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Abstract 
Diabetes Mellitus is a chronic disease that affects important body organs in a 
very serious manner. The consequences of this disease turn out to be a signif-
icant problem for the patient, who tries to cope with the new condition his 
organism has been placed in. The most common effect of the disease, hyper-
glycaemia, leads over time to serious damage to various body systems, such as 
nerves and blood vessels. What is not widely known among the population is 
that diabetes may have harmful effects on the reproductive system of the men 
suffering from diabetes type 1 and 2 and that such a parameter could lead to 
or might be the reason for infertility problems for couples, for example, mis-
carriage or embryonic failure. AGEs is a number of products which are be-
lieved to play an important role, because their presence has been detected in 
increased level in diabetic men. This implies that those glycation products 
might play a key role in diabetic complications. Their receptor, RAGE, mem-
ber of the immunoglobulin superfamily has been detected in the reproductive 
tract of diabetic men. Reactive oxygen species (ROS), a possible product of 
AGEs appear in high levels in seminal plasma and are believed to be the cause 
of DNA fragmentation. The objective of this review was to gather all the 
available material i.e. studies on diabetes mellitus in one article, to study the 
research which has already been conducted and the conclusions that have 
been drawn, in order to offer, if possible, new pathways and perspectives to 
the scientists, who focus on fertility problems, sometimes intractable.  
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1. Introduction 

Diabetes Mellitus has become a major healthcare issue for the Western world 
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over the years. Of particular concern is the decreasing age of patients at diagno-
sis, which has placed the disease in the center of attention of the scientific com-
munity due to possible long-term health problems for those with early onset di-
abetes. 

In recent decades diabetes mellitus has started to affect more men during their 
reproductive years [1] [2] and various studies have been proposed to explain the 
phenomenon [3] [4]. Of these, diminished male fertility in particular decreased 
sperm counts and quality has received significant attention [5]. 

The disease can exhibit male reproduction function at multiple levels espe-
cially spermatogenesis as it is under endocrine control and therefore much at-
tention and many scientific experiments focus on Diabetes Mellitus. Diabetes 
Mellitus is a chronic disease which arises either due to the pancreas which does 
not produce enough insulin or due to the body which cannot use effectively the 
insulin it produces.  

2. AGE—Their Relation to DM 

One of the factors, which received much attention over the years is the forma-
tion of some products in non-enzymatic reactions between sugar and amino 
groups of proteins, lipids and DNA in hyperglycemic conditions [6] [7]. Those 
products, under the name Advanced Glycation End products or AGE’s, deploy a 
diverse array which consists of fluorescent and non fluorescent species and are 
reported to exhibit a key role in initiation and progression of many diabetic 
complications [7] [8]. [9] showed an increased level of N-Carboxyl methyl-lysine 
(CML), the best known and the most prominent AGE, in the reproductive tract 
of diabetic men and [10], using spectrofluorimetric detection, found that total 
AGEs, when measured in seminal plasma of diabetic men were significantly 
higher than in non-diabetic group. AGEs can alter the function of macromole-
cules by modifying their structure or by generating reactive oxygen species 
(ROS) via their receptor [11]. The receptor for advanced glycation end products 
is a multiligant cell receptor, member of the immunoglobulin superfamily. Li-
gands for this receptor are AGE’s, as well as amphoteric tranthyretin, β-amyloid 
and calgranulin which engage the extracellular domain [12] and lead to interac-
tions that activate cell signaling cascades which control several genes through 
NF-KB factor. [12] have reported causative effect in many diabetic complica-
tions generated by those interactions. 

The receptor for AGE’s, RAGE, is a member of the immunoglobulin superfa-
mily of cell surface molecules. It is composed of an extracellular region contain-
ing a single “V”-type Ig domain and two “C”-type Ig domains followed by a hy-
drophobic transmembrane domain and a short, highly charged cytosolic domain 
which is essential for the cellular effects mediated by ligand-RAGE binding [13]. 
The extracellular region confers ligand-binding properties, probably via the “V” 
domain, and recognizes tertiary structures not specific amino acid sequences. As 
such it is a pattern recognition receptor able to engage classes rather than indi-
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vidual molecules [14]. Once ligand-RAGE binding occurs, it perturbs cellular 
properties and sets the stage for the sequelae of AGE generation/accumulation 
[15]. [16] used the ELISA method to quantify the RAGE protein detected in the 
sperm and seminal plasma in diabetic and non-diabetic men, and found that 
significantly more of the sperm from diabetic men express RAGE compared 
with sperm from healthy donors. This finding is probably a result of the heigh-
tened rate of AGE accumulation observed in hyperglycaemic conditions. RAGE 
found to be expressed on the acrosomal cap and the equatorial region of the 
sperm head. The findings of this study are compatible with a newer study of 17 
who also exhibited high expression of RAGE protein in spermatozoa of patients 
with diabetes. RAGE levels are dictated by the accumulation of its ligands. In 
diabetes, where hyperglycemia triggers accelerated formation and deposition of 
AGEs, there is enhanced expression of RAGE. However, it is also found in low 
levels even in normal tissue [13]. 

Localization and Quantification of RAGE 

In order to assess the specific localization of RAGE in the reproductive tract of 
diabetic men scientists have conducted experiments using immunohistochemi-
stry which result in excess radioactivity in the head region of sperm primarily, in 
both diabetic and non-diabetic men, especially from the midsection of the head 
to the very edge of the sperm, the extent of the acrosomal cap. In the testis, a 
uniform staining pattern appeared throughout the cytoplasm of all cell types 
within the seminiferous epithelium, as well as in the cytoplasm of the particular 
cells. The Sertoli cells, germ cells (of all developmental stages), myoid peritubu-
lar cells and Leydic cells did not exhibit any staining appearance in their nucleus 
[16]. When the amount(1 of RAGE was assessed, by the ELISA method [16] [17] 
and western blotting [17] it was measured at much higher level in diabetics 
compared with non-diabetic men. Those findings contradict the standard semen 
parameters, which show no significant difference in diabetic and non-diabetic 
subjects an evidence that implies that conventional sperm parameters cannot 
determine the capacity of spermatozoa in fertilization [18] (Figure 1). 
 

 

Figure 1. Shows a schematic presentation of the localization of RAGE on sperm from di-
abetic individuals in the yellow-coloured area of the head. High level of RAGE appears on 
the head region of the spermatozoa (a), on a distinct equatorial band just below the acro-
some (b) and on the area extending from the mid section to the edge of the head (c). 
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3. ROS and Sperm Function in Diabetic Men 

Oxidative stress has received much attention over the years about whether and 
how much it affects diabetes mellitus, whether it is a causative or a contributory 
factor to the disease. Reactive oxygen species (ROS) which can be a product of 
AGE’s, when appear in high levels in the semen, lead to oxidative stress. Oxida-
tive stress, has long been believed that influences the fertilizing ability of the 
sperm [19], by producing lipid peroxides from unsaturated fatty acids which 
appear in high amounts in the cell membrane phospolipids of the sperm [20]. 

Sperm are susceptible to attack by reactive oxygen species (ROS) due to their 
high unsaturated fatty acid content and the absence of DNA repair mechanisms 
[21]. Advanced glycation end products (AGEs) have been implicated in an in-
creasing number of diabetic complications that result from, and in, oxidative 
damage due to ROS generation [22] [23]. [24] studied ROS concentrations in the 
semen of diabetic men by using 20, 70-Dichlorodihydrofluorescein (DCDHF) 
which detects the production of intracellular ROS via oxidation to their respec-
tive fluorescent products. Intracellular ROS concentrations were monitored by 
fluorescence microscopy and flow cytometry. The results showed that concen-
trations of ROS in sperm fractions from men with diabetes type I were increased 
and in diabetes type II were significantly elevated when compared with healthy 
donors (Figure 2). 

3.1. Lipid Peroxidation 

ROS produce lipid peroxides from unsaturated fatty acids which can be found in 
high amount in sperm cell membrane phospholipids [20]. In order to evaluate 
the lipid peroxide content in spermatozoa and seminal plasma, the MDA assay is 
used, which means that lipid peroxidation is measured as TBARS (Thiobarbiuric 
Acid Reactive Substances) [17]. The method is based on the measurement of MDA 
(the production of malondialdehyde) spectroflurometrically. The lipid content,  
 

 

Figure 2. Presents the receptor of AGE (RAGE) binding to its ligands. It triggers the 
generation of ROS and the activation of certain molecules inside the cell on the acrosomal 
part of the head of spermatozoa presented in Figure 1. 
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in both the spermatozoa and the plasma of semen, is significantly increased in 
diabetic men in comparison with non-diabetic subjects. As both groups had 
normal standard sperm characteristics, the finding could have important diag-
nostic and prognostic value. 

3.2. Total Antioxidant Capacity 

Seminal plasma has important antioxidant systems including enzymatic and 
nonenzymatic antioxidants that can provide the spermatozoa with a protective 
environment against oxidative stress [18]. [17] demonstrated that diabetic men 
have significantly lower seminal TAC levels compare to non-diabetic men. Total 
antioxidant capacity when reduced has effective role in male infertility and in 
diabetic cases TAC is accompanied by higher levels of MDA which means higher 
amount of ROS [19]. 

3.3. Disrupted TMP and Activated Caspase 3 

In order to clarify the association between apoptosis, ROS concentration and DNA 
fragmentation [24] conducted a study in which semen samples from healthy 
donors were compared with those with diabetic donors on subcellular level. 
Fragmented DNA, sperm intracellular ROS and integrity of transmembrane mi-
tochondrial potential (TMP) were investigated. The results of this study demon-
strated that apoptosis (measured with disrupted TMP and activated caspase 3) 
increased intracellular ROS and levels of sperm DNA fragmentation, factors that 
seemed to be in positive correlation with each other, offer us a better insight into 
molecular level of the diabetic germ cells. 

4. Molecular Basis 
4.1. Fragmentation of Nuclear DNA—Infertility 

[17] were the first to demonstrate a correlation between RAGE levels and DNA 
fragmentation. This result can be attributed to increased levels of AGE’s in 
hyperglycemic situations, as expression of RAGE is ligand dependent. When 
AGE’s bind to RAGE, the expression of RAGE is enhanced as well as the effects 
of RAGE signaling [25]. Apart from that, intense study has been conducted by 
scientists on the field of DNA damage in hyperglycemic conditions, as they try 
to find a reliable marker for determining the function of the sperm [26] [27] 
[28]. Many studies have determined sperm nuclear DNA fragmentation status to 
show significant differences at the molecular level. For the evaluation of DNA 
fragmentation in diabetic men some scientists have used different methods. [1] 
used the alkaline comet assay, while [17] and [24] used the TUNEL method. 
These studies have demonstrated that DNA fragmentation in the nuclei of the 
sperm cells of diabetic donors correlates with male infertility or subfertility and 
could be a causative factor for spontaneous abortion, increased rates of embryo-
nic failure and health of next generation [17]. So, diabetes disease could be one 
explanation for the infertility observed in diabetic men, because studies have 

https://doi.org/10.4236/jdm.2022.122008


A. Papadopoulou et al. 
 

 

DOI: 10.4236/jdm.2022.122008 80 Journal of Diabetes Mellitus 
 

shown that spermatozoa of infertile men have high DNA fragmentation and 
there is also evidence that rate of pregnancy is reduced when semen samples 
show 30% DNA fragmentation in spermatozoa [27] [29] [30]. 

In the study of [24] DNA fragmentation was also examined and proved to be 
much elevated in sperm fractions of diabetes II and II than the healthy donors. 
In this study a strong correlation was shown between apoptosis’s signs, DNA 
fragmentation and intracellular ROS. DNA fragmentation and ROS concentra-
tions were positively associated. 

High levels of RAGE in spermatozoa of diabetic men are highly correlated 
with DNA fragmentation because activation of RAGE increases ROS production 
and high levels of ROS can induce DNA fragmentation [17]. 

4.2. Sperm Structure and Motility 

In men affected by insulin dependent diabetes, sperm structure and sperm mo-
tility exhibit altered behavior. [31] investigated those two characteristics of the 
sperm in hyperglycemic conditions by the transmission electron microscopy 
(TEM) procedure. TEM revealed that sperm of diabetics is so much affected, 
that a diverse array of abnormalities has been detected. Acrosomes showed ab-
normal shape in 78%, reduced dimension in 57% of the sperm, nuclear shape 
was abnormal in 74% of the cases and incorrectly assembled mitochondria were 
present in 45% of the sperm. Finally the plasma membrane was broken in 32% of 
germinal cells suggesting that D.M. concludes to severe structural defects i.e. 
apoptosis and immaturity related defects. 

4.3. Role of Insulin and Carbohydrate Metabolism in  
Spermatogenesis in Sertoli Cells 

The above mentioned assay of [31] concluded that the role of insulin and car-
bohydrate metabolism in spermatogenesis is more than important as insulin 
seems to play role in the maintenance of spermatogenesis and testicular endo-
crine function. The Sertoli cells (SCs) located within the semeniferous epithe-
lium which creates the blood testis barrier responsible for the specific microen-
viroment for post meiotic germ cell development, supply the physical and nutri-
tional support for germ cells. The developing germ cells, are unable to use glu-
cose for energy metabolism and use lactate as a substrate for ATP production 
[32] [33] [34] which Sertoli cells provide them. Sertoli cells prefer glucose for 
their metabolism, but in the absence of glucose, they metabolize other substrates 
such as fatty acids and ketone bodies [35]. [36] observed that human Sertoli cells 
do produce lactate in absence of insulin, but also acetate for the developing germ 
cells, as it is known that lactate is the preferred substrate for round spermatids 
[33] and spermatocytes [32]. Moreover on the topic, [37] demonstrated that 
hSCs, when cultured in insulin deprivation conditions, expressed the ability to 
adapt their glucose metabolism by modulating the expression of GLUT1 and 
GLUT 3 m-RNA level and decreasing significantly GLUT 3 m-RNA levels. GLUT 
are hexose transporters on the plasma membrane of Sertoli cells and through 

https://doi.org/10.4236/jdm.2022.122008


A. Papadopoulou et al. 
 

 

DOI: 10.4236/jdm.2022.122008 81 Journal of Diabetes Mellitus 
 

them the SCs take up glucose from the external medium [38]. The action of 
those transporters is usually the rate limiting step for glucose metabolism in 
the cells [39]. Studies in streptozotocin induced diabetic rats showed severe dys-
function of the reproductive tract, because diabetic rats presented decreased re-
productive organ weights as well as diminished sperm counts and motility [40]. 
In a study conducted in 2007 by [41], showed that STZ induced diabetic mice 
demonstrated significant oxidative stress during early diabetic phase, a finding 
that could contribute to the development of testicular dysfunction which could 
lead to altered steroidogenesis and impaired spermatogenesis, which implies that 
insulin seems to control or take part in control of spermatogenesis and sperm 
maturation. 

4.4. DNA Gene Expression 

The importance of mt-DNA quality in male fertility has been under investiga-
tion [41] [42] and deletions in mt-DNA were associated with sperm motility and 
infertility [43] [44] [45]. Sperm is transcriptionally and translationally silent, but 
it also contains a complex population of mRNAs [46] with an archive of gene 
expression [47] [48] [49]. Mt-DNA is subject to much greater oxidative stress than 
n-DNA, because it relies close to respiratory chain complexes, which produce 
reactive oxygen species as a by-product of oxidative phosphorylation [50], but it 
also lacks histone protection [51] which makes it more vulnerable. Mutations 
10 - 100 times higher than those in n-DNA arise from rapid replication, inefficient 
proof reading and limited repair mechanisms [44]. Damage to mt-DNA in sperm 
has been shown to occur at much lower levels of oxidative stress than n-DNA 
[52] reinforcing its importance as a sensitive indicator of sperm health [53]. 

5. Conclusion 

In conclusion, Diabetes Mellitus affects the reproductive function of diabetic 
men on a subcellular level and many scientific studies confirm this hypothesis. 
Due to hyperglycaemia, the organism is circumstanced such that it exhibits, 
among others, excess DNA damage, elevated RAGE concentration due to AGE’s 
accumulation and a diverse array of sperm abnormalities. All those observations 
conclude the point that the subcellular parameters seem to be causative or con-
tributory to fertility problems as the disease progresses. Those factors, as they are 
in positive correlation to each other, could become, when research develops, a 
promising tool in hands of the scientists who search for new biomarkers, and 
provide new perspectives in the field of male subfertility in cases where fertility 
problems seem hard to be solved. 
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