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Abstract

This study conducts an in-depth review of the correlation between testis tissue changes and circulating microRNAs
(miRNA) in diabetes-induced male reproductive complications, drawing upon both animal and clinical studies. The origi-
nal articles published in English that specifically investigate miRNAs linked to male infertility in humans or animals with
either type I or II diabetes mellitus were included. The relevant articles were gathered from the PubMed, Google Scholar,
Cochrane Library, and ScienceDirect databases. The quality of study was assessed utilizing the Joanna Briggs Institute
(JBI) Critical Appraisal Checklist for Prevalence Studies. We collected an overall number of 1989 citations relating to our
research subject. Following the elimination of articles based on the criteria, a total of 20 papers were included in the study.
Aberrant expression profiles of 25 miRNAs were identified in diabetes associated with male reproductive issues, with 15
miRNAs exhibiting increased expression and 10 miRNAs showing decreased expression. Among the chosen publications,
eighteen were identified as low-risk and two were classed as moderate quality. The dysregulated miRNAs were linked
to testicular injury, disrupted steroid production, decreased sperm development and quality, and erectile dysfunction. The
results demonstrate that the miRNA-mRNA network is linked to the pathological progression of diabetic testicular damage
or erectile dysfunction. From a therapeutic perspective, the identification of circulating miRNAs could be beneficial in the
timely identification and prevention of diabetes problems, such as diabetes-induced male infertility. Among all signaling
pathways influenced by modified miRNAs, the Bax-caspase-3, MAPK, PI3K-Akt, and eNOS-cGMP-PKC were the main
deregulated pathways.

Summary sentence
The expression of potential miRNA as diagnostic biomarkers may be evaluated in diabetes complications and might con-

stitute a monitoring factor in the diabetes-induced male reproductive complications.
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SRT2104 SIRT1-selective activator

eNOS endothelial nitric oxide synthase
nNOS neuronal nitric oxide synthase
Introduction

Diabetes poses a long-lasting and widespread health prob-
lem on a global scale. In 2021, the prevalence of diabetes
among the global adult population was 10.5%, which cor-
responds to over 537 million individuals [1]. Diabetes mel-
litus has adverse effects on the male reproductive system by
disrupting the hypothalamus-pituitary-gonadal (HPG) axis,
impairing androgen secretion, interfering with spermato-
genesis, and disrupting sexual behaviors, finally resulting in
infertility. Infertility is a possible enduring consequence of
diabetes [2]. Infertility is defined by the inability to achieve
a pregnancy after 12 months or more of regular and unpro-
tected sexual intercourse. Global infertility prevalence esti-
mated in 2022 show that approximately one in six people
have experienced infertility [3]. Infertility or subfertility has
been reported in approximately 90% of patients with dia-
betes [4]. Diabetes can contribute to reproductive issues by
modifying the levels of DNA and histone acylation, histone
methylation, and non-coding RNAs (ncRNAs), specifically
microRNAs (miRNAs) [5]. Recent findings indicate that
miRNAs have the potential to serve as innovative biomark-
ers for diagnosing and treating complications of diabetes [0,
7].

MiRNAs are short non-coding RNA molecules consist
of 21-24 nucleotides. They have important functions in
controlling many cell processes such as cell growth, differ-
entiation, and programmed cell death [8]. More than 1000
miRNAs have been discovered in humans, which selec-
tively regulate almost 60% of genes found in mammals [9].
A single miRNA has the ability to target several transcripts,
whereas multiple miRNAs can regulate a single gene. This
suggests that even a little alteration in miRNA can play a role
in the development of disorders such as diabetes [10]. These
biomarkers, such as heart-specific miR-499, liver-specific
miR-33, miR-122 [11-13], and testis-specific miRc-19, are
specific to certain tissues and can be detected without the
need for invasive procedures. These biomarkers are found
in body fluids like plasma, where they are released in extra-
cellular vesicles. This suggests that the presence of miRNA

Table 1 PEO definition
Patient/Population

Exposure Outcomes

miRNA

Association of
miRNAs and their
target genes with
diabetes-induced
male infertility

Diabetic male animals
Diabetic men
HG-treated testicular cells
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in the bloodstream may signal the level of activity of cells or
the extent of tissue damage in illness conditions [ 14]. Profil-
ing circulating miRNAs can be used as a biomarker for the
health of various organs and can offer valuable information
about the physiological condition of an organism. This can
be helpful in detecting diseases at an early stage [6, 7, 15].

Numerous investigations have supported the utilization
of circulating miRNA levels as potential biomarkers for
diagnosing diabetes and its consequences [14, 16]. In indi-
viduals with type 2 diabetes, a reduction in the amount of
miR-15a, miR-29b, miR-125b, miR-130b, miR-126, miR-
192, miR-423-5p, and miR-223 in the blood, or an elevation
in the amounts of miR-28-3p circulating in the body, has
been documented [17, 18]. Liu et al. [19] have discovered
a connection between decreased levels of miR-192 and the
advancement of diabetic nephropathy. Diabetes-induced
male infertility has been associated with alterations in the
expression of miRNA at both systemic and tissue levels. For
instance, elevated levels of miR-93, miR-320, and miR-16
in the bloodstream may be linked to erectile dysfunction in
individuals with diabetes, whereas increased expression of
miR-935 and miR-504 could potentially cause harm to Ley-
dig cells in patients with type 2 diabetes [20]. Furthermore,
selectively inhibiting the activity of miR-935 and miR-504
may have the ability to alleviate the testicular problems
caused by high blood sugar levels in individuals with dia-
betes [21]. Therefore, miRNAs have attracted significant
attention as possible diagnostic and therapeutic biomarkers
for problems related to diabetes. We conducted a thorough
investigation of the correlation between variations in tissue
and circulating miRNAs in both animal and clinical studies.
We also analyzed the genetic factors and biological path-
ways affected by these miRNAs, which have a role in the
development of male reproductive problems caused by both
type I and II diabetes.

Materials and method of search
PEO development

Since our study is descriptive, we used PEO (Table 1). First,
we defined the population of interest (P), exposure (E), and
outcomes (0O), and questions were formulated accordingly
by the authors.

1) Inmale diabetic patients, is there an association between
exposure to diabetes-induced miRNA change and male
infertility?

2) Inmale diabetic animals, is there an association between
exposure to diabetes-induced miRNA change and male
infertility?
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3) In high glucose-treated cells, is there an associa-
tion between high glucose induced-testicular cell
dysfunction?

Protocol and search strategy

The systematic review methodology adhered to the prin-
ciples specified in the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) checklist.
In order to conduct a thorough search, relevant articles pub-
lished in English were discovered and gathered from the
PubMed, Google Scholar, Cochrane Library, and Science-
Direct databases. There were no restrictions on the dates for
the search. The search strategy employed a comprehensive
approach by utilizing a variety of phrases and keywords,
such as “microRNAs, miRNA, miRNAs, diabetic repro-
ductive complication, diabetes, diabetes mellitus, hyper-
glycemia, high glucose, male infertility, male fertility, male
gonad, testis histology, testis morphology, testis stereology,
Leydig cell, steroidogenesis, Sertoli cell, spermatogenesis,
sperm, spermatozoa, sperm parameters, erectile dysfunc-
tion.” The search was refined using Boolean operators
(AND/OR/NOT). In order to guarantee thoroughness, the
reference lists of relevant papers were carefully reviewed
to find any supplementary research that might have been
missed in the first search. The latest search was performed
on August 23, 2023.

Eligibility criteria and data collection

The search procedure for this study was independently con-
ducted by three authors of our team. The authors (FO, ZL,
and RK) employed a thorough search strategy, including
search, assessment, and selection procedures. The search
procedure entailed assessing papers based on their title,
abstract, and full text, as illustrated in Fig. 1, in order to
locate research that satisfied the required inclusion criteria.
Whenever there were disagreements, all researchers partici-
pated in consultations to achieve a consensus.

The criteria for determining eligibility for article selec-
tion were as follows: 1). The articles must be original pub-
lished studies that specifically investigate miRNAs linked
to male infertility in humans or animals with either type I or
II diabetes mellitus. 2) The articles must be written in Eng-
lish. 3) The articles must provide clear descriptions of the
methods used to detect and measure miRNA. In contrast,
papers were not included if they: (1) addressed other forms
of diabetes, (2) were pre-prints or unpublished research, or
(3) were non-original pieces such as reviews, conference
articles, case reports, editorials, book chapters, or commen-
taries. In addition, articles were rejected if they primarily
focused on the treatment of the diabetes group with miRNA

mimic or miRNA inhibitors, without including a diabetic
control group that experienced reproductive difficulties.

Quality assessment of selected studies

The quality of study was assessed utilizing the Joanna
Briggs Institute (JBI) Critical Appraisal Checklist for Prev-
alence Studies. A score beyond 70% signifies great quality
and low risk, while a score between 50% and 70% indicates
moderate risk and medium quality. A score below 50% sug-
gests low quality and high risk [22].

Results
Search results and included studies

As illustrated in Figs. 1 and 1989 studies were obtained
from multiple databases and following the elimination
based on the inclusion/exclusion criteria a total of 20 studies
were included in the current review. Among the 20 studies,
12 were carried out on rats [23—34], two on mice [35, 36],
two on humans [20, 37], two on both rats and humans [21,
38], one on mouse GC-1 spg cells subjected to hyperglyce-
mia (a condition related to diabetes) [39], and one study on
both rats and cell culture [40]. The studies were conducted
on type I diabetes (14 studies) [24-35, 38, 40], type 1I dia-
betes (5 studies) [20, 21, 23, 36, 37], and in vitro diabetic
state (one research) [39]. The investigations were conducted
between 2015 and 2023.

The levels of miRNA expression were measured in
serum (n=4) [20, 21, 37, 38], testis tissue or testicular cells
(n=28) [23, 28-32, 35, 40], corpus cavernosum Or penis
(n=17) [24-27, 33, 34, 36], and mouse GC-spg (n=1) [39].
Aberrant expression profiles of 25 miRNAs were identi-
fied in diabetes associated with male reproductive issues,
with 15 miRNAs exhibiting increased expression and 10
miRNAs showing decreased expression. The miRNAs that
were increased in expression levels were miR-1306-5p
[40], miR-935 [21], miR-504 [21], miR-484 [21], miR-320
[20], miR-206 [36], miR-205 [25], miR146a [32], miR-93
[20], miR-92a [33], miR-34a [23, 35], miR-34b [28, 29],
miR-18a [36], miR-16 [20], and hsa-let-7E-5p [37]. Con-
versely, the miRNAs that were significantly downregulated
included miR-874-3p [26], miR-449a [30, 31], miR-342-3p
[37], miR-328a-5p [38], hsa-miR-199b-5p [37], miR-133a
[36], miR-122 [36], miR-141 [24, 34], miR-27b-3p [39],
and hsa-miR-21-5p [27]. The dysregulated miRNAs were
linked to testicular injury, disrupted steroid production,
decreased sperm development and quality, and erectile dys-
function. Table 2 presents a concise overview of the publi-
cation details, including first author and year of publication,
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Fig. 1 Flow diagram of the literature search procedure

population (human or animal or in vitro sample), type of  Quality of selected studies

diabetes, miRNA analysis (sample type, expression pattern,

and targeted gene), and outcomes of the included studies. Among the chosen publications, eighteen were identified as
low-risk studies, whilst two were classed as moderate qual-
ity. All data were included regardless of the quality of the
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Table 2 Characteristics of the studies included in the review

Study  Popula-  Evaluated miRNA Targeted gene Outcome
tion/ sample alteration
Type of
diabetes
Huet  Sprague— Leydigcells <« Upregula- < Downregulation of - Increase:
al. 2021 Dawley (rats)/ Serum tion of miR- MEKS-ERK5-MEF2C  Number of apoptotic sperm and somatic cells
ratsand  (human) 484 (only - Decrease:
human/ in human), Testicular index, testosterone levels, spermatogenesis, prolifera-
Type 11 miR-504, and tion rate of R2C and Leydig cells
diabetes miR-935
Jiaoet CS57BL/6 Testicular * Upregu- » Downregulation of - Increase:
al. 2018 mice/ cell lation of SIRT1 Testicular oxidative stress (ROS and MDA), endoplasmic reticu-
Type I miR-34a lum stress (CHOP and BIP proteins), apoptotic cell death (Bax
diabetes to Bcl2 ratio, p-caspase 3, and c-caspase 3)
- Decrease:
Spermatozoa count, SIRT1 protein
Gader- Wistar Testicular *» Upregu- * Downregulation of - Increase:
pour et rats/Type cell lation of SIRT1 Testicular acetylated P53, MDA, and immotile sperm
al. 2020 2 diabetes miR-34a - Decrease:
Testicular GPx, SOD, and catalase activities, SIRT1 expression,
sperm count, motility, viability, and morphology
Jiang Human/  Serum » Upregula- - - Decrease:
etal. Type 2 tion of miR- IIEF-5 score, serum total testosterone levels
2015 diabetes 93, miR-320,
and
* miR-16
Wang  Sprague  Testis * Upregu- * 17B-hydroxysteroid - Increase:
etal. Dawley lation of dehydrogenase MDA and ROS, testicular protein of CHOP and Grp78, acety-
2022 rats and miR-1306-5p (HSD17B7) lated P53, MDA, and immotile sperm
HG- - Decrease:
treated Testicular weight, testicular and serum level of testosterone and
Leydig SOD activity, testicular expression of StAR, p450scc, 3HSD,
cells/ 17BHSD, and HSD17B7
Type 1 - Activation:
diabetes Janus kinase 2/signal transducer and activator of transcription 3
axis
Wenet Sprague Cavernous e« Upregu- » Downregulation of - Increase:
al. 2019 Dawlay  bodies lation of androgen receptor Expression of Caspase-3 and Bax in cavernous bodies
rats/Type miR-205 - Decrease:
1 diabetes Androgen receptor and Bcl-2 expression, smooth muscle density
in cavernous bodies, erections and fibrosis of corpus cavernosum
Huoet Sprague- Smooth * Down- * Upregulation of lipo- - Increase:
al. 2019 Dawley  muscle of regulation of  protein lipase Expression of IncRNA-MIAT and LPL in VSMCs and smooth
ratsand  penis (rats)/ miR-328a-5p muscle of rat penis and human serum, serum ROS levels, vascu-
human Serum lar endothelial cells damage, cleaved caspase-3 and Bax protein
with (human) levels in vascular endothelial cells
erectile - Decrease:
dysfunc- Serum levels of NO and GSH, expression of PECAM-1 and
tion/Type eNOS in rats penis corpus cavernosum, proliferation of vascular
1 diabetes endothelial cells, erectile frequency and ICP/MAP ratio
Panet db/dband Corpus * Upregu- » Downregulation of 28 - Increase:
al. 2016 wild-type cavernosum lation of different genes espe- Apoptosis and fibrosis in corpus cavernosum
mice/ miR-18aand cially /GF-1 - Decrease:
Type 2 miR-206 ICP and ICP/MAP, percentage of smooth muscle and endothe-
diabetes * Down- lium within corpus cavernosum
regulation of
miR-122 and
miR-133a
Huoet Sprague- Corpus * Down- * Upregulation of - Increase:
al. 2020 Dawley  cavernosum regulation of Nuprl/Chop Apoptosis of cavernosum smooth muscle cells, TBARS, p53,
rat/Type miR-874-3p and caspase3, Nuprl, and Chop
1 diabetes - Decrease:

ICP/MAP, erection time
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Table 2 (continued)

Study  Popula-  Evaluated miRNA Targeted gene Outcome
tion/ sample alteration
Type of
diabetes
Ogh- Wistar Testis * Upregu- * Upregulation of p53 - Increase:
baeiet rats/Type lation of Testes structural disorders (interstitial space, vascular conges-
al. 2018 1 diabetes miR-34b tion, destruction of germinal epithelium of seminiferous tubule,
and many vacuoles in the germinal epithelium), impaired
testicular morphology
- Decrease:
serum level of NOx, testosterone, and insulin, tubule differentia-
tion index, spermiogenesis index, and repopulation index, sperm
count, viability, motility, and percentage of spermatozoa with
normal morphology and normal DNA
Key- Wistar Testis * Down- * Upregulation of p53, - Increase:
han- rats/Type regulation of Pdcd4, and Pacs2 Dead spermatozoa, sperm deformity index, spermatozoa with
manesh 1 diabetes miR-449a damaged DNA and sperm malformations, apoptotic germinal
etal. cells and tubular apoptosis index
2019 - Decrease:
Sperm motility, Sertoli and Leydig cells, spermatogonia, sper-
matocytes, round and elongated spermatids
Key- Wistar Testis * Down- * Upregulation of pS3, - Increase:
han- rats/Type regulation of Pdcd4, and Pacs2 Dead sperm, sperm deformity index, sperm DNA fragmenta-
manesh 1 diabetes miR-449a tion sperm malformations and immotile sperm, testis tubular
et al. apoptosis
2018 - Decrease:
sperm motility, number of Sertoli and Leydig cells, spermatogo-
nia, spermatocytes, round and elongated spermatids
Ogh- Wistar Testis * Upregu- * Upregulation of pS3 - Increase:
baeiet rats/Type lation of Teratozoospermia index, structural disturbance in testis
al. 2019 1 diabetes miR-34b - Decrease:
Tubule differentiation index, spermiogenesis index, repopulation
index, total sperm count, viability, motility, testosterone level
Zheng  Mouse Mouse GC-1 « Down- * Upregulation of Gfptl - Increase:
etal. GC-1 spg cells regulation of Oxidative stress (ROS and MDA), inflammation (TNF-a, IL-6,
2022 spg cells miR-27b-3p and IL-1p), autophagy, apoptosis (Bax, cleaved caspase-3 and
treated Bcl-2)
with 30 - Decrease:
mmol/L Activity of SOD, cell viability, activation of HBP signaling
D-glucose
For 24 h
Naderi  Rats/ Testis *» Upregu- * Upregulation of TLR4 - Increase:
etal. Type 1 lation of and IRAK1 Testicular TNF-a, IL1B, TLR4, and IRAK1 proteins, germ cell
2022 diabetes miR146a » Downregulation of depletion, edema, and germ cell dissociation
TRAF6 - Decrease:
Height of the epithelial layer and the tubular diameter, spermio-
genesis index, tubular differentiation index, testicular expression
of TRAF6 and NF-xB
Tang Sprague- Corpus *» Upregu- » Downregulation of - Increase:
et al. Dawley  cavernosum lation of Prkaa2 Oxidative stress, f-actin and MDA
2022 rats/Type miR-92a - Decrease:
1 diabetes Endothelial cell proliferation, endothelial cell-cell junction

protein, SOD activity, ICP/MAP and total ICP, eNOS, p-eNOS
and relative ratio of p-eNOS/eNOS, occludin, VE-cadherin, and
claudin-5, claudin-5/-actin, occludin/-actin, and claudin-5/-actin,
HO-1, eNOS/NO/cGMP signaling

@ Springer
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Table 2 (continued)

Study  Popula-  Evaluated miRNA Targeted gene Outcome
tion/ sample alteration
Type of
diabetes
Xuet  Human  Serum * Upregu- * 40 mRNA - Decrease:
al. 2021 with lation of * 9 mRNA IIEF-5 score
erectile hsa-let-7E-5p + 15 mRNA
dysfunc- * Downregu-
tion/ lation of hsa-
Type 2 miR-199b-5p
Diabetes and hsa-miR-
342-3p
Huoet Sprague- Corpus * Down- * Upregulation of Pdcd4 - Increase:
al. 2020 Dawley  cavernosum regulation of Apoptosis of corpus cavernosum smooth muscle cells, Pdcd4
rats with miR-21-5p expression
erectile - Decrease:
dysfunc- erection frequency, ICP and MAP, proliferation of corpus cav-
tion/Type ernosum smooth muscle cells, a-SMA area and smooth muscle/
1 diabetes collagen in corpus cavernosum
Wen et Sprague- Penile * Down- * Upregulation of - Increase:
al. 2019 Dawley tissues regulation of NGFRAP1 collagen deposition, protein levels of NGFRAP1, NGF, and
rats with miR-141 p75NTR in penile tissue
erectile - Decrease:
dysfunc- NGF/p75NTR signaling, content and density of corpus caverno-
tion/Type sum smooth muscle, ICP/MAP, a-SMA and desmin
1 diabetes
Zhang  Sprague- Penile * Down- * Upregulation of Rho - Increase:
et al. Dawley  cavernous regulation of collagen fiber density, penile vascular wall thickness, stromal
2018 rats/Type smooth miR-141 component, RhoA and ROCK2 proteins

- Decrease:

number of smooth muscles and irregular lumen, size of penis,
number of sinusoids

MEKS5: MAPK/ERK kinase 5; ERKS: extracellular signal-regulated kinase 5; MEF2C: myocyte enhancer factor 2 C; SIRT1: sirtuin; TUNEL:
terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling; Bax: Bcl-2-associated X protein; Bcl2: B-cell lymphoma 2; CHOP:
C-EBP homologous protein; BIP: binding immunoglobulin protein; ER stress: endoplasmic reticulum stress; ROS: reactive oxygen species;
MDA: malondialdehyde; GPx: glutathione peroxidase; IIEF-5: international index of erectile function —5; StAR: steroidogenic acute regu-
latory protein; 3BHSD: 3B-hydroxysteroid dehydrogenase; 17BHSD: 17B-hydroxysteroid dehydrogenase; Grp78: glucose-regulated 78; LPL:
lipoprotein lipase; VSMCs: vascular smooth muscle cells; ICP/MAP: intracavernous pressure/mean arterial pressure; NO: nitric oxide; GSH:
glutathione; eNOS: endothelial nitric oxide synthase; PECAM-1: platelet and endothelial cell adhesion molecule 1; TBARS: thiobarbituric
acid reactive substances; Nuprl: nuclear protein-1; NOx: nitrogen oxides; Pdcd4: programmed cell death 4; Pacs2: phosphofurin acidic cluster
sorting protein 2; HBP: hexosamine biosynthetic pathway; Gfptl: glutamine—fructose-6-phosphate transaminase 1; TLR4: toll-like receptor
4; TRAF6: tumor necrosis factor receptor-associated factor 6; IRAKI1: interleukin-1 receptor-associated kinase 1; HG: high glucose; NF-kB:
nuclear factor kappa-light-chain-enhancer of activated B cells; TNF-a: tumor necrosis factor alpha; IL1p: interleukin-1 beta; p-eNOS: phos-
phorylated endothelial nitric oxide synthase; SOD: superoxide dismutase; HO-1: heme oxygenase 1; a-SMA: alpha smooth muscle actin;
NGFRAPI: nerve growth factor receptor-associated protein 1; NGF/p75NTR: nerve growth factor/ p75 neurotrophin receptor; ROCK: Rho-
associated coiled-coil containing kinases

1 diabetes muscle cells

study. Consult Table 3 for a comprehensive evaluation of
the chosen studies’ quality.

MicroRNAs associated with diabetes-induced
testicular damage

Among the 25 miRNAs linked to male reproductive diffi-
culties in diabetes, miR-1306-5p [40], miR-935 [21], miR-
504 [21], miR-484 [21], miR-449a [30, 31], miR146a [32],
miR-34a [23, 35], and miR-34b [28, 29] have been identi-
fied as contributors to testicular injury in diabetes. Of these,
a change of miR-34 has been consistently detected in four

investigations [23, 28, 29, 35]. A further study provided
evidence that miR-34a triggers cell death in the testes by
reducing the activity of sirtuin 1 (SIRT1) and elevating the
levels of acetylated P53 [41]. Likewise, elevated levels of
miR-34b in the testes were observed to reduce the tubule
differentiation index and disturb the structure of the testis
[29]. Another crucial function of increasing the expression
of miR-34a in diabetes is the control of apoptosis triggered
by oxidative stress [23]. Like miR-34b, miR-34a also has
the ability to target SIRT1 [42]. Elevated expression of miR-
504 and miR-935 in the testes of rats, as well as miR-935,
miR-504, and miR-484in the blood of diabetic humans,

@ Springer



(2025) 52:90

Molecular Biology Reports

Page 8 of 19

90

(sjoo3-juotussasse-A
jifenb-Apnys/sordol-yreay/A03- qru-iqruu-mmam//:sdijy :931Sqo) ) Pasn sem SAIPNIS [BUOIIOS-SSOIO PUE 1100 [RUONBAIISO J0] [00) Judwissasse Ajfenb (HIN) YI[eSH JO SAINIIISU [BUOTIBN oY ],

1Z AV ‘Od :sioyne 1o1ey
orqeorjdde 10N (YN ‘o ‘A ‘IBd[oun ‘M) ‘ou ‘N

MOT
MO
MOT
MOT
MOT
MO
MO
Mo
MOT
MOT
MO

9JeIOPOIA
MO
MOT
MOT
MOT
MO
MO
Mo

9JBIOPOIA

Suneu [[e1AQ

payoday 10N /o1qeorddy JoN /ouruiIe)e jouue))
pauodoy 10N /o1qedrddy JoN /ourunie)d( jouue)
pauodoy 10N /o1qedrddy JoN /euruiield( Jouue)
panoday 10N /o1qeorddy J0N /QuruLlR Jouue))
pauoday] 10N /o[qedrddy 10N /ouruILid( Jouue)
panoday 10N /o1qeorddy JoN /ouruIa)e jouue))
payoday 10N /o1qeorddy JoN /eurtuie)dd jouue))
pouodoay 10N /o1qedrddy JoN /ouruiield( jouue)
pauodoay 10N /o1qedrddy JoN /euruLIeld( Jouue)

001
68'88
001
SLLL
001
001
SLLL
68'88
001
001
SLLL
§6°5S
001
001
SLLL
SLLL
001
68°88
68'88
L9799
A:muhuw .Mc AX-V
el0L

ON
ON
ON
ON
ON
ON
ON
ON
ON

SOR
SOR
SOx
SOX
SOR
SOR
SOR
SOx
SR

Ll R R S = I e R R R R R R e

N

A A A A A A A A
A A A A A n A A
A A A A A A A A
A A A A N A n A
A A A A A A A A
A A A A A A A A
A n N A A A A A
N A A A A A A A
A A A A A A A A
A A A A A A A A
A n A A N A A A
A n N A N A A A
A A A A A A A A
A A A A A A A A
N A A A N A A A
A n N A A A A A
A A A A A A A A
A A A A A A A A
N A A A A A A A
A n A A N A n A
8 L 9 S 14 € 4 I
(A1orendordde

paSeuew dje1 osuodsor mo[ Ay} sem ‘Jou J1 pue ‘ojenbope djer osuodsar oy} sepy
(S1sATeue Teonsnels areidordde a1oyy sea

(syedronted [re 103 Kem 9[qeIo ‘pIEPUE)S B UT PAINSEIUW UONIPUOD ) SBA\
(UONIPUOI 31} JO UOHIBOYNUIPI S} 10J PASN SPOYIAW PI[BA JION

(o1dures paynuap! Ay} Jo AFLIGA09 JUIIOLYNS (1M PIIONPUOD SISAJEUR BIEP ) SBAN
JITeIP Ul PAqLIOSIp FuIyas Ay} pue s3oolqns Apnis o) dIOA

(erenbape oz1s ojduwres oy sepp

(Aem arerrdordde ue ur pojduwes syuedronted Apms a1op

(uonrerndod ja81ey oy ssaxppe 03 derrdoidde owrery ojdures ay) sepp

020¢ ‘onH
120T ‘nx

€20¢ ‘Suel,
610T ‘UM
810¢ ‘Bueyz
€20T ‘11pEN
720T ‘Sudyy
720 ‘Suemy
120 ‘nH

120¢ “inodidpen
0202 ‘19eqS0
020T ‘ony
610C ‘onH
610T ‘UM

610 ‘ysouewueyAoy]
8107 ‘ysouewruey£ay|

810T ‘oeIf
810¢ ‘1Peqy30
910z ued
S10¢ ‘Suelr

saIpmy§
Suney Aend

— NN T N O >0

suondo asuodsay

BLIOIID)

(0z=u) sarpmys doud[eaaid 10y [00) [esterdde (oo aymusu] s33L1g BUUBO[ AU} 0} FUIPIOOJL JUIWSSISSE AJIfen) € d|qel

pringer

As


https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools

Molecular Biology Reports (2025) 52:90

Page90of19 90

has been demonstrated to reduce the testicular index and
enhance Leydig cell death [21]. In addition, it was discov-
ered that elevated levels of miR-1306-5p in the testicular
tissue of diabetic rats and in Leydig cells exposed to high
glucose stimulate the process of testicular cell death [40].
Previous studies have demonstrated that decreased levels of
miR-449a in the testes of diabetic rats resulted in a reduc-
tion in Leydig and Sertoli cells, an increase in apoptotic ger-
minal cells, and an enhanced tubular apoptosis index [30,
31]. Also, a recent study has found that elevated levels of
miR-146a play a role in apoptosis and inflammation in the
tissues of the testes [32].

MicroRNAs associated with diabetes-induced
steroidogenesis destruction

Several distinct miRNAs have been discovered as exhibit-
ing an influence on the process of gonadal steroidogenesis.
The following microRNAs have been linked to this process:
miR-1306-5p [40], miR-935 [21], miR-504 [21], miR-484
[21], miR-449a [30, 31], and miR-34b [28, 29]. Increased
expression of miR-935 and miR-504 was seen in the Leydig
cells of rats with diabetes produced by streptozotocin (STZ),
and also elevated levels of miR-935, miR-504, and miR-484
in serum samples from humans who have type 2 diabetes.
The higher levels of miRNA were discovered to reduce both
the amounts of testosterone in the bloodstream and in the
testes by triggering apoptosis in Leydig cells [21]. Addition-
ally, it was found that elevated levels of miR-1306-5p in
the testicular tissue of rats with diabetes produced by STZ
hindered the production of steroids by specifically targeting
important enzymes involved in steroidogenesis [40]. Fur-
thermore, previous research revealed that the disruption of
testicular miR-34b in diabetes induced by STZ for a dura-
tion of two to three months was associated with a decline in
testosterone levels and the quantity of Leydig cells [29]. The
findings emphasize the pivotal role of miRNAs in control-
ling testosterone synthesis and the possible consequences
for diseases like diabetes.

Dysregulated miRNAs in diabetes-induced
spermatogenesis impairment

Multiple studies have provided evidence of the role of miR-
NAs in defining different sperm characteristics, such as
sperm count, motility, and morphology [43]. Studies have
discovered several miRNAs that are dysregulated in diabe-
tes and have a direct effect on sperm parameters. Testicular
samples from diabetic animals or individuals have shown
an increase in the expression of miR-935 [21], miR-504
[21], miR-484 [21], miR146a [32], miR-34a [23, 35], and
miR-34b [28, 29]. In contrast, the decrease in expression

of miR-449a [30] and miR-27b-3p [39] has been found to
impact sperm characteristics in individuals with diabetes.

In a study conducted by Hu et al. [21], it was shown
that increased levels of miR-504 and miR-935 in diabetes
resulted in reduced sperm production in the seminiferous
tubules and a higher proportion of sperm cells undergoing
apoptosis. In addition, the upregulation of miR-34a in the
testicular tissue of male Wistar rats with type II diabetes was
linked to a higher percentage of immotile sperm, as well as
decreased sperm count, motility, viability, and normal mor-
phological criteria [23]. Furthermore, the increased expres-
sion of miR-34b in the testicular tissue of rats with diabetes
induced by STZ led to a reduction in the spermiogenesis
index, sperm count, viability, motility, and the proportion of
spermatozoa with normal morphology and DNA [35].

The decreased expression of miR-449a in diabetic rats was
linked to several negative effects on sperm quality, includ-
ing a higher percentage of dead spermatozoa, an elevated
sperm deformity index, damaged DNA in spermatozoa,
abnormal sperm morphology, and apoptotic germinal cells.
Additionally, there was a decrease in sperm motility, as well
as reductions in spermatogonia, spermatocytes, and round
and elongated spermatids [30, 31]. The study conducted by
Zheng et al. [39] revealed a considerable downregulation of
miR-27b-3p in mouse GC-1 spg cells, which are immortal-
ized cells generated from the testis of adult mice and closely
represent a stage between type B spermatogonia and primary
spermatocytes. This downregulation occurred when the
cells were exposed to a high concentration of glucose. This
downregulation led to elevated oxidative stress and inflam-
mation, reduced cell viability, and triggered autophagy and
apoptosis. Nevertheless, the excessive expression of miR-
27b-3p effectively neutralized these changes by inhibiting
the activation of the hexosamine biosynthesis pathway sig-
naling in spermatogenic cells treated with high glucose [39].
Furthermore, an increase in the expression of miR-146a was
observed in testicular tissue samples taken from Wistar rats
with type 1 diabetes caused by STZ. This increase in miR-
146a expression was found to be linked to a decrease in the
spermiogenesis index [32]. To summarize, the disruption of
certain miRNAs, including miR-935, miR-504, miR-484,
miR-146a, miR-34a, miR-34b, miR-449a, and miR-27b-3p,
in diabetes has an impact on several sperm characteristics
and the processes involved in spermatogenesis.

Dysregulated miRNAs in diabetes-induced erectile
dysfunction

Individuals with diabetes mellitus have a significantly higher
occurrence of sexual dysfunctions, such as erectile problems
compared to those without diabetes. This prevalence is six
times more in diabetic patients [44, 45]. MiRNAs have been
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discovered to have a vital role in the development of erectile
dysfunction caused by diabetes [46]. Studies conducted on
animals and humans with diabetes have revealed an increase
in the expression of hsa-let-7E-5p [46], miR-16 [20], miR-
18a [36], miR-92a [33], miR-93 [20], miR-205 [24], miR-
206 [36], miR-320 [20], and a decrease in the expression
of miR-21-5p [27], miR-122 [36], miR-133a [36], miR-141
[24, 34], hsa-miR-199b-5p [37], miR-328a-5p [38], hsa-
miR-342-3p [37], and miR-874-3p [26] in the serum or
corpus cavernosum. These changes have been associated
with erectile dysfunction caused by diabetes. For example,
two studies have demonstrated that downregulated miR-141
in penile tissues of STZ-induced diabetes caused structural
and functional alterations in the corpus cavernosum and
a decrease in intracavernous pressure (ICP)/mean arte-
rial pressure (MAP) leading to erectile [24, 34]. A clinical
investigation by Jiang et al. [20] found elevated blood levels
of miR-320, miR-93, and miR-16 in diabetes patients with
erectile dysfunction, suggesting that the serum levels of
these miRNAs may be crucial for the diagnosis of diabetic
erectile dysfunction. Furthermore, elevated miR-205 in the
corpus cavernosum of STZ-induced diabetic rats indicated
abnormalities in the cavernous bodies, including decreased
smooth muscle density and androgen receptor, raised apop-
tosis, fibrosis of corpus cavernosum, and lowered number
of erections [25]. Elevated levels of miR-18a and miR-206,
along with reduced levels of miR-122 and miR-133a in the
corpus cavernosum of type 2 diabetic db/db mice resulted in
a decline in erectile function parameters (ICP/MAP) and a
decrease in the percentage of smooth muscle cells and endo-
thelium within the corpus cavernosum [36].

The downregulation of miR-328a-5p has been associ-
ated with vascular endothelial cell damage, reduced fre-
quency of erections, and alterations in ICP/MAP. This has
been observed in both the vascular smooth muscle cells of
diabetic Sprague-Dawley rats and the serum of diabetes
patients with erectile dysfunction [38]. This downregulation
also resulted in decreased expression of platelet and endo-
thelial cell adhesion molecule 1 (PECAM-1) and endothe-
lial nitric oxide synthase (eNOS) in the corpus cavernosum
of diabetic rats, as well as elevated levels of reactive oxygen
species (ROS) and decreased nitric oxide (NO) and gluta-
thione (GSH) levels in the serum of diabetic patients [38].

MiR-874-3p, a noteworthy microRNA, has been found
to decrease in the corpus cavernosum of STZ-induced dia-
betic rats. This decrease leads to a reduction in ICP/MAP
and erection time, as well as an increase in cellular death
of cavernosum smooth muscle cells. These effects are
mediated by the enhancement of thiobarbituric acid reac-
tive substances (TBARS), p53, and caspase3 in the corpus
cavernosum [26]. Two distinct experiments conducted on
the corpus cavernosum of rats with STZ-induced diabetes
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revealed that the decrease in miR-141 resulted in a reduc-
tion in the quantity of corpus cavernosum sinusoids, the
content and density of corpus cavernosum smooth muscle,
and the irregular size of the penis’s lumen. Additionally, it
affected the ICP/MAP, as well as the positive rate of smooth
muscle actin (a-SMA) and desmin. Furthermore, the pres-
ence of collagen and its concentration in the penile corpora
cavernosum were elevated, the supportive tissue component
was strengthened, and the wall of the penile blood vessels
became thicker by specifically targeting nerve growth factor
receptor-associated protein 1 (NGFRAPI) and Rho genes
[24, 34].

Diabetes-induced upregulation of miR-92a resulted in
a decrease in endothelial cell proliferation, expression of
proteins involved in endothelial cell-cell junctions, max
ICP/MAP and total ICP, levels of occludin, claudin-5, and
vascular endothelial-cadherin (VE-cadherin), superoxide
dismutase (SOD) activity, expression of heme oxygen-
ase-1 (HO-1), inhibition of eNOS/NO/cyclic guanosine
monophosphate (¢cGMP) pathway, and an elevation in the
relative expression of B-actin and malondialdehyde (MDA)
level pathway in the corpus cavernosum. According to the
authors’ conclusion, miR-92a specifically affects the protein
kinase AMP-activated catalytic subunit alpha 2 (Prkaa2)
gene in the corpus cavernosum [33]. The inhibition of miR-
21-5p in smooth muscle cells of the corpus cavernosum,
both in vitro using a high glucose medium and in diabetic
rats with erectile dysfunction, led to a decrease in the fre-
quency of erections, ICP/MAP levels, a-SMA area, and an
increase in apoptosis of the corpus cavernosum. Addition-
ally, there was a reduction in the proliferation of smooth
muscle/collagen and the overall smooth muscle content in
the corpus cavernosum smooth muscle cells. MiR-21-5p
specifically targeted the Bax/bcl2/caspase3 signaling path-
way through downregulation of Pdcd4 gene in the corpus
cavernosum, as indicated by a study [27]. In fact, miR-21-5p
suppresses apoptosis of corpus cavernosum smooth muscle
cells (CCSMCs) by targeting PDCD4 in diabetic rats.

Discussion

This study is the inaugural systematic evaluation investi-
gating alterations in miRNA expressions in the serum and
assessments of both diabetic animals and humans with male
infertility [1]. Bioinformatic analyses have shown that dif-
ferently expression of specific miRNAs and their target
genes in STZ-induced diabetic rats lead to male subfertility.
Figure 2 illustrates the complete set of signaling pathways
that are influenced by modified miRNAs in diabetes, result-
ing in male reproductive problems. Twenty studies have
documented alterations in 25 miRNAs in the serum, semen,



Molecular Biology Reports (2025) 52:90

Page 110f19 90

.
Diabetes
Animal studies Clinical studies
MIR-935 MiR-2492 iR-
MiR-504 MiR-182 MiR- MiR-328a-5p w5
(Testes) MiR-27b-3 MiR-504
(Testes) 122 MiR-133a L) - (Serum) MiR-484
: MiR-206 (mouse GC-1 MiR-3282-5p MiR-205 MiR-21-5p (serum)
(Corpus spg cells) {Vascular (Cavernous (Corpus
: cavernosum) H S bodies) cavernosum
: | MiR146a H muscle cells) hsa-let-7E-5p
MiR-1306-5p By MiR-343/b : - : MiR-320
< : ‘estes) : » T : hsa-miR-199b-5p -
(Tez‘_“' ':lG — H i g LSl MiR-141 |: | MiR-92a (Corpus P MiR-93
Leydig cells) { : (Corpus (Penis) A ) sa-miR-342-3p MiR-16
H : : cavernosum - : (Serum) (serum)
ps3 pa;hmv :| eNOS/cGMP/PKG pathway Hexosamine : § i > i| PI3K-Akt signaling pathway
R : m’s::::gm P B Bax/caspase-3 pathway |} EHIENOS/NO/coME Patinesy :| MAPK signaling pathway
JAK2/STATS pathway |} TGF-B pathway . : :| MEKS-ERKS-MEF2C pathway
> H ;| mTOR pathway T : 1% : T
| insulin pathway SIRT1/pS3 pathway i| Bax/Bcl2/caspase-3 pathway Wnt Pathway i
PI3K-Akt pathway Chemokine pathway Bax/Bcl2/caspase-3 ER signaiing pathway v Planar Cell Polarity Pathway | ?
MAPK pathway :| calcium pathway pathway H i T :
;| MAPK pathway 3 § : H
. H H Rhoa/Rho Kinase : | Bax/caspase-3 pathway :
Actin cytoskeleton pathway : : :
: Bax/caspmse'3 patineay Signaling Pathway i ¥ H
TLR4 pathway : NGF/p75NTR signaling g
. 2
Testicular damage "** Testicular damage .

Erectile dysfunction '

Steroidogenesis destruction Steroidogenesis destruction

Spermatogenesis impairment Spermatogenesis impairment

Fig. 2 Signaling pathways dysregulated by altered miRNAs expres-
sion in diabetes-induced male reproductive complications. Each line
with specific color is only for identifying each miRNA and its target

or testes of patients with diabetes, which have been linked
to male reproductive issues such as damage to the structure
and function of the testes, impaired sperm production, and
sexual behavioral problems.

Hyperglycemia and insulin shortage are recognized fac-
tors that contribute to changes in miRNA expression, result-
ing in damage to the testes and impaired spermatogenesis in
males with diabetes-related reproductive issues [21, 28-31].
Hyperglycemia in diabetes significantly contributes to the
excessive production of miR-935 and miR-504 in the testes
of diabetic rats, as well as in the blood of young male patients
with type II diabetes and cultured Leydig tumor R2C cells.
The combined effect of elevated levels of miR-935 and miR-
504 is a reduction in the growth rate of Leydig cells and the
production of testosterone, while also increasing the rate of
apoptosis through the inhibition of the mitogen/extracellu-
lar signal-regulated kinase kinase-5 (MEKSY)-extracellular
signal-regulated kinase 5 (ERKS5)-myocyte enhancing fac-
tor-2 C (MEF2C) pathway [21]. The MEK5-ERK5-MEF2C
pathway plays a role in promoting cell proliferation and
preventing cell death [47, 48]. Suppression of the MEKS-
ERKS5-MEF2C pathway and testicular damage generated

i.= Erectile dysfunction [; Erectile dysfunction

Steroidogenesis destruction

signaling pathway. Blue section shows altered miRNAs, pink section
shows signaling pathways, and green section shows complications

by high glucose can be reversed by specifically inhibiting
miR-935 and miR-504, as demonstrated in a study [21].
MiR-1306-5p is an additional microRNA that is influenced
by high blood sugar levels. Elevated expression of miR-
1306-5p in Leydig cells treated with high glucose or in the
testes of diabetic rats generated by STZ leads to a reduc-
tion in testosterone output and an increase in cell death. This
effect is achieved by suppressing the activity of hydroxys-
teroid 17-beta dehydrogenase 7 (HSD17f7), as indicated by
previous research [40]. Reducing the activity of HSD1787
increases apoptosis via a decrease in the quantities of glu-
cose-regulated 78 (Grp78) proteins, elF2a phosphorylation,
and C/EBP homologous protein (Chop) [40]. Nevertheless,
the overexpression of HSD17B7 counteracts the reduction
in testosterone output and suppresses the cell death caused
by miR-1306-5p overexpression in Leydig cells or testes of
diabetic rats induced by STZ through the activation of the
janus kinase 2/signal transducer and activator of transcrip-
tion 3 (JAK2/STAT3) pathway. Oxidative damage to the tes-
tis is mediated by the JAK2/STAT3 signaling pathway [49].
The mechanism by which HSD17f7 prevents testosterone
reduction in Leydig cell is due to it plays an essential role
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in cholesterol biosynthesis. HSD17B7 can perform multiple
conversions within cholesterol synthesis including the con-
version of lanosterol to sterol, estrone into estradiol, and
zymosterone into zymosterol [50, 51]. Moreover, HSD17B7
convert androstenedione to testosterone in mice [52]. These
findings indicate that HSD17B7 is an enzyme that plays a
role in cholesterol and testosterone biosynthesis.

The occurrence of testicular cell apoptosis in diabetes, as
a result of high blood sugar levels (hyperglycemia), is par-
tially influenced by the miR-449/phosphofurin acidic clus-
ter sorting protein 2 (Pacs2)/ programmed cell death protein
4 (Pdcd4) and miR-34/SIRT-1 pathways [30, 31]. MiR-449
exhibits a high level of expression in healthy testes and
governs cellular apoptosis by processes that can be either
dependent on or independent of p53, as indicated by previ-
ous studies [53, 54]. The decreased expression of miR-449a
and the increased expression of miR-34b were linked to an
elevated occurrence of cell death in the testes of diabetic
rats induced by STZ. This effect was achieved by targeting
the genes p53, SIRT1, Pacs2, and Pdcd4 [23, 28-31]. MiR-
34a results in a reduction of SIRT1 protein [55], thus lead-
ing to an elevation in acetylated p53 [55]. Consequently, the
activation of p53 leads to an increase in the transcription of
the miR-34a gene [56], which in turn leads to a decrease in
the levels of the SIRT1 protein through a positive feedback
loop. SIRT1 inhibits apoptosis by inhibiting the activation
of p53 [57]. The targeted suppression of miR-34a and the
selective activation of SIRT1 reduced the diabetes-induced
apoptotic cell death in the testes of male mice with diabe-
tes (C57BL/6) [35]. Studies have demonstrated that insulin
therapy can effectively prevent and correct alterations in
the expression of miR-449a and miR-34b, as well as their
target genes [28—31]. MiR-146a, a microRNA, plays a role
in causing inflammation and programmed cell death in the
testicles of individuals with diabetes. It achieves this by tar-
geting the toll like receptor 4 (TLR4)/interleukin-1 recep-
tor-associated kinase 1 (IRAKI1)/TNF receptor-associated
factor 6 (TRAF6) signaling pathway [32]. Elevated levels
of miR-146a were observed in the testes of diabetic rats,
leading to histological alterations such as depletion and dis-
sociation of germ cells, edema, as well as reduced height
of the epithelial layer and tubular diameter [38]. Neverthe-
less, the authors did not validate their findings by employing
knockdown or inhibition of miR-146a or its associated path-
ways, thereby leaving their conclusions unconfirmed [38].

Glucose regulates the biological processes of germ cells
via influencing the expression of miRNA in a manner that
depends on the dosage. Research has demonstrated that
exposing GC-1 spermatogenic cells to elevated glucose lev-
els leads to the suppression of miR-27b-3p [39]. The viability
of GC-1 spermatogenic cells is reduced by downregulat-
ing or silencing miR-27b-3p, which leads to an increase in
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oxidative stress and inflammation, triggers autophagy, and
facilitates apoptosis. Nevertheless, this harmful impact was
counteracted when miR-27b-3p was excessively produced
or when Glutamine-Fructose-6-Phosphate Transaminase 1
(Gfptl) was suppressed [39]. Research indicates that miR-
27b-3p may target the Gfptl/hexosamine biosynthesis path-
way (HBP) axis [39]. Suppression of miR-27b-3p results
in an upregulation of Gfptl expression, which serves as the
enzyme that limits the rate of the HBP [39]. The excessive
activation of the HBP is recognized as a crucial element in
facilitating the progression of diabetes and its associated
problems [58, 59]. The HBP can be activated by hypergly-
cemia and insulin resistance, both of which are variables
linked to diabetes [60]. The activation of the HBP can lead to
increased oxidative stress and trigger cell death in hypergly-
cemic hearts [61]. Downregulation of Gfptl has been dem-
onstrated to mitigate the deleterious impact of miR-27b-3p
suppression on spermatogenic cell damage generated by
high glucose, and relieve the injury in spermatogenic cells
treated with high glucose [39].

In male mice with diabetes, researchers discovered that
by specifically blocking miR-34a (miR-34a-I) and activat-
ing SIRT1 using a SIRTI-selective activator (SRT2104),
they were able to maintain an optimal sperm count [35].
This suggests that miR-34 is an important microRNA for
normal sperm production [62]. Studies have demonstrated
that elevated levels of SIRT1 protein can reduce sperm
abnormalities and DNA damage caused by diabetes [63].
SIRT1 also affects spermatogenesis process and spermato-
genic stem cells, as well as germ cell function. In this line,
Coussens et al. have reported that SIRT1 deficiency attenu-
ates spermatogenesis, spermatogenic precursors, the pro-
portion of mature sperm with increased DNA damage, and
numbers of mature sperm in SIRT1—/— mice [64]. Micro-
array analysis in SIRT1 deficient testis showed dysregu-
lated expression of 85 genes involved in spermatogenesis
[64]. SIRT1 is well identified for its nicotinamide adenine
dinucleotide (NAD+)-dependent histone deacetylase func-
tion. By its deacetylase activity, SIRT1 regulates the hepatic
metabolism of glucose, insulin secretion from B cells, and
the insulin signaling pathway (reviewed by liang et al. [65]).
SIRT1 enhances insulin secretion of pancreatic beta cells
in response to glucose stress by suppressing the expres-
sion of UCP2 [66, 67]. UCP2 regulates insulin secretion
and glucose metabolism by reducing NADH levels, weak-
ening mitochondrial membrane potential, decreasing ATP
production, and suppressing the generation of superoxide
[68-70]. SIRT1 also impacts a crucial step in the insulin
signaling pathway via deacetylation of insulin-induced tyro-
sine phosphorylation of insulin receptor substrate-2 (IRS-2)
[71]. Srt1720, a SIRT1 activator, suppresses insulin-induced
hepatic gluconeogenesis in mice and obese rats through
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deacetylase activity of SIRT1 [72, 73]. Liver-specific knock-
down of SIRT1 augmented insulin sensitivity and systemic
glucose [74]. In addition, the absence of miR-34b/c and
miR-449 in the testes results in infertility since it causes the
generation of atypical spermatozoa with decreased motility.
The absence of miR-34 and miR-449 hinders the last phases
of sperm maturation by impeding miosis [53]. The exact
procedure via which diabetes affects the expression of miR-
34a and miR-449a is not fully comprehended, although it is
hypothesized that increased oxidative stress and apoptosis
are the primary routes implicated [30, 31, 35, 41].

Diabetic males frequently experience erectile dysfunc-
tion, with a prevalence rate of 85% [75]. Although the pre-
cise reason for erectile dysfunction in diabetes is not
completely understood, diabetic angiopathy has been recog-
nized as a notable contributing component [20, 76]. MiR-
NAs have a significant impact on the regulation of
angiogenesis by influencing many pathways and proteins
that are involved in the function of endothelial cells, includ-
ing eNOS and NO [77, 78]. NO, generated by the action of
NO synthase (NOS) enzymes using L-arginine as a sub-
strate, induces the relaxation of smooth muscle cells in the
corpora cavernosa, leading to the occurrence of penile erec-
tion [79]. Diabetes-induced hyperglycemia results in an
excessive generation of oxidative stress, which leads to the
excessive utilization of NO and thus causes erectile dys-
function [80, 81]. The current emphasis in medical treat-
ments for erectile dysfunction is on maximizing the internal
signaling of NO. An example of this is when the miR-92a
antagomir was injected into the cavernous body, it enhanced
the ability to achieve an erection in rats with diabetes by
activating the eNOS/NO/cGMP and adenosine monophos-
phate-activated protein kinase (AMPK)/eNOS signaling
pathways. The administration of this therapy led to upregu-
lation of VE-cadherin, occludin, claudin-5, HO-1, eNOS,
and p-eNOS, while simultaneously reducing ICP/MAP and
total ICP. Furthermore, it was observed that miR-92a exhib-
ited an elevation in cavernous endothelial cells in a labora-
tory setting simulating diabetes circumstances, resulting in
the suppression of Prkaa2 [33]. Prkaa2 is a subject of regu-
lation by miR-92a and plays a role in the AMPK/eNOS and
AMPK/nuclear factor erythroid 2—related factor 2 (Nrf2)/
HO-1 signaling pathways, which are essential for preserv-
ing oxidative equilibrium and endothelial function [33].
Other microRNAs, including miR-18a, miR-122, miR-
133a, and miR-206, contribute to endothelial function by
selectively regulating several genes and pathways, such as
eNOS/cGMP/PKG and insulin-like growth factor 1 (/GF-1)
[36]. IGF-1, which is regulated by miR-18a and miR-206,
has been observed to decrease in the corpus cavernosum of
both diabetic animals and humans suffering from erectile
dysfunction [36, 82]. IGF-1 has a crucial role in the

restoration of NOS in the intracavernosal nerves [83]. In
addition, a reduction in the levels of eNOS and endothelial
cell adhesion molecule 1 has been noticed in the smooth
muscle cells of the penis and vascular smooth muscle cells
that were grown in high-glucose conditions after the over-
production of long non-coding RNAs-myocardial infarc-
tion-associated transcript (IncRNA-MIAT) caused a decline
in miR-328a-5p [38]. The overexpression of IncRNA-MIAT
results in increased production of lipoprotein lipase (LPL),
leading to vascular endothelial cell (VEC) damage and pro-
grammed cell death by decreasing serum levels of GSH and
NO, as well as reducing eNOS expression. Additionally, it
causes an elevation in ROS levels, cleaved caspase-3, and
Bax expression [38]. Upregulating miR-328a-5p or down-
regulating IncRNA-MIAT can provide protection against
erectile dysfunction by enhancing the production of eNOS
in VECs and reversing the decrease in ICP/MAP and erec-
tile frequency [38]. It is important to mention that an exces-
sive amount of LPL has been associated with the occurrence
of erectile dysfunction [84]. Furthermore, miR-93 and miR-
125b have also been associated with erectile function [38].
MiR-93 has the potential to impact erection by modifying
the levels of vascular endothelial growth factor, whereas
miR-125b has the potential to enhance the production of
inflammatory genes in vascular endothelial cells [85, 86].
The function of the cavernous nerve is equally important to
the function of the endothelium in the process of achieving
an erection. Research has demonstrated that the application
of miR-92a antagomir can partially revive the expression of
neuronal NOS (nNOS) in the corpus cavernosum of diabetic
rats experiencing erectile dysfunction. This indicates that
miR-92a antagomir has a neuroprotective impact on the
function of the cavernous nerve [33]. The miR-874-3p/
Nuclear protein 1(Nuprl)/Chop pathway is another pathway
that is involved in erectile dysfunction caused by vascular
problems such as inflammation and apoptosis of vascular
endothelial cells in diabetes [26, 87]. MiR-874-3p forms a
bond with Nuprl and hinders its activity, resulting in a pro-
apoptotic impact [87, 88]. Nuprl upregulates Chop expres-
sion, perhaps contributing to vascular diseases through its
involvement in endoplasmic reticulum stress-induced apop-
tosis in individuals with diabetes and erectile dysfunction
[89, 90]. Suppression of Nuprl also amplifies the expres-
sion of antioxidants [91]. Thus, miR-874-3p has an antioxi-
dant effect by inhibiting the Nupr1/Chop pathway [26]. The
decrease in miR-874-3p in rats with diabetes leads to the
stimulation of apoptosis in cavernosum smooth muscle cells
and the development of erectile dysfunction via raising the
expression of Nuprl. The reversal of this effect can be
achieved by increasing the expression of miR-874-3p and
suppressing the activity of Nuprl [26]. Additionally, a
reduction in the growth rate and an increase in the
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programmed cell death of smooth muscle cells in the corpus
cavernosum, which were obtained from the erectile tissue of
the penis and cultured in a high glucose condition, were
observed. This effect was also observed in diabetic rats with
erectile dysfunction. The changes were attributed to the
downregulation of miR-21-5p and the upregulation of
Pdcd4 in the cavernous tissue [27]. The researchers stated
that the introduction of mesenchymal stromal/stem cell
(MSC)-exosomes harboring miR-21-5p into CCSMCs, or
the suppression of Pdcd4, leads to an increase in CCSMC
population and a reduction in CCSMC apoptosis, resulting
in an enhancement of erectile function. This emphasizes the
possible involvement of the miR-21-Pdcd4 axis in combat-
ing erectile dysfunction caused by diabetes by suppressing
apoptosis in CCSMCs [27]. It has been reported that Pdcd4
suppresses apoptosis via inhibiting the procaspase-3 mRNA
translation, however loss of Pdcd4 through the specific
RNA interference enhanced procaspase-3 expression lead-
ing to its activation and PARP cleavage and sensitized the
cells to apoptosis [92]. MicroRNA-141 is a significant
miRNA that controls the rate at which cells in the corpus
cavernosum divide and undergo programmed cell death.
The presence of lower levels of microRNA-141 in the
smooth muscle cells of the penile cavernous area in rats
with diabetic erectile dysfunction leads to an increased rate
of cell growth and a reduced rate of cell death in the corpus
cavernosum. This is achieved by targeting the Rho-GTPase
A (RhoA)/ Rho-associated kinase 2 (ROCK2) and nerve
growth factor receptor (NGF)/p75 neurotrophin receptor
(p75NTR) signaling pathways [24, 34]. Rho-associated pro-
teins are linked to the production of reactive oxygen spe-
cies, modification of the cytoskeletal actin structure, cell
growth, and specialization [93]. ROCK?2 acts as the down-
stream mediator of RhoA and enhances cell motility by
inhibiting myosin phosphatase [94, 95]. The utilization of
MiR-141 mimics and ROCK inhibitor (ripasudil) results in
a reduction in apoptotic rates and an enhancement of erec-
tile function in diabetic rats [96]. Additionally, research has
demonstrated that the RhoA/ROCK signaling pathway
plays a role in sustaining an erection in a NO-independent
manner [97]. The expression of miR-141 is increased and
the expression of NGFRAPI is decreased in order to
improve ICP, MAP, and erectile function in diabetic rats
with erectile dysfunction. This is achieved by suppressing
the NGF/p75NTR signaling pathway [24]. NGFRAP1 con-
trols the process of cell death triggered by p75NTR [98].
The androgen receptors (AR) located in the cavernous bod-
ies have been identified as having a crucial function in the
process of achieving an erection [99]. In rats with diabetes
and erectile dysfunction, the increased expression of miR-
205 negatively affects the androgen receptor in the cavern-
ous bodies [25]. As a consequence, there is a reduction in
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the expression of AR, leading to inadequate blood flow in
the penile arteries, which is a major factor contributing to
erectile dysfunction [100]. In order to tackle this problem,
scientists have discovered that reducing the activity of miR-
205 and/or increasing the expression of AR can boost the
growth and hinder the programmed cell death of CSMCs.
This ultimately leads to an improvement in erectile function
in diabetic rats with erectile dysfunction by preventing the
formation of fibrous tissue in the corpus cavernosum. When
the miR-205 inhibitor was administered, it resulted in an
increase in ICP, MAP, ICP/MAP ratios, and the activation of
the AR. Additionally, it led to a decrease in the formation of
new capillaries in the corpus cavernosum tissues [25].
Although obtaining tissue samples through biopsy is neces-
sary for evaluating miRNA expression in humans, it is
important to recognize that alterations in miRNA expression
in tissues can also be identified in bodily fluids. Measuring
the serum level of miRNAs is a more appropriate method
for detecting and predicting the disease complications. Jiang
et al. [20] discovered a substantial elevation in the levels of
miR-16, miR-93, and miR-320 in the blood of diabetes
patients with erectile dysfunction. This finding suggests that
measuring the serum concentrations of these miRNAs could
be valuable for diagnosing erectile dysfunction in individu-
als with diabetes. In a study conducted by Xu et al. [37], it
was shown that the serum of 10 diabetic patients with erec-
tile dysfunction showed elevated levels of hsa-let-7e-5p and
reduced levels of hsa-miR-199b-5p and hsa-miR-342—3p.
These microRNAs were discovered to specifically target 40,
9, and 15 messenger RNAs, respectively. Additionally, they
had a negative correlation with the IIEF-5 (international
index of erectile function —5 score). Furthermore, a nega-
tive association was seen between IIEF-5 and testosterone,
glycated globin, and fasting blood glucose [37]. Moreover,
a reduced concentration of miR-328a-5p in the blood has
been documented in individuals with diabetes who experi-
ence erectile dysfunction [38]. Notably, the dysregulated
miRNAs discussed in this review, namely miR-16, miR-21,
miR-27, miR-34, miR-122, miR-141, miR-146, miR-449,
and miR-504, were also observed to be dysregulated in
cases of infertility unrelated to diabetes [53, 101-108].
These nine miRNAs may play a significant effect in male
fertility. Only miR-16 has been observed in the blood of dia-
betic patients with erectile dysfunction, as seen from a clini-
cal standpoint. Further research is required to examine the
modification of additional miRNAs in the blood of male
diabetic patients experiencing reproductive difficulties.

The most important limitation of our study was the inca-
pacity to do a meta-analysis. The main reason for this was
a lack of adequate raw data regarding the relative expres-
sion or fold changes of miRNAs. Moreover, the existence of
methodological and technical differences among research,
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as well as variations in miRNA quantification methods,
posed additional obstacles to our capacity to carry out a
meta-analysis.

Conclusions

This review highlights 25 dysregulated miRNAs in the tes-
tes or serum of individuals with diabetes who experience
reproductive difficulties. This systematic study stands out
for its exhaustive review of dysregulated miRNAs in the
blood and testes of those with diabetes, encompassing both
animal and clinical investigations. This is the first time such
a comprehensive report has been compiled. The results
demonstrate that the miRNA-mRNA network is linked to
the pathological progression of diabetic testicular damage
or erectile dysfunction. From a therapeutic perspective, the
identification of circulating miRNAs could be beneficial in
the timely identification and prevention of diabetes prob-
lems, such as diabetes-induced male infertility. By identify-
ing and focusing on specific dysregulated miRNAs in both
serum and testes, it is possible to develop new diagnostic
and treatment strategies for male infertility caused by dia-
betes. Among all signaling pathways influenced by modi-
fied miRNAs, the Bax-caspase-3, mitogen-activated protein
kinases (MAPK), phosphatidylinositol 3-kinase (PI3K)/
protein kinase B (AKT), and eNOS-cGMP-protein kinase C
(PKC) were the main deregulated pathways, thus they might
be potential pathways for diagnosis and therapy of diabetes-
induced male infertility. Future research should prioritize
the examination of the precise miRNAs, as well as their cor-
responding target genes and pathways, which contribute to
the development and advancement of male infertility caused
by diabetes. This will enhance our comprehension of the
fundamental mechanisms and maybe discover new treat-
ment targets. Although significant advancements have been
achieved in the identification of dysregulated miRNAs in
diabetes, there remains a considerable number of miRNAs
yet to be discovered, particularly in diabetic individuals’
serum. These miRNAs hold potential in the diagnosis and
treatment of male reproductive issues associated with dia-
betes. Additional examination of the dysregulated miRNAs
and their functional roles will yield useful insights into the
development of diabetes-induced male infertility and maybe
facilitate the creation of targeted therapies. Additional
investigation is necessary to examine the miRNA-mRNA
network and its significance for diagnosing and treating
male reproductive problems associated with diabetes.
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