kinases; MAPK, mitogen-activated protein kinase;

NO, nitric oxide; RAGE, receptor for AGEs; Scl2a, solute carrier family 2a.

along with a significant reduction in Scl2a8 mRNA. In contrast, a
change of Glut8 due to hyperglycemia was not confirmed in rat testis
(Gomez et al., 2009). Further, Slc2a9, the gene encoding Glut9, was
not present within the testis, while it was localized in the midpiece
and acrosomal region of sperm, with a significant reduction in type |
diabetic mice (Kim and Moley, 2008).

Activin signaling
Activins and the antagonistic inhibins are both members of the
transforming-growth-factor f (TGF-p) superfamily and were first

described based on their ability to regulate FSH synthesis and secre-
tion by the anterior pituitary (Dias et al., 2009; Barakat et al., 2012).
Both are highly conserved across different species, and critical for
germ and Sertoli cell development as well as for adult testis function.
Members of the TGF-f superfamily are known to signal through
the formation of a multimeric receptor complex formed of two dis-
tinct receptor subunit classes (Barakat et al., 2012; Loveland and
Hedger, 2015; Young et al., 2015), further enabling the phosphoryl-
ation of downstream signaling molecules such as regulatory Smads
(R-Smads) 2 and 3. Being phosphorylated, these Smads are able to
bind to the common Smad4 in order to build a complex, which can
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translocate into the nucleus to affect gene transcription (Barakat
et al, 2012; Loveland and Hedger, 2015; Young et al., 2015).

Both activins and inhibins have been well described for their role in
the regulation of reproduction, and have also been shown to function
in both a paracrine and autocrine manner in each organ of the
hypothalamic-pituitary-testis axis. Activin is known to stimulate
GnRH release from the hypothalamus and FSH release from the pitu-
itary. It can further increase the number of GnRH receptors on the
surface of gonadotrophes and augment the GnRH-mediated tran-
scriptional activation of GnRH receptors in order to enhance the
pituitary response to GnRH (Barakat et al., 2012). In the testis itself,
the local production of activin and the control of its signaling pathway
are critical for germ and Sertoli cell development as well as for adult
testis function (Barakat et al., 2012). The role of the activins in repro-
ductive biology has been extensively reviewed recently (Wijayarathna
and de Kretser, 2016).

Little is known of the actions of the activin family of proteins with
regard to hyperglycemia. Several studies have proposed an important
role for certain members of the TGF-f superfamily in the pathogen-
esis of diabetes by maintaining p-cell function under physiological con-
ditions. Specifically, activins A and B, as well as their binding protein
follistatin, have been shown to be involved in the regulation of glu-
cose metabolism and inflammation (Szabat et al., 2010; Andersen
et al., 201 |I; Hashimoto and Funaba, 201 |; Chen et al., 2013; Ofstad
et al, 2013; Wu et al., 2013). Moreover, since gene expression of
the activin BB subunit, as well as that of the canonical activin recep-
tors ALK4, ActRIIA and ActRIIB, has been demonstrated in the pan-
creatic bud in mice (Dichmann et al., 2003), and the activin BA
subunit was localized in a, f and & cells of the pancreatic islet (Ogawa
et al, 1993; Yasuda et al., 1993), the involvement of activins in the devel-
opment and onset of diabetes seems likely. Hashimoto and Funaba
reported that activins A and B are regulators of the differentiation and
activation of pancreatic f-cells and that they are, moreover, involved in
controlling the response of insulin target cells (Hashimoto and Funaba,
2011). Additionally, they have been proposed to modulate events
involved in insulin sensitivity in a tissue-dependent manner and, there-
fore, regulate whole-body insulin responsiveness (Hashimoto and
Funaba, 201 1). Hence, activin A is capable of reducing target tissue sen-
sitivity to insulin, while activin B was shown to enhance insulin gene tran-
scription (Hashimoto and Funaba, 201 1; Wu et al., 2012). This is further
supported by the finding that activin enhances glucose stimulated insulin
secretion, and augments the expression of genes characteristic of mature
B-cells, such as insulin, solute carrier family 2 (Scl2a2 or Glut2) and Pc2,
which suggests that activin is actively involved in B-cell differentiation.

In this context, recent work from our group (Maresch et al., 2017)
suggests that hyperglycemia leads to testicular disruption accompanied
by an upregulation of testicular activin A levels and, in tumn, to a dysregu-
lation of the downstream signaling. We have found that under severe
hyperglycemic conditions, the activin type Il receptors are significantly
downregulated followed by a specific upregulation of pSmad3 and
Smad4. These findings further support a significant role for the activins in
hyperglycemia-induced changes in male reproductive biology.

Hyperglycemia and epididymal function

While the testis is regarded as an immune privileged organ owing to
the presence of the BTB, cells within the epididymis are more

susceptible to metabolic induced damage. The epididymis is com-
posed of the caput, mid-piece and cauda and is important for the
maturation and motility of spermatozoa, the latter increasing during
epididymal transit. As an androgen-dependent organ, it is influenced
by testicular testosterone secretion and obviously is dependent on
the testis for the production of sperm and thus remains under the
direct and indirect influence of testicular pathologies. To date, only a
few studies have investigated epididymal pathologies in the context of
hyperglycemia-induced changes, showing that high levels of circulating
blood glucose affect the histologic architecture of the epididymal
duct, specifically resulting in a reduced germ cell population, loss of
stereocilia, clumping of epithelial cells and lipid vacuolization along
with inflammatory infiltrations, exfoliated cells and round spermatids
with cribriform changes (La Vignera et al., 2015; Korejo et al., 2016).
These changes may, in part, be related to OS (Mallidis et al.,
2007a; Maremanda et al, 2016) and subsequent hypozincemia
(Maremanda et al., 2016). Hypozincemia is a common comorbidity
in diabetic patients and was recently investigated in the context of
diabetes-induced male reproductive dysfunction. Results from this
study show that diabetic rats had reduced zinc contents in serum,
testis, and sperm with a subsequent increase in OS. Oral zinc sup-
plementation was able to attenuate these changes (Maremanda
etal., 2016).

Hyperglycemia in further parts of the
reproductive tract

In the context of male reproductive dysfunction, the majority of stud-
ies have investigated changes in testicular morphology and spermato-
genesis. Studies investigating hyperglycemic changes in the distal parts
of the reproductive tract, such as the efferent ducts, seminal vesicles
or the prostate are rare. Hyperglycemic changes within the prostate
were previously related to changes in metabolic status in the onset of
benign prostatic hyperplasia, possibly leading to subsequent sperm
abnormalities (Vignozzi et al., 2014). Studies examining hyperglycemia-
induced prostatic changes have shown that this condition interferes with
prostate growth and leads to atrophic changes in the prostate gland
(Ribeiro et al., 2008; Favaro et al., 2009; Porto et al, 2011). These
effects were suggested to be zone dependent because of differences in
lobe response in diabetic rodents (Favaro et al., 2009; Porto et dl.,
201 1). Histological examination revealed that hyperglycemia was related
to atrophy in prostatic secretory epithelial cells, stromal hypertrophy, an
increase in inflammatory cells, and prostatic intraepithelial neoplasia, as
well as dilated organelles in the secretory process (Cagnon et al., 2000;
Carvalho et dl., 2003; Ribeiro et al., 2008). Recent studies showed fur-
ther that hyperglycemia in diabetic men was inversely related to serum
levels of prostate-specific antigen (PSA). This was found to be independ-
ent of age, BMI, androgen levels, and medication use as well as the level
of hyperglycemia, suggesting a direct effect of hyperglycemia on PSA
levels (Ozbek et al., 2014; Sarma et al., 2015).

Besides effects on the prostate, hyperglycemia resulted in a reduc-
tion in seminal vesicle weight in diabetic rodents (Hutson et al., 1983;
Schoeller et al, 2012) and a higher fundus-to-body antero-posterior
diameter ratio with a lower pre- and post-ejaculatory difference in dia-
betic men (La Vignera et al., 2013). This might be related to changes in
the sympathetic innervation of the seminal vesicle (Morrison et al.,
2006) or an increase in OS (Tsounapi et dl., 2017a).
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It has been known since 1963 that RE occured commonly in men
with diabetes, probably contributing to infertility (Greene et al., 1963;
Bourne et al., 1971; Fedder et al., 2013; Kam et al., 2017). Thus, dia-
betics were found to present more frequently with RE compared to
their age-matched controls. While this observation could not be
associated with BMI, waist circumference, blood pressure, HbAIlc,
high-density lipoprotein cholesterol, triglycerides, fasting glucose or
s-testosterone, it seemed to progress with the duration of the dis-
ease (Fedder et al., 2013). Changes in the sympathetic innervation of
the seminal vesicle, possibly in the context of diabetic autonomic
neuropathy, are thought to be causative for this pathology (Morrison
et al., 2006; Fedder et al., 2013).

Discussion

TID, associated with hyperglycemia, is one of the most prominent
public health threats in modern societies with a rapidly rising preva-
lence. This is accompanied by a rise in the number of childhood and
adolescent males with T 1D, affecting an increasing number of men of
reproductive age (Guariguata et al., 2014).

Up to the present time, a large number of studies have described a
negative impact of DM on male reproductive function leading to
degenerative changes within the testis and epididymis, erectile and
ejaculatory dysfunction, as well as a reduction in semen volume, sperm
counts, sperm motility and altered sperm morphology. However, these
data have not discriminated the influence of hyperglycemia itself from
other metabolic traits such as obesity or insulin resistance. Hence, the
impact of metabolic changes on male reproductive health are often
associated with dyslipidemia and inflammation, conditions that are not
always related to hyperglycemia per se (Kasturi et al., 2008).

Therefore, the present review of clinical and animal studies pro-
vides the most comprehensive analysis to date of the associations
between hyperglycemia and male factor infertility.

A systematic search yielded a series of case—control studies suggest-
ing that uncomplicated T 1D was not associated with the hallmarks of
male infertility or hypogonadism. However, poorly controlled blood
glucose in conjunction with late stage diabetic complications reduced
both sperm counts and testosterone blood levels. Intervention studies
with TID patients, informing on testicular mechanisms and applicable
for healthcare practice guidelines, were hardly identified.

Observed changes in animal models included testicular disruption,
spermatogenic dysfunction, increased germ-cell apoptosis, hormonal dys-
regulation and altered sperm parameters, as well as a dysfunction in distal
reproductive organs. While the analyzed clinical studies rarely investigated
the underlying mechanisms of the observed pathologies, data from animal
studies suggested that impaired function of the HPG-axis, increased DNA
damage, perturbations in the AGE/RAGE system, OS, increased ER-
stress, modulation of cellular pathways, impaired mitochondrial function
and disrupted sympathetic innervation were reported causes.

Future treatment aspects in the protection
from diabetes-induced sperm failure

Insulin
Testicular effects of local insulin expression. Small amounts of insulin are
secreted from Sertoli cells in an autocrine-paracrine manner

(Perrard-Sapori et al., 1987; Griffeth et al., 2014), with a recent study
suggesting that the insulin might also be released into the blood
stream under the regulation of the HPG-axis (Schoeller et al., 2012).
Moreover, there is evidence that insulin can regulate human sperm
fertilization capacity through regulation of glucose metabolic pathways
during sperm acrosome formation and capacitation (Aquila et dl.,
2005).

The regulation of insulin levels directly impacts on the expression
of INSR, as well as IGFIR, leading to the activation of downstream
signaling pathways involved in proliferation, differentiation, metabol-
ism and cell survival (Avruch, 1998; Taniguchi et al, 2006). Thus,
upregulation of insulin results in the downregulation of Insr and Igflr,
and vice versa (Friedman et al., 1997; Franko et al., 2012; Vigneri
et al, 2016). A recent report suggests that the lack of Insr and Igrir
in Sertoli cells results in a 75% reduction in testis size and daily sperm
production (Pitetti et al., 2013). However, there is no clear evidence
if blood insulin levels, either high or low, will affect fertility in the
same way as testicular insulin synthesized by Sertoli cells.

Treatment for hyperglycemia. A progression of diabetic vascular com-
plications despite reversal of hyperglycemia was observed in the
EDIC (Epidemiology of Diabetes and Complications) study (Diabetes
et al., 2015). This durable effect of prior hyperglycemia on the pro-
gression of body-wide vasculopathy was defined as metabolic mem-
ory. Enhanced glycation reactions, OS, and induction of the innate
immune system were shown to facilitate the phenomenon. On the
other hand, metabolic memory is also operative in persistent salutary
effects of a period of intensive insulin therapy after differences in gly-
cemia between the original intensive and conventional treatment cohorts
have disappeared (Writing Team for the Diabetes, Complications Trial/
Epidemiology of Diabetes, and Complications Research, 2002). In a ser-
ies of identically designed large controlled trials, intensive insulin treat-
ment aimed at near-normal blood glucose levels, while conventional
treatment was performed to deflect severe metabolic disturbances, such
as ketoacidosis and weight loss. Apart from empowering the diabetic
patient to organize treatment, another essential precondition of an inten-
sive insulin regimen is its implementation early in the course of diabetes.
If such intervention is delayed or near-normal glycemia is not attained,
the momentum of complications is harder to slow down. Metabolic
memory is now accepted as part of the pathogenesis of retinopathy and
other micro- and macrovascular complications of diabetes. However,
until now its role in testicular pathogenesis has been poorly investigated,
with studies in ruminants suggesting that, depending on its availability,
glucose impacts on the reproductive axis via insulin and leptin secretion,
which in turn regulate GnRH output (Blache et al., 2006).

As there are no established guidelines of medical care in diabetes-
induced infertility, other hormonal approaches with GH and hCG
were used in medical practice (Moss et al., 2013). GH was shown to
stimulate IGF| formation, improving sperm maturation in a paracrine-
autocrine manner, while hCG triggers Leydig cell production of tes-
tosterone. Clomiphene and aromatase inhibitors appeared not to
negatively impact sperm and were even shown to be beneficial in the
treatment of male infertility, but were not tested for the treatment of
hyperglycemia (Chua et al., 2013). Further, exogenous testosterone
and anabolic steroids obviously had detrimental effects as they sup-
pressed the HPG-axis. Hence, none of these options can be recom-
mended in conditions of hyperglycemia at present owing to the lack
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of quality research data. By contrast, insulin efficacy in handling hyper-
glycemia is profoundly supported by human studies and safe in rou-
tine clinical use. As such, a well-conducted trial of up-to-date insulin
treatment, taking metabolic memory effects into account and examin-
ing male fertility as primary objective, will be most warranted.

Oral hypoglycemic agents

Besides insulin as the major glucose regulatory agent, oral hypogly-
cemic agents have been discussed in the control of hyperglycemia
and subsequent male reproductive dysfunction. As such, metformin,
known for its ability to suppress gluconeogenesis in the liver, was pre-
viously shown to improve semen characteristic in patients with meta-
bolic syndrome owing to a reduction in insulin resistance, sex
hormone-binding globulin levels, as well as an increase in serum
androgen levels (Morgante et al., 201 1). This is further supported by
evidence from an animal study in rats showing that metformin is able
to abrogate not only the decrease in testis weight, but also the
decrease in number of spermatogonia, Sertoli cells and Leydig cells
(Yan et al., 2015). In vitro experiments from our group on metformin-
treated Sertoli cells further supported the benificial effects of metfor-
min as it provides nutritional support by increasing lactate production
and has an anti-apoptotic effect on developing germ cells (Alves
etal., 2014).

Research on further oral hypoglycemic agents, such as glitazones,
alpha-glucosidase or SGLT?2 inhibitors, GLP-1 analogs, or sulphonylur-
eas, in the context of male reproductive health remains scarce.
Pioglitazone was shown to improve erectile function in rats, however,
to the best of our knowledge there are no studies on diabetic animals
or patients to date (Aliperti et al., 2014). Moreover, as seminal alpha-
glucosidase has been used as a clinical marker of epididymal function
(Cooper et dal., 1990), the use of alpha-glucosidase inhibitors in the
treatment of diabetes-induced reproductive dysfunction is indicated,
but has not been adapted in controlled studies so far.

Even though some oral hypoglycemic agents were shown to
improve male reproductive potential, results have to be taken with
caution in terms of hyperglycemia-induced male reproductive dys-
function as these drugs were approved as anti-diabetic agents in the
treatment of T2D, which often occurs in the context of the metabolic
syndrome and, thus, other comorbidities. Therefore, these drugs
would need a thorough re-examination in the context of male repro-
ductive dysfunction.

Follistatin

Recent evidence on the underlying mechanisms of hyperglycemia-
induced male reproductive dysfunction identified a dysregulation
within the activin family of proteins as possible target for future treat-
ments (Maresch et al., 2017). In light of this finding, follistatin, a key
regulator of the biological actions of the activins, should be evaluated
as a therapeutic agent. Originally described as FSH suppressing
Protein (Robertson et al., 1987; Ueno et al., 1987), follistatin has the
capacity to bind to activins A and B with high affinity, negatively regu-
lating their bioactivity (Nakamura et al., 1991). This ability of follistatin
was previously used to counteract the actions of the activins in the
treatment of diseases and pathologies that are associated with activin
upregulation. Hence, subcutaneous follistatin treatment attenuated
the radiation-induced fibrotic response in irradiated mice (Forrester
et al., 2017), while follistatin gene therapy proved to be useful in the

treatment of inclusion body myositis in men (Mendell et al., 2017). In
mouse models of cancer cachexia, overexpression of follistatin via
subcutaneous vector injection ameliorated the cachectic effects of
activin A (Chen et al., 2014).

To date, there are no therapeutic attempts to target the regulation
of activin A in reproductive disorders. Therefore, advancements in
this area would definitely be beneficial to the field of reproductive
pathology. In this respect, the finding that testicular activin A signaling
is disrupted in type | diabetic males makes follistatin an interesting
target for the investigation within therapeutic purposes.

Poly-ADP-ribose-polymerase inhibitors

While erectile dysfunction is an example of a common disorder
clearly linked to macrovascular pathology, impairment of spermato-
genesis may be extrapolated from direct biochemical consequences
of excessive glucose, as delineated before.

The process of spermatogenesis is characterized by the transient
occurrence of physiological DNA strand breaks caused by the trans-
ition from histone- to protamine-based chromatin. Notably, these
processes involve the formation of poly(ADP-ribose) (PAR) and
thereby induce DNA damage signaling (Meyer-Ficca et al., 2011).
Generated through the binding of PAR polymerases | and 2 (PARPI
and PARP2, respectively) to single strand DNA breaks, poly(ADP-
ribosyl)ation is known to be involved in multiple cellular processes
including DNA repair, genomic stability, and programmed cell death
under physiological conditions (Kiss and Szabo, 2005). Under patho-
physiological conditions, however, activation of PARP leads to cellular
dysfunction and necrotic cell death, due to a reduction in the rate of
glycolysis and mitochondrial respiration (Kiss and Szabo, 2005). In
this context, several studies in diabetic subjects have identified an
increase in PARP related to oxidative and nitrosative stress, as well
as genomic instability (Kiss and Szabo, 2005; Horvath et al., 2009).
Investigations in the male reproductive tract further show an upregu-
lation of PARP within the testis of diabetic rats (Abdelali et al., 2016).
This occurs in parallel with an increase in diabetes-induced DNA
damage in the reproductive tract, as described previously.

Inhibition of PARP was used in numerous studies and effectively
ameliorated muscular activity in ischemia reperfusion in diabetic rats
(Long et al., 2013), and PARP activity in the blood of T2D patients
(Shrikhande et al., 2006). However, to date there is only one study
that investigated the effects of PARP inhibitors on the testis, showing
no effects in TID rats (Abdelali et al., 2016). Still, searching for non-
glucose lowering agents will be desirable as there will be treatments
needed in case of delayed or failing implementation of insulin
treatment.

Limitations and strengths

Some limitations of our study should be acknowledged. Although
broad search terms were used, and reference lists were hand
searched, possibly not all publications have been identified. In add-
ition, our search strategy was limited to Pubmed and Cochrane data-
bases, and not EMBASE or other databases. However, the main
scientific journals are indexed in Pubmed database. Higher evidence
levels were scarce in clinical trials even following assessment of bias
sources and quality scores by two authors independently. The review
of basic research studies showed that they opened new pathways of
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research on mechanisms involved in the effects of hyperglycemia, but
altogether were far from conclusive and left many issues in humans
unanswered.

Notwithstanding these limitations, this review is the most up to
date and exhaustive review of studies on the impact of hyperglycemia
on male reproductive function carried out in accordance with the
PRISMA guidelines and a quality-validated, registered protocol.
Future studies along the indicated lines are needed to confirm our
conclusions.

Conclusions

Hyperglycemia is a major health concern with a growing incidence,
affecting an increasing number of men in their reproductive years.
While clinical outcomes of hyperglycemia-induced male reproductive
dysfunction were covered in studies on T1D, the designs were vari-
able and important patient information was not available. Moreover,
only a few studies addressed the underlying mechanisms in the con-
text of hyperglycemia and disrupted fertility, suggesting impaired
function of the HPG-axis, increased DNA damage, perturbations
in the AGE/RAGE system, OS, increased ER-Stress, modulation of
cellular pathways, impaired mitochondrial function and disrupted
sympathetic innervation as possible causes (Fig. 4). However,
mechanistic studies identifying the pathological details in a conclu-
sive way, were missing and would be essential for the understand-
ing of these interactions.

Given that the fact that insulin is the significant factor in terms
of glucose regulation, interventions using insulin to regain normo-
glycemia should be adapted to prove the suggested underlying
mechanisms. Furthermore, new treatment options, such as follistatin
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Figure 4 Effects of hyperglycemia on male reproductive tract and
reproductive health. The increased glycemia levels impair testicular
function by disrupting both steroidogenesis and spermatogenesis.
Furthermore, hyperglycemia also impairs male reproductive function,
lowering sperm reproductive parameters owing to increased OS.
FFA, free fatty acids; PLP, phospholipids; TG, triglycerides; Blue box
- clinical studies; Yellow box - animal studies; Green box - intersec-
tional studies; Bidirectional arrows, alteration; Down arrows,
decrease; Up arrows, increase;!, non-consensual alteration.

or poly-ADP-polymerase inhibition, should be investigated when acti-
vin dysregulation or DNA damage were identified as playing a role.

In the future, hyperglycemia should be investigated in more detail
on a molecular basis in order to fully understand the impact on male
reproductive health.

Supplementary data

Supplementary data are available at Human Reproduction Update
online.
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