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in the male reproductive system. Glucose metabolism is an important 
event in spermatogenesis. Many studies in both human and animals 
have confirmed the deleterious effect of diabetes on sexual functions, 
such as semen parameters, nuclear DNA fragment, and chromatin 
quality.8–10

In the following sections, we will review the role of glucose 
metabolism in sperm as well the clinical and animal studies on type 1 
and type 2 diabetes, its effects on male fertility, especially on sperm 
quality, and the potential molecular mechanism. In addition, the 
epigenetic regulation of spermatogenesis will be critically reviewed, and 
the diabetes effects across generation in the germ line will be discussed.

GLUCOSE METABOLISM IN SPERM
Sperm cell is the most differentiated mammalian cell. The main goal 
of sperm consists of transferring male haploid DNA to female DNA 
through a series of mechanisms that imply their displacement along 
the female genital tract and fertilizing ability.11 Energy in sperm cells 
is mainly used to maintain the motility to complete capacitation and 
subsequent acrosome reaction.12–14

Sperm cells need energy to acquire and maintain motion 
competence after epididymal maturation because they are actually 

INTRODUCTION
Globally, it is estimated that 382 million people suffer from diabetes 
and that the prevalence is 8.3%.1 The term “diabetes mellitus (DM)” 
describes a metabolic disorder of multiple etiologies characterized 
by chronic hyperglycemia with the disturbances of carbohydrate, fat, 
and protein metabolism resulting from defects in insulin secretion, 
insulin action, or both.2 Type 1 DM is a chronic autoimmune disease 
with a strong inflammatory component, characterized by loss of the 
insulin-producing beta cells of the islets of Langerhans in the pancreas, 
leading to insulin deficiency.3 Type 2 DM is characterized by insulin 
resistance, which may be combined with relatively reduced insulin 
secretion.4 Type  2 diabetes is primarily due to lifestyle factors and 
genetics. A number of lifestyle factors are known to be important to 
the development of type 2 diabetes, including obesity, lack of physical 
activity, poor diet, stress, and urbanization.5,6 The DM could induce 
long-term damages, dysfunctions and failures of various organs, 
including retinopathy with potential loss of vision, nephropathy 
leading to renal failure, peripheral neuropathy with risk of foot 
ulcers, amputations, Charcot joints, autonomic neuropathy causing 
gastrointestinal, genitourinary, cardiovascular symptoms, and sexual 
dysfunction.7 An important complication of diabetes is the disturbance 
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immotile in testis.14 Much adenosine triphosphate (ATP) in sperms 
is consumed for maintaining the motility. Except some metabolites, 
such as lactate and citrate, sperm mainly utilize sugars as an energy 
fuel including glucose, mannose, and fructose. The two main metabolic 
pathways involved in energy generation are anaerobic glycolysis and 
oxidative phosphorylation.15 Inhibitors of either oxidative metabolism 
or glycolysis in many species show that either pathway alone can 
maintain mobility independently.16 Sperm metabolism can proceed 
through glycolysis, mitochondrial oxidative phosphorylation or the 
pentose phosphate pathway. The predominant pathway used depends 
on species, oxygen content and/or hexose availability. In fact, sperm 
have a mitochondrial sheath in the midpiece, where the oxidative 
processes may take place.15 Therefore, the most important glycolytic 
enzymes are mainly located in the principal piece of the tail which is 
connected to the fibrous sheath.15,17–21

Glucides are polar molecules that are rich in  -OH groups and 
can passively cross the lipidic bilayer in a very slow and inefficient 
manner. Therefore, carriers are required when cells uptake glucides.15 
An important role of supplying cells with energy is realized by different 
membrane proteins that can actively  (sodium-dependent glucose 
transporters  [SGLT]) or passively  (glucose transporters  [GLUT]) 
transport hexoses through the lipidic bilayer.22,23 The proteins of the 
SGLT family are active transporters of sugars, particularly glucose.23 
GLUTs are 13 proteins of a family that facilitate the transport of 
sugars and show a peculiar distribution in different tissues, as well as 
a particular affinity for substrates. Other hexoses (fructose, mannitol), 
vitamins, and amino sugars as glucosamine can also be transported by 
GLUTs.24 Glucose passively transport across the blood-testis barrier, 
which is mediated by GLUTs, is an important event in spermatogenesis. 
GLUTs also exist in mature sperm cells, which, in fact, require carriers 
for uptake energetic sources that are important for maintaining 
basic cell activity, as well as specific functions, such as motility and 
fertilization ability.15

In human sperm cells, GLUT1 and GLUT2 were in the acrosomal 
region and the principal and end pieces of the tail, whereas GLUT3 
was found in the midpiece.24 GLUT4 did not show any immunologic 
positivity and GLUT5 was detected in the subequatorial region and the 
mid and principal pieces.15 GLUT8 was firstly identified in the testes as 
well as other tissues.25,26 GLUT8 localizes in the midpiece and principal 
piece as well as in the acrosomal region of the sperm. Immunoelectron 
microscopic analysis shows that GLUT8 is strongly detectable at the 
acrosome and neck region of the sperm. In the midpiece, GLUT8 
localizes at the outer dense fibers (ODF) as well as at the circumference 
of the spiral mitochondria. In the principal piece, GLUT8 localizes at 
the ODF.27–29 GLUT8 has an endosomal and lysosomal targeting motif,30 
and is only translocated to the plasma membrane in response to insulin 
in blastocysts.31 Therefore, it might only transport hexoses across 
endosomes and lysosomes intracellularly. Similar to the lysosome, 
the acrosome of sperm cells contains lysosomal proteins under a low 
pH. GLUT8 might play a role in the acrosome reaction upon sperm 
binding to the oocyte. Indeed, sperm from Glut8−/− mice have showed 
the decreased ATP and reduced motility compared to wild type. 
However, these sperms are able to fertilize oocytes. GLUT9 has been 
recently identified to have a high degree of homology to GLUT5 that 
transports fructose as well as glucose.32 GLUT9 has two isoforms: a long 
form containing 12-transmembrane domains (GLUT9a) and a short 
form without two transmembrane domains (GLUT9b) that exist in 
sperm cells. Both GLUT9a and GLUT9b are expressed in the midpiece, 
whereas GLUT9b is also found in the acrosome and principal piece.27 
The two isoforms are also high-capacity urate transporters.33 Uric acid 

inhibits peroxynitrite (ONOO-) generation in sperm and can interact 
with other reactive oxygen species (ROS) such as hydroxyl radicals.34 
Because ROS generated by sperm cells are involved in capacitation, 
in addition to the role of providing energy substrates, GLUT9 may 
regulate the redox state and capacitation (Figure 1).

Various GLUTs in sperms endow them the flexibility to adapt to 
the changes in the environment, metabolic requirements, etc. However, 
an abnormal environment like diabetes can cause the dysfunction in 
nutrient transport, thus leading to the decreased fertility and adverse 
fetal outcomes.35,36 A previous study examining GLUT expression of 
GLUT8 and GLUT9 in sperm and testes of two different genetically 
modified diabetic mice found that mice lacking GLUT9 protein had 
low sperm motility and decreased fertilization rates. The authors 
suggested that lack of insulin or hyperglycemia impaired Glut9 
transcription and concluded that insulin and glucose were important 
in sperm maturation and had important roles in the sugar movement 
in sperm which indirectly controlled motility during capacitation and 
fertilization. Furthermore, when these same mice were treated with 
insulin sperm motility and concentration was obviously increased 
suggesting that insulin signaling improves sperm quality. In addition, 
it has been found that glucose, not fructose is needed for fertilization 
and is specifically required during sperm oocyte binding and embryo 
viability in the mouse.37,38

DIABETIC DISEASE AND EXPERIMENTALLY INDUCED 
DIABETES – IMPACT ON MALE FERTILITY
Abnormal glucose homeostasis has adverse outcomes for the 
reproductive function in the male gametes.8 Testicular function and 
spermatogenesis are affected in both type 1 and type 2 diabetic men.8,39 
Traditional light microscopic analysis of the ejaculate suggests that 
the effect of diabetes on semen quality is negligible and molecular 
investigation techniques have demonstrated that diabetic men 
have a dramatically higher percentage of sperm with nuclear and 
mitochondrial DNA fragmentation and that the damage is oxidative 
in nature.8,40 Sperm DNA damage is known to be associated with the 
decreased embryo quality, the lower implantation rates, and, possibly, 
the early onset of some childhood diseases (Table 1).41

Diabetes and sperm DNA integrity
Sperm cells from men with type 1 diabetes have structural defects with 
nuclear and mitochondrial DNA fragmentation, reduced motility, 
and decreased zona pellucida binding.8,39,40 Agbaje et al.42 found that 
changes in the expression of the genes involved in DNA repair and 
replication were highly correlated with the increases in sperm DNA 
fragmentation observed in type 1 DM men. Numerous factors have 
been shown to increase oxidative stress  (OS), ROS production, and 
sperm DNA damage.43,44 Present at high concentrations in semen, 
the polyamines  (spermine, spermidine, and putrescine) have 
antioxidant actions, are potent antiglycating agents, and protect 
against structural/functional advanced glycation end products (AGE) 
modifications. Therefore, recently, they reported that the changes in the 
expression of antioxidants could be seen as reactions to, or a cause of, an 
environment of OS, and, the number of sperm displaying the receptor 
for advanced glycation end products  (RAGE) and that the overall 
protein amount found in sperm and seminal plasma was prominently 
higher than that in samples from type 1 diabetic men.43,44 Mallidis et al.43 
found that in type 1 diabetic men, mRNA profiles indicated expression 
perturbations in the genes involved in stress response, DNA metabolism, 
and replication/repair, particularly owing to their association with OS, 
glycation, and AGEs/RAGE. RAGE plays a key role in many diabetic 
complications. The consequences of ligand-RAGE interaction include 
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up-regulation of molecules implicated in inflammatory responses and 
tissue damage, such as cytokines, adhesion molecules, and matrix 
metalloproteinases.45 An increment in AGE in seminal plasma of type 1 
and type 2 diabetic subjects may suggest a key role of glycation process 
and increased OS in reproductive system dysfunction.46 These diabetic 
men showed the obviously higher mean levels of RAGE protein and 
DNA fragmentation in sperm. The highly positive correlation between 
RAGE levels and nuclear DNA fragmentation in sperm suggests the 
central role of RAGE in the disturbances in sexual function of diabetic 
men. The activation of RAGE increases ROS production, and the high 
level of ROS can induce DNA fragmentation in turn.47 Furthermore, 
alterations in mitochondrial DNA in diabetes are responsible for the 
adverse changes observed in motility of sperm. These are important 
findings in a clinical perspective for diabetic patients who attend 
infertility clinics because aggressive diabetic control measures may 
reverse these changes and improve pregnancy outcomes.48

Diabetes and ingredients of seminal plasma
The researchers found that seminal plasma nitrate/nitrite levels and 
8-hydroxydeoxyguanosine  (8-OHdG) levels were both markedly 
increased in the diabetic group (including type 1 and type 2 diabetes).49 
Regression analysis results indicated that in diabetic men, nitrate/nitrite 
levels correlated well with 8-OHdG levels.49 The data suggest that the 

high levels of nitrate/nitrite in the semen of diabetic men are suggestive 
of ROS-induced DNA damage that is correlated with 8-OHdG levels 
but not sperm parameters.49 Because there are no effects to sperm 
motility, it is likely that these sperm can achieve fertilization and, 
therefore, this is of clinical significance. The level of malondialdehyde, 
one of the final products of lipid peroxidation and well-known markers 
of OS, was notably increased in semen of infertile men with type 2 
diabetes and had the negative correlation with sperm density, total 
sperm count, progressive motility, and normal forms, suggesting that 
the increase in lipid peroxidation in men with diabetes with poor 
metabolic control was associated with low sperm quality.50 The glycemic 
control is an important element for preventing sperm damage in these 
patients.50 Paasch et al. demonstrated type 1 diabetes, type 2 diabetes, 
and obesity are all accompanied by multiple changes of the sperm 
proteome. They found the involvement of semenogelin-1, clusterin, and 
lactotransferrin, part of the eppin (epididymal proteinase inhibitor) 
protein complex, which is thought to fulfill fertilization-related 
functions, such as ejaculate sperm protection, motility regulation, and 
gain of competence for acrosome reaction in the pathologic alterations 
of sperm morphology and functions taking place in diabetic and obese 
individuals.51

Streptozotocin‑induced type 1 diabetes model
In animals, the male reproductive milieu (testis and epididymal sperm) 
of streptozotocin (STZ)-induced diabetic mice is subjected to significant 
OS during the early diabetic phase and may apparently contribute to 
the development of testicular dysfunction, thus leading to altered 
steroidogenesis and impaired spermatogenesis.52 In insulin-dependent 
diabetes, leydig cell function and testosterone production decrease due 
to the absence of the stimulatory effect of insulin on these cells and 
an insulin-dependent decrease in FSH, which, in turn, reduces LH 
levels. Sperm output and fertility are reduced because of a decrease in 
FSH caused by a reduction in insulin.53 Hyperglycemia has an adverse 
effect on sperm concentration and motility via the changes in energy 
production and free radical management. Furthermore, rats treated 
with STZ for 1 month, showed some metabolic adaptations, such as the 
increase in the efficiency of mitochondrial ATP production, in order 
to circumvent the deleterious effects promoted by the disease.54 Male 
diabetes may cause male subfertility by altering steroidogenesis, 
sperm motility, and GLUT expression. Fertilization rates were 
distinctly lower in the Akita group, and the STZ-injected male group 
compared with the normal group. Furthermore, in fertilized zygotes, 
embryo developmental rates to the blastocyst stage in two diabetic 
models were lower than that in controls.37 Mallidis et al.55 described 
the changes in the testicular metabolome after the induction by 
STZ in an experimental model of type 1 diabetes and identified the 
perturbations in several important metabolites. Specifically, diabetic 
mice showed the decreased carnitine, creatine, and choline and the 
increased lactate, alanine, and myo-inositol.55 Epidermal growth factor 
deficiency is a potential cause for the pathogenesis of oligozoospermia 
in diabetic mice.56 STZ-diabetes also notably reduced the epididymal 
tissue concentrations of testosterone, androgen-binding protein, sialic 
acid, and glycerylphosphorylcholine, suggesting its adverse effects on 
the secretory activity and the concentrating capacity of epididymal 
epithelium. Impaired cauda epididymidal sperm motility and fertility 
in STZ-diabetic rats implied the defective sperm maturation. Insulin 
replacement prevented these changes either partially or completely.57

From the above findings, it is evident that STZ-diabetes has an 
adverse effect on sperm maturation, which may be caused by the 
decrease in the bioavailability of testosterone and epididymal secretory 

Figure 1: Schematic representation of human sperm cell and localization 
of several glucose transporter isoforms in the distinct parts of the 
spermatozoon, namely head (which includes the nucleus and acrosome) and 
tail (comprehending the midpiece, principal piece and endpiece). GLUT1: 
glucose transporter 1; GLUT2: glucose transporter 2; GLUT3: glucose 
transporter 3; GLUT5: glucose transporter 5; GLUT8: glucose transporter 8; 
GLUT9a: glucose transporter 9a; GLUT9b: glucose transporter 9b.

Table 1: The detrimental effects of male diabetes on sperm quality

Detrimental effects References

Impairment of spermatogenesis, reduced sperm 
count and motility

8,39,48,51,52,57,59–61

Male subfertility (decreased fertility potential) 
by altering steroidogenesis and sperm motility

37,51–57

Testicular and erectile dysfunctions 8,39,52

Impairment of sperm DNA integrity 8,40,43,44,48,59

Effect on ingredients of seminal plasma 49,50

Epigenetic dysregulation during spermatogenesis 78,79
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products. Some scientists indicated that the germ cell abnormalities 
observed in the hyperglycemic group could be interpreted as the 
primary effect of STZ, not the hyperglycemia.58 Some researchers 
demonstrated that STZ-induced DM may influence the male fertility 
potential via affecting sperm parameters and DNA integrity in mice. 
However, diabetes has no detrimental effect on histone-protamines 
replacement during the testicular phase of sperm chromatin 
packaging.59

High‑energy diet‑induced prediabetic model
After feeding high-energy diet (HED) for 1 month, rats showed increased 
glycemic levels, impaired glucose tolerance, and hypoinsulinemia. 
Moreover, an imbalance of intratesticular and serum testosterone 
levels was observed. HED also affected the reproductive parameters, 
and HED rats exhibited a significant increase in abnormal sperm 
morphology.60 Glycolytic metabolism was favored in testicles of 
HED rats with an increased expression of GLUT1, GLUT3, and 
phosphofructokinase 1. Moreover, the lactate production and the 
expression of metabolism-associated genes and proteins involved in 
lactate production and transport were also enhanced by HED. Alanine 
testicular content was decreased, and thus intratesticular lactate/alanine 
ratio in HED rats was increased, suggesting the increased OS. These 
results suggest that HED induces a prediabetic state that may impair 
reproductive function by modulating overall testicular metabolism.60 
In prediabetic rats, an alteration in HCO3

−  homeodynamics in the 
lumen of the epididymis may affect the establishment of a proper 
environment for sperm storage and viability, thus influencing male 
reproductive potential.61

IMPACT OF PARENTAL DIABETES ON MALE GERM CELL 
EPIGENETIC REGULATION
Epigenetic patterning starts in the germ line and is essential for normal 
embryo and postnatal development.62 Epigenetic modifications during 
germ cell development are postulated to play roles in gene expression, 
meiosis, genomic integrity, and genomic imprinting.63 Epigenetics 
refers to a collection of mechanisms and phenomena that define the 
phenotype of a cell without affecting the genotype. Epigenetic states 
can be modified by environmental factors, which may contribute 
to the development of abnormal phenotypes. Epidemiological 
evidence increasingly suggests that environmental exposures early 
in development have a role in susceptibility to disease in later life. 
A growing body of data, from animal as well as human studies, has 
established that the molecular basis of programming involves altered 
DNA methylation. In molecular terms, it represents chromatin 
modifications including DNA methylation, histone modifications, 
remodeling of nucleosomes and the higher-order chromatin 
reorganization, and noncoding RNAs.64–66 Epigenetic modifications 
are essential during spermatogenesis (Figure 2).

Maternal hyperglycemia has significant deleterious effects on the 
structure and function of both the reproductive endocrine and testicular 
structures. This detrimental change is likely to occur during fetal life 
and remains during postnatal life. It shows a similar pattern of change 
as previously reported in adult male diabetic rats.67 If spermatogenesis 
is affected during the critical development window, embryonic gonadal 
development, and germline differentiation, environmentally-induced 
epigenetic modifications may become permanent in the germ line 
epigenome and have a potential impact on subsequent generations 
by way of epigenetic transgenerational inheritance. The resulting 
diseases may include adult-onset diseases, including infertility, both 
within individuals and across generations.68 In the prenatal testis, the 

only germ cells are gonocytes. The gonocytes proliferate for a few days 
and then become arrested.69 Shortly after birth, the gonocytes move 
to the basement membrane, become spermatogonia, and resume 
proliferation.70 Spermatogonia divides in mitosis constitute the pool 
of stem cells from which meiosis and spermatogenesis proceed. Prior 
to spermatogenesis, transposable elements (TEs) are silenced in the 
gonocytes and prospermatogonia.71

The methylation facilitated by DNA methyltransferase (DNMT) 
3L is involved in the silencing of TEs in the testis, as evidenced by 
the loss of methylation at LINE-1 and the intracisternal A-particle 
transposons caused by the absence of DNMT3L. DNMT3L is expressed 
in the gonocytes at 14–18 days postcoitum (dpc) when global DNA 
methylation occurs. Indeed, it has been proposed that the absence of 
TEs silencing in this model contributes directly to meiotic arrest and 
infertility in adult mice.72–74

Male and female germ cell development is particularly critical 
for the acquisition of the differential “marking” of imprinted genes to 
ensure parent-of-origin specific expression.59,75 Paternally imprinted 
genes are genes that are subjected to monoallelic expression. That is, 
expression occurs only from the allele inherited from the maternal 
parent. Paternally imprinted genes are methylated and silenced in male 
germ cells. Paternal imprinting of genes starts to be established in the 
gonocytes at about 15.5 dpc and is maintained in the spermatogonia. 
This methylation and gene silencing are carried out through the 
remainder of spermatogenesis and maintained in any resultant 
sperm and offspring. Some paternally imprinted regions have been 
identified, such as H19-Igf2, Ras-GRF, and Dlk1-Gtl2.76 In male germ 
cells, the establishment of the paternal imprints involves a factor 
named BORIS (brother of the regulator of imprinted sites) and the 

Figure 2: Epigenetic modifications occurring during spermatogenesis. 
DNA methylation occurs in mitotic germ cells, setting up the paternal 
specific imprints. Phosphorylation occurs in meiotic cells, assisting in both 
recombination and XY body formation. Ubiquitylation, sumoylation, and 
incorporation of the H2AZ and H3.3 variants are all involved in XY body 
formation. During spermiogenesis, hyperacetylation occurs to assist in the 
histone‑protamine transition.
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DNMT, DNMT3A, DNMT3B and the closely related DNMT3L.76,77 
Deletion of Dnmt3L results in the loss of methylation at paternally 
imprinted regions. Spermatogonia which were deficient in Dnmt3a 
and Dnmt3b displayed variations in methylation patterns at paternally 
imprinted regions.77 In our previous study, altered Igf2 and H19 gene 
expression was found in sperm of adult F1 offspring of gestational DM, 
indicating that the changes of epigenetics in germ cells contributed 
to transgenerational transmission.78 In addition, paternal prediabetes 
altered the overall methylome patterns in sperms with a large portion 
of differentially methylated genes overlapping with that of pancreatic 
islets in offspring, indicating that paternal prediabetes increased the 
susceptibility to diabetes in offspring through gametic epigenetic 
alterations.79 The study discovered that paternal prediabetes alters 
overall methylation patterns in sperm. They isolated sperm from 
control and prediabetic males and surveyed cytosine methylation 
patterns across the entire genome by MeDIP-Seq. Notably, global 
cytosine methylation profiles were altered in prediabetes samples 
compared with controls, and the methylation of 263 upstream2k, 278 
downstream2k, 121 5’UTR, 247 3’UTR, 1299 CDS, and 4354 intron 
element-associated genes were changed, respectively. They observed 
that a large proportion of differentially methylated genes identified 
in sperm overlapped with that of pancreatic islets. Specifically, They 
observed that certain genes (such as Pik3ca and Pik3r1) can partially 
resist global demethylation postfertilization and largely inherit 
cytosine methylation from sperm, further suggesting that there is 
intergenerational transmission of cytosine methylation at a substantial 
fraction of the genome.79

New evidence from a variety of model systems demonstrates 
that noncoding RNAs, such as microRNAs, small RNAs, and long 
or large RNAs, play a significant role in epigenetic gene regulation 
and chromosomal dynamics including mechanisms for processes 
such as dosage compensation, imprinting and gene silencing by RNA 
interference. Recent reports suggest that gene silencing, mediated by 
DNA methylation, can be induced by promoter-directed silencing 
RNAs (siRNAs) in mammalian cells.80–82

CONCLUSION AND FUTURE PERSPECTIVES
The studies discussed in this review demonstrate that glucose 
metabolism is of great important for sperm cells, either type 1 diabetes 
or type  2 diabetes could have detrimental effects on male fertility, 
especially on sperm quality, such as sperm motility, sperm DNA 
integrity, and ingredients of seminal plasma. Diabetes may influence 
the epigenetic modification during sperm spermatogenesis and that 
these epigenetic dysregulation may be inherited through the male 
germ line and passed onto more than one generation, which in turn 
may increase the risk of diabetes in offspring.

The dramatic increase in diabetes, one of the human metabolic 
disorders warrants considering the influence of environmental 
factors on the germ line. Parental nutrition and metabolism are 
critical determinants of adult offspring health. The effects of 
maternal or paternal diabetes described in this review have further 
highlighted the importance of research into intergenerational and 
even transgenerational effect of diabetes on male fertility and health 
of offspring. Although much attention has been drawn to the potential 
implications of transgenerational inheritance for human health, so 
far there is little support. To address these issues, in future studies, a 
multigenerational animal model obtained from paternal or maternal 
hyperglycemia and transgenerational epigenetic inheritance may be 
worthy of consideration.
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