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Abstract

Spermatogenic dysfunction is one of the major secondary complications of diabetes; however, the underlying
mechanisms remain ill-defined, and there is no available drug or strategy for the radical treatment of diabetic
spermatogenic dysfunction. Therefore, the objective of this study is to investigate the protective effects of nicoti-
namide mononucleotide (NMN) on testicular spermatogenic function in streptozotocin (STZ)-induced diabetic mice.
The results show that oral administration of NMN significantly increases the body and testis weight and the number
of sperms. Moreover, the abnormal sperm count and the rate of sperm malformation are significantly decreased
compared with the saline-treated diabetic mice. Histological analysis reveals that NMN treatment significantly
increases the area and diameter of seminiferous tubules, accompanied by an increased number of spermatogenic
cells and sperms. Immunohistochemistry and gRT-PCR results show that NMN increases Bcl-2 expression and
decreases Bax expression in the testis. NMN also increases the protein expression of Vimentin and the mRNA
expressions of WT1 and GATAA4. In addition, qRT-PCR, western blot analysis and immunohistochemistry results
also show that NMN increases the expressions of glycolysis-related rate-limiting enzymes including HK2, PKM2,
and LDHA. In summary, this study demonstrates the protective effects of NMN on the testis in an STZ-induced
diabetic mice model. NMN exerts its protective effects via reducing spermatogenic cell apoptosis by regulating
glycolysis of Sertoli cells in diabetic mice. This study provides an experimental basis for the future clinical appli-
cation of NMN in diabetes-induced spermatogenic dysfunction.
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Introduction world’s population [2]. DM affects many body systems and is fre-

Diabetes mellitus (DM) is a metabolic disorder manifested by
chronic hyperglycemia with potentially severe effects on insulin
sensitivity and secretion [1]. According to the reports of Interna-
tional Diabetes Federation, the number of diabetic patients will
increase to 693 million in 2045, accounting for about 10% of the

quently accompanied by many complications, including nephro-
pathy, neuropathy, and retinopathy. DM is also associated with a
high risk of cardiovascular diseases and male infertility [3]. Epide-
miological studies showed that about 50 % of diabetic patients suffer
from different degrees of reproductive diseases, such as decreased
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libido and impotence [4]. In addition, diabetes can impair sper-
matogenesis [5], destroy testicular tissue structure, and reduce
sperm quality, leading to infertility [6]. In the testes, glucose me-
tabolism is pivotal for spermatogenesis. Sertoli cells (SCs) are well
known for their ability to produce lactate at a high rate; lactate and
pyruvate are consumed by pachytene spermatocytes and round
spermatids [7]. It has been shown that in the testis of diabetic rats,
lactate dehydrogenase (LDH) activity is significantly reduced, re-
sulting in glycogen accumulation and reduced lactate production
[8]. Therefore, abnormal glycolysis is closely related to spermato-
genic disorder in diabetes, which may provide novel targets for
treating this disease.

Nicotinamide mononucleotide (NMN) is synthesized from nico-
tinamide and 5’-phosphoribosyl-1-pyrophosphate (PRPP) by nico-
tinamide phosphoribosyl transferase (NAMPT), the rate-limiting
NAD* biosynthetic enzyme in mammals [9,10]. Meanwhile, pre-
vious studies have shown that NMN is also present in vegetables,
fruits and meat [11]. Systemic NMN administration effectively en-
hances NAD* biosynthesis in various peripheral tissues, including
the liver [12], kidney [13], and testis [9]. NMN supplementation
could affect diverse diseases, including myocardial, Alzheimer’s
disease, and diabetes [14]. Revollo et al. [15] and Ramisey et al. [16]
showed that NMN ameliorates impairments in glucose-stimulated
insulin secretion in aged wild-type mice and genetic mouse models.
NMN treatment also significantly improves both insulin action and
secretion in diet- and age-induced type 2 diabetic or obese mouse
models [17]. However, the specific mechanism of NMN in diabetes
treatment is unclear. NAD* plays an important role in glycolysis,
and LDH converts pyruvate to lactate and reduces NADH to NAD*
[18,19]. Therefore, we speculate that NMN may improve the sper-
matogenic dysfunction in diabetes by regulating the glycolysis
pathway.

In the present study, we verified the effect of NMN on diabetic
testicular dysfunction by detecting some factors including Bcl-2-
associated X protein (Bax), B-cell lymphoma-2 (Bcl-2), Vimentin,
Wilms’ tumor gene 1 (WT1), GATA4, hexokin ase 2 (HK2), pyr-
uvate kinase muscle isoform 2 (PKM2), and lactate dehydrogenase
A (LDHA). Our findings provide a new idea for treating diabetic
testicular dysfunction.

Materials and Methods

Experimental animals

Male C57BL/6J mice (body weight 19+1 g) were purchased from
Hunan SJA Lab Animal Center of Changsha (Changsha, China) with
the license number SCXK (Xiang) 2019-0004. The Animal Ethics
Committee of the University of South China approved all experimental
procedures (No. USC2020031602). All animals were maintained at 23
+2°C (humidity, 45%-55%) with a 12/12 h light/dark cycle and
given a standard diet (3.1 kcal, 14 % protein). After 1 week of adaptive
feeding, all mice were randomly divided into the control group (Ctrl
group, n=38) and diabetic group (model group, n=16). Mice were
rendered diabetic by a single-dose intraperitoneal injection of STZ
(120 mg/kg body weight; S-0130; Sigma, St Louis, USA) dissolved in
0.1 M citrate buffer at pH 4.5. At the same time, the Ctrl group was
given an equal volume of citric acid buffer. After 72 h, mice with a
fasting blood glucose (FBG) level over 11.1 mM was considered as
diabetic [20]. No mice died during the experiment. Diabetic mice were
further randomly divided into two groups: DM + saline group (DM
group, n=38) and DM + NMN group (n=38). In the DM + NMN group,

NMN (Shenzhen Hygieia Biotechnology, Shenzhen, China) was ad-
ministrated orally at 500 mg/kg/day in saline [11], while the Ctrl
group and DM group mice were given an equal volume of saline. After
8 weeks of treatment, mice were sacrificed, and relevant tissues were
collected for further analysis (Figure 1).

Assessment of sperm number

The cauda epididymis of the mice was snipped and placed in 1.5 mL
physiological saline at 37°C for 20 min. The sperm suspension
(100 pL) was diluted with saline (900 pL), and then the diluted
semen was aspirated and dropped into a blood cell counting plate
using a micropipette. The sperm concentration in the five central
squares was counted, and the average was multiplied by 107 to
obtain the number of sperm per liter of semen and the number of
abnormal sperm.

Histopathologic analysis and the area and diameter of
seminiferous tubules analysis

The left testis and the epididymis were dissected and fixed in 4%
paraformaldehyde overnight at room temperature, embedded in
paraffin, sectioned into 4-pum-thick slices, deparaffinized, and
stained with hematoxylin and eosin. The morphology of the testes
and the number of spermatogonia and spermatocytes were eval-
uated under a light microscope. Then, the diameter and area of
seminiferous tubules were obtained by random selection of 50 cross
sections of the seminiferous tubules from each mouse.

Immunohistochemical analysis

The 4-pm slices were sectioned. The sections were permeabilized
with 1% Triton X-100 in phosphate-buffered saline (PBS) for 30 min
at room temperature, boiled in 100 mM sodium citrate (pH 6.0)
three times for 6 min each at 5-min intervals for antigen retrieval.
The sections were then incubated with 3% hydrogen peroxide for
30 min to remove endogenous peroxidase, followed by blocking in
5% bovine serum albumin at room temperature for 1 h. The sec-
tions were then incubated overnight at 4°C with primary goat
polyclonal antibodies against Vimentin (1:300 dilution; Bio World
Technology, Nanjing, China), Bax (1:100 dilution; Santa Cruz Bio-
technology, Oregon, USA), Bcl-2 (1:100 dilution; Santa Cruz Bio-
technology), HK2 (1:400 dilution; Cell Signaling Technology,
Danvers, USA), PKM2 (1:500 dilution; Cell Signaling Technology),
and LDHA (1:300 dilution; Cell Signaling Technology) in blocking
solution. After three washes with 0.1% Tween-20 in PBS, the
samples were incubated with biotin-SP-conjugated rabbit anti-goat
IgG secondary antibody (1:100; SA00004-4; Protein Tech Group
Inc., Rosemont, USA) in blocking solution at room temperature for
45 min. The stained Vimentin, Bax, Bcl-2, HK2, PKM2, and LDHA
proteins were visualized using the 3,3-diaminobenzidine chromo-
gen. Normal goat IgG was used as a negative control. The stained
sections were evaluated under a light microscope. Finally, the sec-
tions were sealed with neutral resin and observed under an optical
microscope. The immunohistochemical positive cells were ana-
lyzed by counting the amounts of the positive cells in 50 randomly
selected non-overlapping visual fields (magnification, x400) from
each testis section.

Quantitative real-time polymerase chain reaction (qRT-

PCR)

Total RNA was extracted from frozen testicular tissue using Trizol
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Figure 1. The overall experimental design including animal groups and treatments

reagent (Invitrogen, Carlsbad, USA). The purity and concentration
of total RNA were determined by A260/A280. The cDNA synthesis
was performed using the Prime Script 1st strand cDNA Synthesis kit
(TaKaRa, Dalian, China) according to the manufacturer’s protocol.
Real-time PCR analyses for the gene expression level were per-
formed on the Applied Biosystems 7500 Real-time PCR System
(Foster City, USA). The conditions were as follows: after initial in-
cubations at 95°C for 10 min, 40 cycles of amplification were carried
out at 95°C for 10 s and 60°C for 30 s. GAPDH was used as the
reference control, and gene expression levels were calculated using
the comparative Ct method. The primer sequences are shown in
Table 1.

Western blot analysis
Frozen testicular tissue was pulverized and homogenized in cold
lysis buffer. The homogenate was centrifuged at 12,000 g for 20 min

Table 1. Sequence of primers used for qRT-PCR analysis

Gene Primer sequence (5'—3’) Accession No.

Bcl-2 F: GGTGGTGGAGGAACTCTTCA NM_177410.2
R: ATGCCGGTTCAGGTACTCAG

Bax F: TGCAGAGGATGATTGCTGAC NM_177410.2
R: GATCAGCTCGGGCACTTTAG

WTI F: ATCCGCAACCAAGGATACAG DQ537939.1
R: GGTCCTCGTGTTTGAAGGAA

GATA4 F: ATGCCTGTGGCCTCTATCAC AF179424.1
R: GGTGGTGGTAGTCTGGCAGT

HK2 F: CGTGGTAAATGACACAGTTG BC054472.1
R: AGTTCCACATTACGCATCTC

PKM2 F: CAGTACAGAATACACACCCA BC094663.1
R: GTCATGTCTTATGTGTGGGT

LDHA F: ACTGTGTAACTGCGAACTCC BC094019.1
R: GGGAATGATGAACTTGAAGA

GAPDH F: ATTGTCAGCAATGCATCCTG GU214026.1
R: ATGGACTGTGGTCATGAGCC

F, forward primer; R, reverse primer.
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at 4°C, and the supernatant was collected. The protein concentra-
tion of the supernatant was measured using the BCA Protein Assay
kit (CWBIO, Beijing, China). After being boiled at 100°C for 10 min,
samples (50 pg protein/lane) were subject to 10% polyacrylamide
gel electrophoresis and then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, Billerica, USA). The membranes
were blocked in a 5% non-fat milk in PBST for 2 h at room tem-
perature and then incubated with primary antibodies against HK2
(1:1000 dilution; Cell Signaling Technology), PKM2 (1:1000 dilu-
tion; Cell Signaling Technology), LDHA (1:1000 dilution; Cell Sig-
naling Technology), and f-tubulin (1:3000 dilution; Proteintech
Group, Inc.) overnight at 4°C. The membranes were washed with
PBST and then incubated with HRP-conjugated goat anti-mouse IgG
(H+L) secondary antibody (1:5000 dilution; Protein Tech Group
Inc) or HRP-conjugated goat anti-rabbit IgG (H+ L) secondary an-
tibody (1:5000 dilution; Protein Tech Group Inc.) for 2 h at room
temperature. Finally, eECL (CW0049M; CWBIO, Beijing, China)
was added, and the Tanon-5500 Chemiluminescence Imaging Sys-
tem (Beijing, China) was used to detect the chemiluminescence of
protein bands.

Statistical analysis

Analysis was performed by one-way analysis of variance (ANOVA).
The data are presented as the mean + standard deviation. P<0.05
was considered to be statistically significant.

Results

Effect of NMN treatment on body weight, testis weight,
sperm number, and sperm abnormality in diabetic mice
At the beginning of the experiment, all the mice did not differ in
body weight (data not shown). As demonstrated in Table 2, after
successful induction of diabetes in mice with STZ, the body weight
of model mice was significantly lower than that of the Ctrl group.
After 8 weeks of NMN treatment, the body weight of DM mice was
significantly increased compared with that of untreated DM mice.
Similarly, the saline-treated diabetic mice had lower testis weight,
and administration of NMN showed an increase in testicular weight
compared with the DM group. Regarding the sperm parameters, the
number of sperms in saline-treated diabetic mice was significantly


http://www.baidu.com/link?url=GSYd8qFgcbnaZSZ_WybvsT5VzMKyoOSLzVtphzS1hvD5eF5NiHbm2ljEiswosUbu74Hi90S8_tK8w8G_vwb9_wA2DFR1JoqjEk0njJJp_0y

Nicotinamide mononucleotide improves spermatogenic function

1317

decreased and the proportion of abnormal sperms was increased.
These results suggested that NMN treatment significantly increased
sperm numbers of the diabetic mice and decreased the rate of sperm
deformity, which enhanced the reproductive potential of diabetic
mice (Figure 2).

Effect of NMN treatment on the epididymis and
testicular morphology, diameter, and area of
spermatogenic tubules in diabetic mice

Testicular and epididymis histopathological changes of the three
groups are presented in Figure 3. In the Ctrl group, the shape of
seminiferous tubules was regular, and the spermatogenic cells of
the seminiferous epithelium at all levels were arranged neatly,
mostly in 6-7 layers, and many spermatozoa were present in the
lumen of seminiferous tubules (Figure 3A, a,d). Furthermore, epi-
didymal sections showed many sperms in the lumen of epididymal
tubules (Figure 3B a,d). In contrast, the number of spermatogenic
epithelial cell layers in saline-treated diabetic mice testis was sig-
nificantly decreased; most of them were 3-4 layers or less, and the
number of sperms was decreased, and the spermatogenic function
was weakened (Figure 3A, b,e). Quantification of the spermatogo-
nia and spermatocytes showed that the saline-treated diabetic mice
had a lower number of spermatogonia and spermatocytes than the
Ctrl group mice (Figure 3C,D). Meanwhile, the mean area and
diameter of seminiferous tubules in diabetic mice were smaller than
these in Ctrl mice (Figure 3E,F). In addition, a few sperms were

found in the epididymal lumen compared with the Ctrl group
(Figure 3B, b,e). Interestingly, the spermatogenic epithelium da-
mage in the NMN group was significantly alleviated, and the
number of spermatogenic cell layers, spermatogonia, spermato-
cytes, and sperms were increased. Simultaneously, the area and
diameter of spermatogenic tubules were increased, which led to the
recovery of spermatogenesis to some extent (Figure 3).

Effect of NMN on apoptosis in testicular tissues from
diabetic mice

The expression levels of apoptosis-related genes, including Bcl-2
and Bax in mice testis, were analyzed by qRT-PCR (Figure 4A-C).
The mRNA expression of Bcl-2 was downregulated and Bax mRNA
expression was upregulated in the saline-treated diabetic mice
when compared to those in the Ctrl mice. After NMN treatment, Bcl-
2 mRNA expression was significantly increased, while the increase
of Bax mRNA was reduced. The Bcl-2/Bax ratio in the DM group
was significantly lower than that in the Ctrl group, and then sig-
nificantly increased after NMN treatment. Immunohistochemistry
of Bcl-2 and Bax protein expressions in testicular cells of saline-
treated diabetic mice showed a decrease in the number of Bcl-2
positive cells and an increase in the number of Bax positive cells
compared with those in the Ctrl group. Consistently, NMN treat-
ment increased the protein expression level of Bcl-2 and the number
of Bcl-2 positive cells, and decreased the protein expression of Bax
and the number of Bax positive cells (Figure 4D-G).

Table 2. Effect of NIVIN on the body weight, testis weight and sperm parameters in diabetic mice

Group Body weight (g) Testis weight (mg) Sperm count Abnormal sperm  Abnormal sperm
7 7
Pre-treatment After treatment (>107) Number (x107) rate (%)
Control 21.34+0.83 23.72+2.73 164.54+12.61 7.87+£1.13 1.76 £0.25 22.44+1.83
DM 19.48 £0.75** 15.64 £1.97** 138.45 +20.40* 2.70£1.14** 3.30+1.01* 65.76+£16.88**
DM + NMN 19.46+0.67** 20.52 +0.82* 166.20 +4.30* 6.75+0.53* 1.95+0.86* 22.69 +12.80"
*P<0.05, **P<0.01 vs control; #P< 0.05, #P<0.01 vs DM.
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Figure 2. Effect of NIVIN treatment on sperm parameters in diabetic mice The effect of NMN on sperm count (A), abnormal sperms (B), and the
rate of abnormal sperms (C) in testis tissue of diabetic mice. n=8. *P<0.05 and **P<0.01.
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Figure 3. Effect of NIVIN treatment on the diabetic mice testicular and epididymal histopathology (A,B) Hematoxylin and eosin staining of
testicular and epididymal tissue. Scale bars in (a-c) are 100 um and in (d-f) are 50 um. (C,D) Quantification of spermatogonia and spermatocytes in
testicular tissues. (E,F) The area and diameter of the seminiferous tube in testis. Yellow arrows denote spermatogonia, green arrows denote
spermatocytes, and orange arrows denote sperms. n=8. ¥*P<0.05 and **P<0.01.

Effect of NMN on morphology and structure of Sertoli was conducted in the testis of the NMN-treated mice. Results de-
cells in diabetic mice monstrated that Vimentin protein expression in the DM group was
To investigate the expression of Vimentin, an immunomarker of scattered and fractured, and the number of Vimentin-positive cells
Sertoli cell function and structure, immunohistochemistry analysis were significantly decreased compared with those in the Ctrl group.
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Figure 4. Effect of NIMIN on apoptosis in testicular tissues of diabetic mice (A,B) gRT-PCR analysis of Bcl-2 and Bax mRNA expressions in testis. (C)
Ratio analysis of Bcl-2/Bax expression. n=4. (D,E) Immunohistochemistry analysis of Bcl-2 and Bax expressions in testis. Scale bars in (a-c) are
100 um and in (d-i) are 50 um. (F,G) Bcl-2 and Bax positive cell count. The red arrows indicate the cells with positive signals. n=8. *P<0.05 and
**P<0.01.
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After NMN treatment, Vimentin protein expression was similar to
the Ctrl group, and the number of Vimentin-positive cells was in-
creased (Figure 5A,B). Furthermore, the expression levels of Sertoli
cell marker genes GATA4 and WT1 were down-regulated in the DM
group, as determined by gRT-PCR. Conversely, they were up-
regulated after NMN treatment (Figure 5C,D).

Effect of NMN on testicular glycolysis-related rate-
limiting enzymes expression in diabetic mice

To further investigate the mechanisms of NMN in alleviating sper-
matogenic cell apoptosis, we examined the expressions of glyco-
lysis-related rate-limiting enzymes by gRT-PCR, western blot
analysis, and immunohistochemistry. As shown in Figure 6, the
expression levels of HK2, PKM2, and LDHA mRNA in saline-treated
diabetic mice were significantly downregulated compared with
those in Ctrl mice (Figure 6A-C). NMN treatment significantly up-

A

Vimentin

(@)

regulated mRNA expressions of HK2, PKM2, and LDHA in the tes-
ticular tissues compared to those in saline-treated diabetic mice. In
addition, the diabetes-induced decreases in HK2, PKM2, and LDHA
protein levels in mice testis were confirmed by western blot analysis
(Figure 6D-G). Moreover, immunohistochemistry analysis results
proved that in the DM group, the protein expressions of HK2, PKM2,
and LDHA, as well as the number of positive cells were also de-
creased (Figure 6H-M). On the contrary, NMN treatment increased
the protein expressions of rate-limiting enzymes related to glyco-
lysis.

Discussion

DM has become one of the major public health problems of modern
societies, as the number of diabetic men during reproductive age
has rapidly increased in recent years [7]. Erectile dysfunction and
ejaculation difficulties occurred more frequently in diabetic men,
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Figure 5. Effect of NIVIN on the expressions of Sertoli cell markers in diabetic mice (A) Immunohistochemistry analysis of Vimentin expression in
testis. The red arrows indicate the cells with positive signals. n==8. Scale bars in (a-c) are 100 pm and in (d-i) are 50 pm. (B) Vimentin positive cell
count. (C,D) gRT-PCR analysis of GATA4 and WTT1 mRNA expressions in testis. n=4. *P<0.05 and **P<0.01.
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PKM2 and LDHA mRNA expressions in testis. n=4. (D-G) The protein levels of HK2, PKM2, and LDHA were determined by western blot analysis
and quantified by ImageJ software. n=4. (H-J) Immunohistochemistry analysis of HK2, PKM2 and LDHA expressions in testis. (K-M) HK2, PKM2
and LDHA positive cell count. The red arrows indicate the cells with a positive signal. Scale bars in (a-c) are 100 um and in (d-i) are 50 um. n=8.

*P<0.05 and **P<0.01.

ultimately resulting in sexual dysfunction [21,22]. STZ is an anti-
biotic that could selectively destroy the pancreatic p-cells and is
widely used experimentally to produce a DM animal model [23].
Many studies have shown that STZ-induced animals exhibit sper-
matogenic epithelial arrangement disorders in their testes, accom-
panied by reduced testis weight and the number of spermatogenic
cells and SCs [24-28]. In the present study, we used a single in-
traperitoneal STZ injection to establish a DM mice model. The re-
sults showed decreased sperm quality and testicular spermatogenic
dysfunction in the model mice, consistent with previous findings
[29,30]. Although numerous medications are available for the
treatment of diabetes, various side effects limit their use in clinical

practice for diabetic complications. For instance, metformin, a
common drug for diabetes, has side effects such as nausea, vomit-
ing, diarrhea, and other gastrointestinal reactions [31]. Therefore, it
is of great interest to find effective drugs with effective therapeutic
effects on diabetic spermatogenesis disorders. NMN is an NAD*
precursor which has attracted much attention because of its pow-
erful pharmacological effects. NMN has been shown to have ben-
eficial effects to delay aging [32]. However, the effect of NMN on
improving diabetic testicular spermatogenic disorder has rarely
been reported. In this study, we administered NMN to diabetic
mice. The results showed that NMN significantly improved testi-
cular histological injury and sperm parameters, laying a foundation
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for further exploring the mechanism.

Apoptosis is important for the proper development and main-
tenance of tissue homeostasis [33], and is recognized as a key event
in the pathogenic pathway of DM [34]. Approximately 25%-75% of
spermatogenic cells undergo apoptosis during normal spermato-
genesis, maintaining the normal reproductive function by regulat-
ing the apoptotic signal transduction pathway [35]. Moreover,
apoptosis causes depletion of spermatogenic cells in the semi-
niferous tubules, leading to hollow tubules, spermatogenesis in-
terruption, and infertility [36]. However, hyperglycemia stimulates
cell apoptosis and the higher expressions of pro-apoptotic genes
[37]. Bcl-2 and Bax are two members of the Bcl-2 family; Bcl-2
inhibits apoptosis, while Bax induces apoptosis [38,39]. The Bcl-2/
Bax ratio is a profound indicator of cell survival, reflecting the
regulation of apoptosis more clearly than detecting either Bcl-2 or
Bax separately [40]. Previous studies have demonstrated that
apoptosis in spermatogenic cells is increased in diabetic mice [2,41],
with increased Bax expression and decreased Bcl-2 expression and
Bcl-2/Bax ratio [42,43], resulting in abnormal spermatogenic
function. This study also confirmed that the apoptosis of sperma-
togenic cells in diabetic mice was increased, consistent with the
above literatures. In addition, NMN has been reported to suppress
oocyte apoptosis by restoring mitochondrial function [44]. Simi-
larly, our data suggest that NMN treatment reduces the spermato-
genic cell apoptosis of diabetic mice by significantly upregulating
Bcl-2 expression and Bcl-2/Bax ratio.

It is worth noting that SCs are the only somatic cells in the
seminiferous epithelium. SCs play a crucial role in the development
of testis and spermatogenesis, while their number is usually asso-
ciated with testis size [45]. In vitro experiments have shown that
hyperglycemia prevents SC maturation in cultured testicular tissue,
which decreases the number of SCs and the area of spermatogenic
tubules [46]. Moreover, hyperglycemia exerts a significant adverse
effect on SC viability and induces apoptosis in mice [47]. SCs are the
main components of the blood-testis barrier, the integrity of which
is damaged under high glucose conditions [4]. Vimentin is a SC
cytoskeletal protein, and its expression level is directly related to the
morphological integrity of seminiferous epithelium [48], as it also
affects cell apoptosis and DNA transcription [49]. Wang et al. [50]
reported that the disordered expression of Vimentin in SCs within
cryptorchidism could destroy the function of SCs and increase the
spermatogenic cells apoptosis. In addition, it has also been shown
that the expression level of Vimentin is down-regulated, which
destroys the structure and function of SCs in the testis of diabetic
rats [51]. This study verified that Vimentin expression was de-
creased in the DM mice testis, while NMN supplementation upre-
gulated its expression. As the common marker of the SCs, WT1 can
be activated at the early stages of mammalian fetal development
and is specifically expressed in the nuclei of SCs throughout all
phases of life, while GATA4 is regarded as a specific marker for
developing (fetal, postnatal) and adult SCs [S2]. Conditional dele-
tion of GATA4 in SCs of adult mice has been shown to increase the
permeability of the blood-testis barrier (BTB), impair lactate pro-
duction, and disrupt spermatogenesis [53]. Furthermore, WT1 in-
activation in adult SCs results in the loss of polarity in SCs and
abnormal tight junction assembly, causing spermatogenic cell death
[45]. Therefore, it is of great significance to evaluate the function of
SCs by detecting the expression levels of WT1 and GATA4. The
results of the present study demonstrated for the first time that the
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expression levels of WT1 and GATA4 were significantly decreased
in the DM mice testis, which was restored by NMN supplement. In
other words, NMN improves the morphology, structure, and func-
tion of SCs in DM mice by upregulating the expressions of Vimentin,
WT1, and GATAA4.

Moreover, SCs are often the target cells of external toxic sub-
stances which cause a direct toxic effect on spermatogenesis by
destroying the structure and function of SCs [48]. Furthermore,
testes are naturally oxygen-deprived organs. The lactate generated
via LDH under SC glycolysis is an important energy source, which
could meet the needs of energy and substances for the rapid growth
of proliferating spermatogenic cells [53,54]. Three key enzymes,
HK2, PKM2, and LDHA, are essential drivers in glycolysis, which
increase glucose uptake and lactate production and enhance cell
growth [55,56]. Previous studies have shown that diabetes stimu-
lates glycogen accumulation in testis, reduces the energy supply of
SCs to spermatocytes and spermatozoa, downregulates the ex-
pression level of LDH mRNA in SCs, which ultimately increases the
number of apoptotic spermatogenic cells [57,58]. In addition, the
lactate accumulation in testicular tissue is significantly decreased in
diabetic men, concomitant with the reduced expression of LDH
protein [59]. Our results showed decreased expressions of HK2,
PKM2, and LDHA in the testis of DM mice, including spermatogenic
cells and SCs, which are positively correlated with testicular sper-
matogenic disorder. Some pharmaceutical interventions used for
DM currently exhibit better effects for the testicular spermatogenic
disorder. Pioglitazone increases the lactate level and stimulates the
glycolytic flux in SCs of DM men, significantly improving sperma-
togenesis dysfunction and male fertility [60]. Moreover, the phar-
macological dose of metformin could improve the reproductive
potential of diabetic men by decreasing the expression levels of
GLUT1, GLUT3, MCT4, and PFK1 and increasing LDH activity,
which in turn inhibits apoptosis of spermatogenic cells [61]. In
addition, the expressions of GLUT2, GLUT3, PFK1, and the activity
of LDH in the testis of prediabetic rats and the improvement of the
sperm quality could be elevated by drinking white tea [62]. In the
present study, we showed that NMN supplementation could upre-
gulate the expression levels of HK2, PKM2, and LDHA in DM mice
testis, indicating that NMN may improve DM-induced spermato-
genic dysfunction via regulating the glycolysis pathway. However,
the potential mechanisms of NMN in regulating glycolysis pathway
need to be further investigated.

In summary, hyperglycemia could damage the structure and
function of SCs by inhibiting the glycolysis pathway, leading to
apoptosis of spermatogenic cells, and reducing sperm quality. Our
results demonstrated that NMN could reverse the changes in body
and testis weights, sperm parameters, and testicular histology in
STZ-induced diabetic mice. Furthermore, NMN also reduces sper-
matogenic cells apoptosis, upregulates the expressions of SC mar-
kers and glycolytic-related rate-limiting enzymes in testes.
Therefore, our findings suggest that NMN may positively affect
spermatogenic dysfunction by promoting the glycolysis pathway,
providing a potential target for DM treatment with NMN.
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