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ABSTRACT

Diabetes mellitus (DM) greatly impacts male reproductive health through hyperglycemia-mediated pathways,
which are not adequately addressed by conventional glycemic control. This review integrates current knowledge
on the role of the polyol pathway and the advanced glycosylation end-product (AGE)/receptor for AGE (RAGE)
pathway in oxidative stress and sperm DNA fragmentation (SDF) in diabetic men. The polyol pathway is
hyperactivated by hyperglycemia, leading to NADPH depletion and reactive oxygen species (ROS) accumulation,
simultaneously stimulating AGE production that triggers RAGE-mediated oxidative stress. These converging
pathways cause testicular dysfunction, sperm damage, and chromatin instability. Evidently, diabetic men have
been found to have significantly increased SDF levels even in the presence of normal conventional semen
parameters, which correlate with decreased natural conception rates and lower success rates with assisted
reproductive technology (ART). The review emphasizes that conventional glycemic control is insufficient to
reverse infertility because of the unerasable molecular memory of hyperglycemia-induced molecular alterations.
Therapeutic strategies focusing on the pathologic triad of polyol pathway, AGE/RAGE, and oxidative stress have
shown promise, including the use of aldose reductase inhibitors, RAGE antagonists, and antioxidants. Dietary and
ART strategies, such as testicular sperm extraction in cases with high SDF, also offer hope. This integrated
knowledge of diabetes-induced mechanisms of male infertility will help in the development of precision medicine
strategies to preserve fertility in diabetic men.
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1. Introduction these two disorders, as epidemiological data indicates.

Diabetes mellitus (DM) has emerged as a world
epidemic with rapid pace and now affects a couple of
hundred million adults and projected to further increase
in coming decades.!? At the same time, infertility in the
male partner accounts for nearly half of all infertile
couples worldwide with a decline in semen quality over
the decades.!® There is significant overlap between

The prevalence of DM in those who are infertile is
greater than in the general population. Similarly,
infertility and subfertility are increasingly recognized
as metabolic risk markers for other conditions as well,
like diabetes in the future.>* Men with type 1 or type 2
diabetes mellitus (DM) throughout their reproductive
years frequently exhibit compromised semen quality
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and reduced natural fecundity; moreover, diabetic male
partners in assisted reproduction cycles show reduced
pregnancy rates compared to non-diabetic controls.>®
A large number of clinical and experimental work now
indicates that diabetes has a damaging impact on male
reproductive  functions. Analysis undertaken by
systematic reviews and meta-analyses demonstrated
that the sperm quality is adversely impacted in
Diabetes Mellitus, particularly type 1 diabetes mellitus.
The abnormal morphology, lower volume and reduced
progressive motility of sperm is commonly observed in
men suffering from DM. Moreover, several studies
have indicated an increase in sperm DNA
fragmentation, but it may not affect the total sperm
count.>® Beyond spermatogenic defects, diabetic men
frequently suffer from erectile and ejaculatory
dysfunction driven by hypogonadism and structural
testicular damage, further compounding fertility
challenges.>” Although the findings on routine semen
parameters remain heterogeneous, evidence suggest
that some diabetic men with subfertility have normal
semen profiles. Thus, routine semen analysis might not
be sufficient to explain male subfertility or infertility.>3
Conventionally, the management of diabetic
complications has focused primarily on glycemic
indices such as HbAlc and microvascular outcomes.
However, an increasing number of mechanistic
evidence indicates that chronic hyperglycemia causes
damage of the male reproductive tract through specific
biochemical pathways not fully captured by HbAlc
levels.>!? Under hyperglycemic conditions, glucose is
channeled through the polyol pathway, which
diminishes sperm  motility, abnormal sperm
morphology, and compromised membrane and DNA
integrity. Consequently, this diverts glucose to sorbitol
and fructose depleting NADPH and antioxidant
defense system. Most importantly, enhanced
production of reactive oxygen species (ROS) emerge
that are toxic to sperm '*!! At the same time, means
non-enzymatic glycation that advanced glycation end
products AGE accumulates in testis epididymis and
semen. The interaction between advanced glycation
end-products (AGE) and the receptor for AGE (RAGE)
aids in oxidative stress, mitochondrial dysfunction,
inflammation, and death in germ cells and supporting
cells.!?!13 In diabetic models, high levels of AGEs and
RAGE expression are linked with increased DNA
fragmentation sperm and chromatin instability.!3

As spermatozoa is known to be especially sensitive to
oxidative and glyco oxidative damage, sperm DNA

fragmentation (SDF) can be considered as a more
sensitive marker of male reproductive compromise
than classical semen parameters. Semen dysfunction is

significantly linked to compromised natural
conception, diminished efficacy of assisted
reproductive  technologies, and negative child

outcomes, and is persistently elevated in both diabetic
men and models, despite occasionally slight variations
in concentration or motility.>%%!! Shifting the focus to
SDF then offers a more direct readout of the cumulative
action of polyol pathway activation, AGE-RAGE
signalling, oxidative stress, mitochondrial injury, and
defective DNA repair in the diabetic testis and sperm.
This review integrates clinical and basic science
knowledge about infertility in diabetic men, with a
particular emphasis on sperm DNA fragmentation. It
points out how the polyol pathway and the AGE-RAGE
pathway represent the core, hyperglycemia-mediated
pathways that link metabolic disturbances to testicular
dysfunction and SDF. These pathways result in
secondary processes including oxidative stress,
mitochondrial — impairment, cellular  apoptosis,
disruptions in the hypothalamic-pituitary-gonadal axis,
and unique epigenetic modifications in the male germ
cell lineage. The article also discusses the clinical
implications of these new understandings about the
pathogenesis of infertility in reproductive-age men
with diabetes, and it identifies significant gaps in
current knowledge, particularly the need for high-
quality studies in human subjects that evaluate SDF,
pathway-specific biomarkers, and mechanism-based
therapies.

2. Diabetes and Male Infertility

According to population-based studies, there is a
bidirectional association of diabetes with male
infertility. Diabetes prevalence in infertile population
ranges from 0.7-1.4% but subfertility is more common
in infertile men with diabetes (35-51%) than in general
population. Men diagnosed with type 1 diabetes
(TIDM) have lower rates of natural fatherhood,
especially those with a longer duration of disease.
Furthermore, couples with a diabetic male partner
assisted reproduction have lower rates of pregnancy.>!*
Notably, male factor infertility is a predictor for the
development of diabetes. Men with oligospermia,
azoospermia, and aspermia have a significantly
increased risk of developing diabetes, suggesting a
common pathophysiological link.!> Mendelian
randomization experiments employing large-scale
genome-wide association study data have revealed that
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genetically predicted type 2 diabetes (T2DM) has a
clear association with erectile dysfunction and male
infertility. These findings establish diabetes as an
etiological factor rather than a mere associative
comorbidity.!>!416
2.1) Effect of diabetes mellitus on Conventional
Semen Parameters
Systematic reviews and meta-analyses have shown
diabetes-related changes in conventional semen
parameters. A meta-analysis including 21 studies
(1,218 diabetic men vs. 1,171 controls) showed a
significant reduction in semen volume, sperm
concentration, total and progressive motility, and
normal morphology in diabetic men, with an
unchanged total sperm count.!” Similar results were
obtained in studies combining obesity and diabetes,
showing a reduction in semen volume, sperm count,
concentration, and progressive motility, with decreased
testosterone levels.'®
There are differences observed when comparing type 1
diabetes mellitus (T1DM) and type 2 diabetes mellitus
(T2DM). In T1DM, meta-analyses encompassing 380
patients and 434 controls indicated a substantial
reduction in progressive motility and normal
morphology, with a tendency towards lower semen
volume, but an unaltered total sperm count and
concentration.® Conversely, T2DM is characterized by
a systemic inflammatory/oxidative state with reduced
sperm vitality and increased DNA damage (Table
). These differences are due to the
pathophysiological mechanisms underlying these
conditions, where T1DM mainly affects mitochondrial
function and epididymal emptying, and T2DM is
driven by insulin resistance-related inflammation and
oxidative stress .!*!° These distinct pathophysiological
mechanisms underscore the need for differential
diagnostic approaches.
2.2) Beyond Standard Analysis: Sperm DNA
Fragmentation and Functional Markers
Standard semen analysis often fails to recognize the
reproductive risk associated with diabetes, as some
diabetic men have normal semen parameters despite
reduced fertility potential. Meta-analytic data clearly
show that diabetic men have significantly increased
sperm DNA fragmentation (SDF) even when total
sperm count is in the normal range.>!” Comparative
studies demonstrate that type 2 diabetes mellitus
(T2DM) is specifically associated with increased SDF
and reduced sperm vitality, whereas type 1 diabetes

mellitus (TIDM) shows more severe mitochondrial
damage and impaired motility.'®
Mechanistically, diabetes is associated with oxidative
damage, mitochondrial damage, and AGE-RAGE-
mediated injury, resulting in sperm DNA breaks,
aberrant chromatin structure, and loss of mitochondrial
membrane potential.>!>* Both human and animal
studies suggest that TIDM is associated with reduced
mitochondrial membrane potential and mtDNA
damage, whereas T2DM focuses on inflammatory
oxidative stress with concomitant increased SDF.!319:20
Clinically, high SDF significantly affects reproductive
success. Meta-analyses of IVF/ICSI cycles have shown
that high SDF reduces implantation and pregnancy
success, especially in conventional IVF, with
detrimental effects on live birth rate.'"?} Recent cohort
studies (870 ICSI single-blastocyst cycles) have shown
that each 1% increase in SDF reduces the probability
of high fertilization rates and excellent-quality
blastocyst development, indicating embryonic
dysfunction.?* Furthermore, high SDF is associated
with recurrent pregnancy loss and implantation failure,
and meta-analytic data indicate improved clinical
pregnancy and live birth rates when testicular sperm
with lower DNA damage is used in ICSI cycles.?!"?
In conclusion, the clinical data clearly show that
diabetes has profound impacts on male fertility
potential through SDF, mitochondrial damage, and
vitality defects, which are only incompletely reflected
by standard semen analysis.
3. Hyperglycemia-Driven Pathways in the Testis
and Epididymis
Hyperglycemia causes testicular and epididymal
damage through multiple, interrelated biochemical
pathways that culminate in oxidative stress and
inflammation (Figure 1).

Figure 1. Hyperglycemia-driven pathogenic cascade in
diabetic male infertility. Chronic hyperglycemia
activates the  polyol  pathway  (depleting
NADPH/GSH) and the AGE-RAGE axis. These
converging mechanisms generate excessive ROS,
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causing testicular and epididymal impairment,
mitochondrial ~ dysfunction, and sperm DNA
fragmentation (SDF), ultimately leading to impaired
sperm function.

3.1) Major hyperglycemia-driven pathways

The polyol pathway and protein-kinase c (PKC)
pathway are overactivated in diabetic testes to
metabolize excess glucose. Hyperglycemia enhances
aldose reductase-mediated glucose-sorbitol and
glucose-fructose production and activates
diacylglycerol-PKC signaling, both of which are
increasingly activated in type 1 diabetic mouse
testes.”!!2® These pathways enhance redox imbalance,
reactive oxygen species production, and spermatogenic
disruption.26:?’

At the same time, hyperglycemia accelerates non-
enzymatic glycation and the formation of advanced
glycosylation end-products (AGEs). Methylglyoxal
and AGE-carboxymethyl lysine are increased in
diabetic testes and epididymides, and the AGE receptor
(RAGE) is widely expressed in testicular tissues.?3°
AGES/RAGE signaling pathways are involved in
Leydig cell steroidogenic dysfunction, endoplasmic
reticulum (ER) stress, and apoptosis, further impairing
testosterone secretion and spermatogenesis.?*°
Hyperglycemia also enhances mitochondrial overload
and parallel glucose metabolism (PKC, polyol,
hexosamine, and AGEs) pathways, which cumulatively
enhance mitochondrial reactive oxygen species
production and activate pro-inflammatory pathways,
including NF-kB, NLRP3 inflammasome, and
endoplasmic reticulum (ER) stress signaling in
testicular cells, 810!

3.2) Effects on the testis and epididymis

These pathways affect the hypothalamic-pituitary-
gonadal axis, leading to decreased GnRH, LH/FSH
signaling, and testosterone, culminating in
hypogonadism in diabetic men. #*!! In the testis,
hyperglycemia-induced  oxidative  stress  and
inflammation cause Leydig cell injury (reduced steroid
secretion, mitochondrial disorganization, and increased
apoptosis) and Sertoli cell injury (vacuolization,
impaired metabolic support for germ cells).3!~3 Blood-
testis barrier tight junction proteins are reduced,
impairing barrier function and germ cell migration.*
In the epididymis, diabetes creates a pro-oxidative and
low-antioxidant environment: mitochondrial regulators
(SIRT1/PGC-10/SIRT3) and complexes are reduced,
antioxidant enzymes (SOD, CAT, GPx) are decreased,
but protein nitration and lipid peroxidation are

increased. This environment promotes sperm DNA
fragmentation and abnormalities in maturation.3234
3.3) Oxidative stress as the central hub

Oxidative stress is the central mechanism in these
tissues. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are produced by
hyperglycemia-induced mitochondrial dysfunction,
NADPH oxidase activation, polyol pathway-mediated
NADPH depletion, and AGE-RAGE signaling.?6-%
Lipid peroxidation is increased in the testis of diabetic
models, and antioxidant defenses are reduced.
Activation of inflammatory mediators (NF-«xB,
NLRP3) and apoptosis are increased in germ, Sertoli,
and Leydig cells, associated with impaired
spermatogenesis and abnormal sperm morphology and
motility.3%3°

Spermatozoa are highly vulnerable: their membranes
are rich in polyunsaturated fatty acids, and their
cytoplasm lacks antioxidant enzymes and DNA repair
mechanisms.***” Diabetic animals show increased 4-
HNE adducts in sperm, mitochondrial dysfunction,
ATP depletion, and increased DNA fragmentation and
chromatin abnormalities, directly linking oxidative
damage to impaired motility and fertility.34383°

In conclusion, hyperglycemia activates the polyol
pathway, protein-kinase C (PKC), and AGE/RAGE
signaling in the testis, generates a pro-oxidative and
pro-inflammatory microenvironment in the testis and
epididymis, and, through ROS-mediated injury to
somatic cells, barrier components, and sperm, causes
diabetic male infertility.

Table 1: Clinical studies linking diabetes types to
semen parameters and sperm DNA fragmentation,
highlighting distinct pathophysiological mechanisms.
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4. The Polyol Pathway in Diabetic Testis and

Sperm

The polyol pathway plays an important role in glucose
regulation in hyperglycemic conditions and is a major
mechanism of oxidative stress-mediated damage to the
male reproductive organs.
4.1) Core biochemistry of the polyol pathway
The pathway consists of two enzyme-catalyzed
reactions: the reduction of glucose to sorbitol by aldose
reductase (AR) using NADPH, and the oxidation of
sorbitol to fructose by sorbitol dehydrogenase (SDH)
with the concomitant reduction of NAD* to
NADH. 404 In diabetic conditions, as much as 30%
of glucose is shunted through this pathway, resulting in
the depletion of NADPH and accumulation of NADH,
thereby disrupting the redox couples NADPH/NADP*
and NADH/NAD", and enhancing the production of
reactive oxygen species (ROS).4042
4.2) Expression of the polyol pathway in the testis
The testis expresses both AR and SDH, with AR being
predominantly localized in Sertoli cells and SDH in
germ cells, suggesting a physiological role for this
pathway in glucose handling and fructose synthesis for
energy utilization by sperm cells. However, in diabetic
conditions, the testicular sorbitol levels are
substantially elevated (by 1.7-fold in Ins2Akita mice at
24 weeks), indicating the activation of the polyol
pathway specifically in the testis, but not in the
epididymis. °
4.3) Mechanisms of polyol activation-induced
testicular damage and sperm abnormalities
Activation of the polyol pathway by hyperglycemia in
diabetes leads to testicular oxidative stress through
several mechanisms:

e NADPH Depletion: Depletion of NADPH
inhibits glutathione reductase function and
reduced glutathione regeneration, reducing
the antioxidant capacity.!!40:4!

e Excess NADH: promotes mitochondrial and
NADH oxidase-mediated superoxide
production. 04!

e Fructose Accumulation: The generated
fructose from sorbitol can be further
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converted into other reactive glycating
compounds, which accumulate advanced
glycosylation end-products (AGEs) and
trigger more ROS production.*!
These oxidative injuries cause damage to testicular
cells and sperm, leading to decreased motility,
morphological  abnormalities, increased DNA
fragmentation, and disrupted membrane integrity in
diabetic men.!!. Experimental diabetic models have
shown increased testicular oxidative injury and
impaired spermatogenesis, which are associated with
polyol pathway activation and sorbitol
accumulation.”*
4.4) Therapeutic approaches
Agents that inhibit AR/SDH activity or polyol transport
in the testis, such as sulfated or plant-derived
polysaccharides, honokiol, and magnolol, can inhibit
aldose reductase and polyol dehydrogenase enzyme
activities, enhance antioxidant defenses, and partially

correct diabetic testicular injury and sperm

abnormalities.**

5. AGE-RAGE Axis and Sperm DNA
Fragmentation

In hyperglycemic and high AGE conditions, the AGE-
RAGE pathway is a major upstream mediator of sperm
DNA damage. The detailed molecular mechanisms of
the polyol pathway and AGE-RAGE crosstalk are
presented in (Figure 2), which shows how these
pathways converge to cause sperm damage through
multiple interconnected mechanisms

5.1) Mechanisms of AGE-RAGE

activation

Advanced glycosylation end-products (AGEs) are
formed by the non-enzymatic glycation of proteins,
lipids, and nucleic acids, and their buildup has been

pathway

found in diabetes, obesity, and diseases linked with an
AGE-tich diet.***" The primary receptor for AGEs,
RAGE, is a cell surface-bound immunoglobulin-like
receptor whose activation initiates NADPH oxidase,
mitogen-activated protein kinases (MAPKs), and
nuclear factor kB (NF-kB), thereby enhancing
oxidative stress and inflammatory reactions. 64349
RAGE and AGEs are expressed throughout the male
reproductive system, including the testis, epididymis,
and sperm, and their expression is elevated in diabetic
males and in animal models of diabetes.>0?

5.2) Sperm RAGE expression and its implications

for DNA susceptibility

In human sperm, RAGE expression is predominantly
restricted to the acrosomal cap and the equatorial

segment of the sperm head, areas that overlie the
nucleus and are subject to extensive remodeling during
epididymal maturation.>*** This pattern of expression
places ligand-receptor complexes near nuclear DNA
and may compromise the integrity of the plasma
membrane barrier, thus facilitate reactive oxygen
species (ROS) entry and allow direct AGE/RAGE-
mediated damage to chromatin-associated proteins.>*>

5.3) Mechanistic connection between AGE-RAGE
activation and sperm DNA fragmentation

Cumulative evidence from both human cohorts and

animal models establishes a strong mechanistic link

between AGE-RAGE activation and sperm DNA
fragmentation, with RAGE expression correlating
strongly (r= 0.81) with TUNEL-positive fragmentation

(Table 2):

e Mice fed an AGE-diet show increased
testicular AGE (CML) levels, RAGE
expression, reduced antioxidant activity, and
increased sperm DNA fragmentation, along
with protamine deficiency and residual
histones, indicating AGE/RAGE-mediated
oxidative and chromatin damage.*’

e High membrane-bound RAGE expression in
sperm is linked to increased oxidative DNA
damage (8-OHdG) and DNA fragmentation in
non-diabetic men, along with decreased

motility, mitochondrial membrane potential,
and increased apoptosis. This suggests that
sperm labeled with RAGE represent an
intrinsically damaged and ROS-dysfunctional
subset.”

e High sperm RAGE expression is strongly
associated with DNA  fragmentation,
according to a meta-analysis of diabetic
semen. This is likely because the AGE-RAGE
pathway produces too many reactive oxygen
species (ROS), which break DNA strands.>

e Diabetic patients have increased RAGE
protein expression and significantly higher
sperm DNA fragmentation, with a very strong
positive  correlation  between RAGE
expression and TUNEL-positive
fragmentation (r = 0.81).%
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Figure 2. Molecular crosstalk between polyol and
AGE-RAGE pathways leading to sperm damage.
Detailed schematic illustrating how aldose reductase
activity and AGE formation synergistically amplify
ROS production via mitochondrial superoxide and
NADPH oxidase activation. This oxidative burst
directly damages sperm chromatin (increasing 8-
OHdG and strand breaks), disrupts protamine
packaging, and induces apoptosis, compromising
fertilization potential.

5.4) Experimental blockade of AGE-RAGE
Blocking AGE-RAGE provides further evidence for its
causal role:

e In type 2 diabetes mellitus (T2DM) mice, a
DNA aptamer targeting AGEs decreases
testicular AGE  levels, macrophage
infiltration, apoptosis, and oxidative stress,
and improves sperm count, motility, and
viability, despite the absence of changes in
blood glucose levels, suggesting a local AGE-
RAGE-mediated oxidative insult.’’

e Various interventions using small molecules
or phytochemicals that inhibit AGEs/RAGE
and downstream signaling molecules such as
Nox4, p38MAPK, and NF-xB reduce
testicular oxidative stress and apoptosis and
improve sperm parameters and DNA
fragmentation index in diabetic models.’>%%%

e Table 2: Evidence linking AGE-RAGE
activation to sperm DNA fragmentation
across human and animal models. Key
findings include strong RAGE-SDF
correlation (r = 0.81), chromatin defects, and
impaired  spermatogenesis.  Therapeutic
blockade (e.g., aptamers, catalpol) mitigates
damage independent of glycemic control,
highlighting direct therapeutic potential.
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6. Sperm DNA Fragmentation: Mechanisms,
Measurement, and Clinical Relevance
Sperm DNA fragmentation (SDF) refers to the breaks
or oxidative damage in the paternal genome and is
increasingly recognized as a key aspect of male-factor
infertility .
6.1) Mechanisms of Sperm DNA Fragmentation
The key biological mechanisms involved in DNA
fragmentation are:
Chromatin packaging defects: Incomplete histone
substitution by protamines and impaired topoisomerase
programmed nicks during spermiogenesis make DNA
vulnerable to damage.?>¢1:¢2
Abortive apoptosis: Insufficient elimination of
defective germ cells allows caspase- and endonuclease-
mediated DNA-damaged sperm to be released.?>!
Oxidative stress: Excessive ROS production by
leukocytes, varicocele, infection, heat, lifestyle, and
diabetic mechanisms (polyol and AGE-RAGE) cause
single- and double-strand breaks and oxidized bases
like 8-OHdG 26364
Post-testicular events: Damage may accumulate
during epididymal transport, ejaculation, in vitro
manipulation, and cryopreservation, which could
increase SDF.
6.2) Measurement: Main Assays and Performance
Commonly used assays differ significantly in their
operating principles, sensitivity to specific types of
DNA damage, and clinical predictive value for fertility
outcomes (Table 3).
Table 3: Comparative overview of sperm DNA
fragmentation assays, detailing their principles, clinical
predictive value for fertility outcomes, and supporting
literature.

Assay Principle /| Clinical Citatio
features notes ns
TUNEL | Labels DNA | Fair 22,69,101
strand breaks | prediction of
in situ IVF/ICSI
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pregnancy
(AUC=0.71)
widely used
Comet | Single-cell gel | Good 63,69,101
(alkalin | electrophoresi | discriminati
e) s; tail reflects | on of fertile
breaks vs infertile;
AUC=0.73
in MAR
meta-analys
is
SCSA | Flow-cytomet | Best 22,6369
ric  acridine | standardized
orange ;  predicts
(denaturation | infertility
susceptibility) | but weaker
MAR
prediction in
some
reviews
SCD Halo Technically | 64
test formation simple;
around sperm | modest
head predictive
value in
MAR

6.3) Clinical Relevance
Epidemiological and mechanistic evidence links
increased SDF to:

e Semen quality: Poorer semen quality is
associated with higher DNA fragmentation
index (DFI) values, which are reflected in
lower concentration, motility, and normal
morphology.?*

e Natural conception and IUI: Higher SDF
values are associated with lower chances of
natural conception and IUI success.5+6%67

o IVF/ICSI success rates: Higher SDF values
are related with decreased rates of fertilization
success, embryo quality, pregnancy rates, live
birth rates, and higher miscarriage rates in
several studies, however the size of
relationship and threshold values range.?>%4
66,68

e ART prognostic tests: In a major meta-
analysis, the ability of TUNEL and Comet
assays to predict ongoing pregnancy after
IVF/ICSI was found to be only moderately
accurate, while the accuracy of SCSA and

SCD was found to be poor; however, these
tests have reasonable sensitivity but poor
specificity, thus precluding their use as
prognostic tests in routine clinical practice.®
Current guidelines and SWOT analysis-based reviews
suggest that SDF testing has a potential role in selected
situations such as varicocele, idiopathic/unexplained
infertility, recurrent pregnancy loss, and repeated ART
failure, but not in routine testing of all couples due to
heterogeneity of tests, lack of universally accepted
thresholds, and a paucity of high-quality data on
outcome studies.?>7*7*
7. Epigenetic and Transgenerational Aspects
Besides direct DNA strand breaks, hyperglycemia also
reprograms the sperm epigenome by oxidative stress-
mediated mechanisms. Men with type 2 diabetes
mellitus (T2DM) have hundreds to thousands of
differentially methylated CpG sites in their sperm
compared with BMI-matched controls, with a strong
bias toward hypermethylation at loci essential for
development.”>”” Type 1 diabetes mellitus (T1DM)
also impacts approximately 13% of arrayed CpGs,
which are enriched in immune and metabolic
functions.”® Importantly, imprinting control regions
demonstrate locus-specific dysregulation: H19 and
MEST differentially methylated regions (DMRs) are
hypomethylated, whereas SNRPN is hypermethylated
in diabetic men with abnormal semen parameters,
suggesting impaired germline epigenetic integrity.”*
Simultaneously, chromatin remodeling is also
impaired. Hyperglycemia impairs histone-protamine
exchange during spermiogenesis, with reduced
transition proteins and protamines and aberrantly
exposed nucleosomal DNASB2 [n TIDM mouse
models, sustained changes in the protamine 1/2 ratio
over two generations are associated with enhanced
DNA  fragmentation and reduced fertility.®
Simultaneously, diabetes also disturbs testicular
microRNA (miRNA) expression profiles, with
consistent impairment of miRNAs regulating insulin
signaling, inflammation, and apoptosis.!3-8284
These epigenetic lesions are functional. Paternal
prediabetes sperm methylation
differences that significantly overlap with genes that

in mice causes

are differentially methylated in offspring pancreatic
islets, including Pik3ca and Pik3rl loci that show
partial resistance to post-fertilization demethylation,
thus connecting paternal metabolic disease to offspring
B-cell dysfunction.!*8*85 Paternal TIDM or T2DM

exposure causes intergenerational subfertility, as
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evidenced by decreased sperm numbers, increased
apoptosis, and persistent changes in testicular gene
expression in F1 and F2 male offspring.3*%
Mechanistically, oxidative lesions such as 8-OHdG are
the key to connecting DNA fragmentation to
epimutations.® ROS produced through polyol flux and
AGE-RAGE signaling cause strand breaks and impair
DNA methyltransferase function simultaneously, while
impairing protamine incorporation. This two-hit
damage causes diabetic male infertility to transition
from an ejaculate quality problem to a germline
epigenetic disease, with environmentally stable,
persistent epigenetic marks that may evade
reprogramming in offspring and shape offspring
metabolic health across generations.

8. Therapeutic and Clinical Implications
Glycemic optimization diminishes polyol transport and
advanced glycosylation end-product (AGE) formation
but does not completely correct sperm DNA
fragmentation (SDF), suggesting an irreversible
molecular signature from previous hyperglycemia.
81L13 In diabetic animal models, metformin provides a
dual action: in addition to its glucose-lowering effects,
it inhibits aldose reductase activity, increases testicular
insulin sensitivity, and significantly reduces SDF while
improving sperm motility and testosterone secretion. ¥
Human studies examining the direct relationship
between HbAlc reduction and SDF improvement are
scarce; however, systematic reviews demonstrate that
poor metabolic control is associated with increased
levels of oxidative stress biomarkers and decreased
semen quality.>!'%® Drug-class effects are worth
mentioning sulfonylureas and thiazolidinediones can
decrease sperm vitality in selected populations,
whereas GLP-1 receptor agonists demonstrate
potential in preclinical studies for reducing testicular
AGE deposition.®!3%? Early metabolic therapy, before
the onset of chronic hyperglycemia, likely provides the
greatest reproductive benefit. Aldose reductase
inhibitors decrease sorbitol accumulation and NADPH
depletion in the diabetic testis, thus maintaining
glutathione stores in models; human
reproductive outcomes are undefined. RAGE and AGE
inhibitors decrease NF-«kB activation and testicular

animal

inflammation in rodents, partially correcting

spermatogenesis.®!1!3

8.1) Lifestyle optimization as a first-line therapeutic
strategy

Lifestyle modifications have remained an essential
component for improving semen quality and

decreasing sperm DNA fragmentation (SDF) in
diabetic or metabolically active men. Organized
interventions that include weight loss, regular exercise,
improved dietary habits (especially the Mediterranean
diet with high antioxidant intake), smoking cessation,
and avoidance of testicular heat exposure have shown
small but significant benefits in terms of sperm
motility, morphology, and DNA integrity.®>**! The
results of meta-analyses suggest that lifestyle
modification can decrease SDF by 3% in a three-month
period, making it an easily available adjunct therapy.”!
Non-pharmacologic approaches, such as yoga, may
also improve mitochondrial activity and antioxidant
potential, providing additional protection against
sperm DNA damage from oxidative stress.*?
8.2) Diagnostic and assisted reproductive
technology (ART) recommendations
Sperm DNA fragmentation (SDF) analysis is being
increasingly recommended in diabetic males with
unexplained infertility, recurrent pregnancy loss,
failure of assisted reproductive technology (ART), or
related metabolic condition. Management according to
guidelines should be individualized based on the SDF
index: high SDF index requires more aggressive
glycemic control and lifestyle modification, along with
specific antioxidant therapy, despite the lack of robust
evidence to support the routine use of antioxidants.?”7
It is important to exercise caution when interpreting the
results in diabetic patients owing to the absence of
direct evidence, but ART can be considered in relation
to the timing of intracytoplasmic sperm injection
(ICSI) or, in certain cases with severely fragmented
ejaculated sperm DNA, testicular sperm retrieval,
which has improved outcomes in infertility resulting
from oxidative stress.”>*>%4
9. Conclusions
This review lifts the veil on the impact of diabetes
mellitus on male fertility, focusing on the role of sperm
DNA fragmentation (SDF) as a major biomarker. It
emphasizes two major pathways mediated by
hyperglycemia: the polyol pathway and the AGE-
RAGE pathway. Both pathways contribute to oxidative
damage, mitochondrial dysfunction, and epigenetics in
the male germline, making it difficult for sperm to be
of high quality. This has significant implications for
conception and assisted reproductive technology.
Notably, just managing glucose levels will not reverse
the process because some molecular “scars” from
previous hyperglycemia remain in the system. There is
evidence for a multi-step approach: first, manage
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metabolic problems, and then specifically target the

offending pathways (e.g., using aldose reductase

inhibitors or RAGE antagonists), and finally

incorporate antioxidants and lifestyle modifications.

SDF analysis should be considered in diabetic men

with idiopathic infertility or recurrent pregnancy loss.

In diabetic men with high SDF in ejaculated sperm

(>40%), testicular sperm extraction may be beneficial.

Future studies should focus on identifying pathway-

specific biomarkers and therapies and validating them

in high-quality human studies. In the end,

incorporating reproductive health into diabetes care is

critical for sustaining fertility potential in diabetic

males, with substantial consequences for quality of life

and reproductive planning.
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