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Abstract

This study aimed to examine the protective effect of celastrol on testicular dysfunction in diabetic rats and the potential underlying
mechanisms. All rats included in the study were divided into four groups: a control group treated with sodium citrate buffer and vehi-
cle), a celastrol-treated control group, a streptozotocin (STZ)-induced diabetic group following insulin resistance, and a celastrol-
treated diabetic group. Serum glucose, triglyceride, total cholesterol, high-density lipoprotein cholesterol, interleukin (IL)-1b, tumor ne-
crosis factor-a, and testosterone levels were measured. In addition, the levels of testicular homogenate superoxide dismutase and
malondialdehyde were assessed. Furthermore, testicular tissue relative toll-like receptor 4 (TLR4), nuclear factor kappa B (NF-κB),
and myeloid differentiation factor 88 (MYD88) expressions were quantitatively measured using polymerase chain reaction.
Histopathological and immunohistochemical studies were also conducted. The results revealed that treatment with celastrol signifi-
cantly reduced TLR4, MyD88, and NF-κB expressions, and the levels of inflammatory mediators such as tumor necrosis factor-a and
IL-1b in the testicular tissue of treated rats. These findings suggest that celastrol has the potential to be effective in the treatment of
diabetes-induced testicular injury by inhibiting testicular inflammation, apoptosis, and oxidative stress.

NEW & NOTEWORTHY Celastrol inhibits the production of proinflammatory cytokines in the testicular tissue by specifically tar-
geting the TLR4/MyD88/NF-κB signaling cascade pathways. This indicates that celastrol may serve as a promising new therapeu-
tic target for treating diabetic reproductive dysfunction.

celastrol; diabetic testicular dysfunction; TLR4/MYD88/NF-κB signaling pathway

INTRODUCTION

Diabetesmellitus (DM) is a prevalent and severe metabolic
disease caused by impaired insulin function. It is associated
with severe functional and structural issues, such as diabetic
retinopathy, neuropathy, male impotence, and cardiovascu-
lar disease (1). DM has been found to induce fertility compli-
cations, including male reproductive organ dysfunction and
infertility, due to its adverse effects on various organs, par-
ticularly the testis. It significantly reduces the diameter of

seminiferous tubules, increases the number of testicular
blood vessels, and alters the distribution of tubular stages (2).

Streptozotocin (STZ) is a glucosamine-nitrosourea com-
pound derived from Streptomyces achromogenes that can
induce DM. Pharmacologically, it is used as a chemothera-
peutic agent for the treatment of pancreatic cell cancer,
resulting in hypoinsulinemia and hyperglycemia. STZ exerts
cytotoxic effects on pancreatic cells and harms various ani-
mal species, including rats, mice, and monkeys. However, it
is most commonly used to induce DM in rats andmice (3).
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Diabetes can be caused by STZ in two different ways,
depending on the dosage. It preferentially accumulates in
cells by passing through the glucose transporter receptor,
which is primarily expressed in b cells. STZ can bind to this
receptor due to its structural similarity to glucose (4). STZ,
which contains alkylating deadly nitrosourea molecules,
selectively targets b cells when administered in a single high
dose. Nevertheless, STZ induces an immunological and
inflammatory response in diabetic rats and results in testicu-
lar dysfunction when administered in low, multiple doses.
In addition, STZ has been associated with insulin resistance,
which is widely known to induce adverse effects such as hep-
atotoxicity and nephrotoxicity (5).

To identify molecular patterns associated with patho-
gens produced by a variety of microorganisms, the innate
immune system depends on the Toll-like receptor (TLR)
family. In humans, the TLR family consists of 10 mem-
bers (TLR1–10), whereas in mice, it comprises 12 members
(TLR1–9 and TLR11–13) (6). Different TLRs attract adaptor
molecules containing Toll-interleukin-1 receptor (TIR)
domains, such as myeloid differentiation factor 88 (MyD88),
TRIF, TIRAP/MAL, or TRAM. All TLRs use MyD88, which
activates nuclear factor kappa B (NF-κB) and mitogen-acti-
vated protein kinases, inducing inflammatory cytokine gene
expression. TIRAP functions as a sorting adapter that recruits
MyD88 to cell surface Toll-like receptors (TLRs) like TLR2
and TLR4 (7).

In experimental models of diabetic liver injury, TLR4 has
been identified as a receptor linked to whole body, low-grade
chronic inflammatory diseases, and promotes macrophage
infiltration. This mechanism is attributed to the transcrip-
tion factor NF-κB, which is known for its involvement in the
rapid synthesis of several cytokines associated with the
immune and inflammatory systems (8). The TLR4 signaling
pathway can activate NF-κB and induce the expression of
proinflammatory genes (9).

Celastrol (C29H38O4) is a pentacyclic-triterpene extract
derived from the roots of the traditional Chinese medicine
plant Tripterygium wilfordii Hook F (TwHF, thunder god
vine) (10). Recent advancements in research and signaling
pathways have shown that celastrol effectively inhibits
inflammation, insulin resistance, and other cardiometabolic
problems by modulating various cellular responses (11, 12).
In addition, it has been extensively utilized in the treatment
of various disorders and diseases, including autoimmune
diseases, cancer, and neurological diseases. Furthermore,
celastrol has previously demonstrated efficacy in ameliorat-
ing cardiovascular disease caused by high fat intake and dia-
betic nephropathy (13). However, there is currently a scarcity
of data regarding the protective effect of celastrol on testicu-
lar dysfunction associated with DM. Therefore, we con-
ducted this study using a rat model to assess the protective
effect of celastrol on testicular dysfunction associated with
STZ-induced DM via different signaling pathways.

MATERIALS AND METHODS

Chemicals and Drugs

A purified celastrol solution was obtained from Sigma
Chemical Co. (St. Louis, MO) and stored at �20�C. Before

use, celastrol was dissolved in 10% dimethyl sulfoxide
(DMSO), with a vehicle (distilled water containing 10%
DMSO) serving as a control.

Experimental Animals and Study Design

This study was conducted on 40 healthy male local strain
Wister rats aged 4 wk and weighing �150–200 g, following
the guidelines of our institution. The study was approved by
the Research Ethics Committee of the Faculty of Medicine
at Tanta University (Approval code number 35562/6/22).
This study was conducted in accordance with the 1964
Declaration of Helsinki and its later amendments, as well as
related ethical principles. All rats were obtained from a local
vendor and placed in wire mesh cages on a 12-h light-dark
cycle with free access to food and water for 1 wk before the
experiment. Rats were then randomly divided into four
equal groups (10 rats each) (Fig. 1):
1) Control group (group I): all rats in this group received a

single intravenous injection of sodium citrate buffer
and a vehicle of distilled water containing 10% DMSO
for 8 wk.

2) Celastrol-treated group (group II): rats were raised in the
samemanner as the control group and received celastrol
once daily at a dose of 500 lg/kg by oral gavage for 8 wk.

3) Diabetic group (group III): To establish a rat model of
type 2 DM (T2DM), rats were fed a high-fat diet consist-
ing of 10% sucrose, 10% lard, 1% cholesterol, and 0.3%
sodium cholate. Following 8 wk of feeding, fasting se-
rum glucose, and insulin levels (FINS, measured by radio-
immunoassay), as well as triglyceride and total cholesterol
levels, were assessed. The homeostatic model assessment
for insulin resistance (HOMA-IR) and b-cell function
(HOMA-B) were calculated as follows: (HOMA-IR ¼ fasting
serum glucose� FINS/22.5; HOMA-B¼ 20� FINS/(fasting
serum glucose� 3.5) (14). A single intravenous dose of STZ
(15 mg/kg, pH 4.32) was administered upon the induction
of insulin resistance (2, 15). Tail blood glucosewas assessed,
and levels >16.7 mmol/L indicated successful induction of
themodel.

4) Celastrol-treated diabetic group (group IV): rats were
raised in the same manner as in the diabetic group.
After confirmation of successful induction of T2DM
in the eighth week, rats received celastrol once daily
at a dose of 500 lg/kg by oral gavage for an additional
8 wk (16).

Blood and Tissue Sampling

At the end of the experiment, after 8 wk for groups I, II,
and III or after 16 wk for group IV, all animals were fasted
overnight before anesthesia to collect blood samples by
cardiac puncture. Blood was rapidly collected in a dry,
well-sterile centrifugation tube and allowed to clot for
30 min at room temperature. Subsequently, the tube was
centrifuged for 20 min (1,000 g at 4�C). Sera were collected
and stored at �80�C for biochemical and immunochemical
assays.

By the end of the experiment, all rats were euthanized
after being anesthetized with an intraperitoneal dose of
pentobarbital (50 mg/kg). Following a medial incision in
the scrotum, the left and right testicles were exposed
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within the tunica vaginalis to prepare the testicular pairs.
The testicles were quickly dissected, weighed, and then
rinsed with saline (0.9% wt/vol) in their respective loca-
tions. Subsequently, they were left to dry by blotting with
filter paper. The right testicles were frozen at �80�C for
molecular analysis and tissue homogenate preparation.
For histological and immunohistochemical analysis, the
left testicles were fixed in a 10% neutral-buffered formalin
solution (17).

The testicle tissue samples were defrosted, weighed, and
then homogenized using a Potter–Elvehjem tissue homoge-
nizer in 5 mL of cold phosphate-buffered saline (PBS;
50 mM; pH 7.4). The ratio of buffer to the tissue was 10:1
(mL/g). The suspension was then centrifuged at 5,000 g for
20 min at 4�C. Afterward, the supernatant was separated
into aliquots and stored at �80�C for further analysis.
Testicular tissue homogenates were assessed for total protein
content using the technique by Lowry et al. (18).

Biochemical Assays

The serumconcentrationsof glucose, total cholesterol (TC),
triglyceride (TG), and high-density lipoprotein cholesterol

(HDL-C), as well as testicular homogenate superoxide dismu-
tase (SOD) and malondialdehyde (MDA), were determined
using commercially available kits (Cat. Nos. GL 13 20, CH 12
20, TR 20 30, CH 12 30, SD 25 21, and MD 25 29, respectively;
Bio-diagnostic, Giza, Egypt). The concentrations of low-den-
sity lipoprotein cholesterol (LDL-C) were calculated as fol-
lows: LDL-C¼TC� (TG/5)�HDL (19).

Enzyme-Linked Immunosorbent Assay

The serum levels of interleukin 1b (IL-1b), tumor necrosis fac-
tor-a (TNF-a), reactive oxygen species (ROS), and testosterone
were measured using commercially available ELISA kits (Cat.
Nos. MBS702717, MBS282960, MBS039665, and MBS282195,
respectively; MyBioSource, Inc., Southern California, SanDiego,
CA), following themanufacturer’s instructions. Themicroplates
were read using a microplate reader (Stat Fax 2100, Fisher
Bioblock Scientific, France) at a wavelength of 450 nm with a
correction at 570 nm.

The intra-assay precision coefficient variation (CV%) for
interleukin 1b (IL-1b), tumor necrosis factor-a (TNF-a), and
testosterone was <8, <8, and <15%, respectively. Inter-assay
precision coefficient variation (CV%) for interleukin 1b (IL-
1b), tumor necrosis factor-a (TNF-a), and testosterone was
<10,<12, and<15%, respectively.

The serum levels of toll-like receptor 4 (TLR4), nuclear fac-
tor kappa B (NF-κB), and myeloid differentiation factor 88
(MYD88) were measured using commercially available ELISA
kits (Cat. Nos. MBS452190, MBS287521, and MBS455709,
MyBioSource, Inc., Southern California, San Diego, CA), fol-
lowing themanufacturer’s instructions.

The intra-assay precision coefficient variation (CV%) for
TLR4, NF-κB, and MYD88 was <10, <8, and <10%, respec-
tively. The intra-assay precision coefficient variation (CV%)

Table 1. Primer sequences for real-time polymerase
chain reaction

Gene Primer Sequence

TLR4 Forward 5 0-ATGAGGACTGGGTGAGAAAC-3 0
Reverse 5 0-CACCACCACAATAACTTTCC-3 0

NFKB Forward 5 0-AAAAACGCATCCCAAGGTGC-3 0
Reverse 5 0-AAGCTCAAGCCACCATACCC-3 0

MYD88 Forward 5 0-TGGTGGTTGTTTCTGACGAT-3 0
Reverse 5 0-CGCAGATAGTGATGAACCGT-3 0

GAPDH Forward 5 0-GCAAGTTCAACGGCACAG-3 0
Reverse 5 0-GCCAGTAGACTCCACGACAT-3 0

Figure 1. Summary of the timepoints of the study. HOMA-b, homeostatic model assessment for b-cell function; HOMA-IR, homeostatic model assess-
ment for insulin resistance; STZ, streptozotocin; TC, total cholesterol; TG, triglyceride.
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for TLR4, NF-κB, and MYD88 was <12, <12, and <12%,
respectively.

Quantitative Real-Time Reverse Transcription PCR
Assays

Total RNA was isolated after frozen testicular homogenate
using the RNeasy Total RNA isolation Kit (Qiagen, Hiden,
Germany) according to the manufacturer’s instructions.
cDNA was then synthesized using the SuperScript III First-

Strand Synthesis System for the quantitative real-time
reverse transcription PCR (rt-PCR) kit (Life Technologies Co.,
Carlsbad, CA) following themanufacturer’s instructions. The
PCR was performed using the PCR Master Mix Power SYBR
Green (Life Technologies Co., Carlsbad, CA), following the
manufacturer’s guidelines. Internal control was established
using the housekeeping gene GAPDH to normalize the
mRNA transcripts of TLR4, NF-κB, and MYD88. Sequence-
specific primers were designed as displayed in Table 1. The

Figure 2. Indices of glucose and b-cell function following a
high-fat diet for 8 wk. There are 10 rats in each of the control
and diabetic groups. The data are presented as means ± SD
of (A) fasting blood glucose (FBG), (B) triglyceride (TG), (C)
total cholesterol (TC), (D) fasting insulin (FINS), and insulin
resistance. (F) HOMA-b, homeostatic model assessment for
b-cell function; (E) HOMA-IR, homeostatic model assess-
ment for insulin resistance; ���Significant change (P< 001).;
ns, not significant.

Table 2. Rat physical and biochemical parameters examined in this research

Group I

(n 5 10)

Group II

(n 5 10)

Group III

(n 5 10)

Group IV

(n 5 10)

Body weight, g 453.9 ± 7.62c,d 452.7 ± 7.02c,d 285.2 ± 7.05a,b,d 339 ± 8.72a,b,c

Glucose, mmol/L 6.04 ±0.13c,d 5.95 ±0.2c,d 28.25 ± 1.5a,b,d 22.5 ± 1.18a,b,c

TG, mmol/L 1.62 ±0.15c,d 1.55 ±0.14c,d 4.25 ±0.14a,b,d 3.13 ± 0.19a,b,c

TC, mmol/L 2.23 ±0.13c,d 2.1 ± 0.11c,d 6.44 ±0.25a,b,d 5.32 ±0.17a,b,c

HDL-C, mmol/L 0.58 ±0.06 0.55 ±0.18 0.49 ±0.074 0.53 ±0.067
LDL-C, mmol/L 1.33 ± 0.16c,d 1.24 ± 0.16c,d 5.1 ± 0.26a,b,d 4.16 ± 0.17a,b,c

SOD, U/mg protein 7.38 ±0.15c,d 7.44 ± 0.12c,d 3.27 ± 0.13a,b,d 6.49 ±0.07a,b,c

MDA, mmol/g tissue 8.15 ± 0.17c,d 8.14 ± 0.18c,d 14.03 ±0.22a,b,d 10.06 ±0.18a,b,c

ROS, U/mL 62.5 ± 4.93c,d 63.6 ± 6.35c,d 355 ±20.75a,b,d 233.7 ± 9.81a,b,c

Testosterone, ng/mL 7.49 ±0.38c,d 7.5 ± 0.32c,d 3.7 ± 0.23a,b,d 6.74 ± 0.88a,b,c

TNF-a, ng/mL 52.69 ±0.38c,d 52.61 ± 0.46c,d 86.18 ± 3.01a,b,d 64.94 ± 14.11a,b,c

IL-1b, ng/mL 23.74 ±0.69c,d 23.67 ± 0.2c,d 53.3 ± 0.79a,b,d 34.29 ±0.87a,b,c

There are 10 rats in each group. The data are presented as means ± SD and were compared using a one-way analysis of variance with
Tukey’s post hoc test. �P < 0.05 indicates a significant difference between the groups. HDL-C, high-density lipoprotein cholesterol; IL-1b,
interleukin-1b; LDL-C, low-density lipoprotein cholesterol; MDA, malondialdehyde; ROS, reactive oxygen species; SOD, superoxide
dismutase; TC, total cholesterol; TG, triglyceride; TNF-a, tumor necrosis factor-alpha. The degree of freedom is 3 between groups and
36 within groups (total ¼ 39). aSignificance from group I. bSignificance from group II. cSignificance from group III. dSignificance from
group IV.
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relative gene expression was determined by the 2�DDCT for-
mula (20).

Histopathological and Immunohistochemical Assays

Left testicles were processed into paraffin blocks and cut
into 5-μm-thick tissue sections. The sections were stained
with hematoxylin and eosin (H&E) stain (21). Before immu-
nohistochemical staining, testicular sections that were em-
bedded in 5-mm-thick paraffin were dewaxed and then
rehydrated in a descending series of alcohols. The sections
were incubated in 3% hydrogen peroxide for 30 min to in-
hibit endogenous peroxidase activity. Antigen retrieval
was performed in a microwave oven for 10 min. To reduce
nonspecific binding, the sections were rinsed with PBS.
The sections were blocked with 5% bovine serum at room
temperature. They were subsequently treated with spe-
cific primary antibodies: anti-caspase-3 (1:100; Cat. No.
ab2302; Abcam, Cambridge, UK), mouse monoclonal
anti-CD68 antibody (1:100 in PBS; Cat. No. ab283654;
Abcam, UK) and anti-cleaved caspase-3 antibody (1:20;
Cat. No. AB3623, Merck Millipore, Billerica, MA). The sec-
tions were then counterstained with hematoxylin after

being rinsed twice. The immunohistochemical reactivity
was revealed at a concentration of 0.06% of 3.3 0-diamino-
benzidine (DAB) (Dako). The sections were then dehy-
drated in a series of xylene and ethanol for 2 min at 70,
90, and 100%. The sections were subsequently examined
using an Olympus BX 50 Automated light microscope,
and photographs were captured with an Olympus digital
video camera (22, 23).

Morphometric Study

Ten nonoverlapping random fields were selected from tes-
ticular slices and submitted for morphometric analysis using
ImageJ software from Media Cybernetics (magnification:
�400). The thickness of seminiferous tubular germinal epi-
thelium, the ratio of germinal epithelium (GE) thickness to
seminiferous tubules (ST) diameter, optical color density of
anti-caspase-3 immunoexpression, and the mean area per-
centage of anti-CD68 immunoexpression weremeasured.

Statistical Analysis

The results were presented as means ± SD and compared
using a one-way analysis of variance (ANOVA) with Tukey’s

Figure 3. Comparison among the studied
groups in terms of: the relative gene
expression of toll-like receptor 4 (TLR4),
myeloid differentiation factor 88 (MYD88),
and nuclear factor kappa B (NF-κB; A),
comparison among the studied groups
shows the change in the protein level of
TLR4, MYD88, and NF-κB (B). There are 10
rats in each group. The data are presented
as means ± SD and were compared using
a one-way analysis of variance with Tukey’s
post hoc test. Significance of change: �P <
0.05, ���P< 0.001.
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post hoc test. The level of statistical analysis was set at a P
value of <0.05. Data analysis was performed using the
Statistical Package for the Social Sciences (SPSS) software
Version 23.0 (IMB, New York), and graphs were generated
using GraphPad Prism software Version 9.3.1 (Boston, MA).

RESULTS

Parameters following an 8 wk of High-Fat Diet

The TC and TG levels, as well as the HOMA-IR and
HOMA-B indices, were significantly higher in rats fed on a
high-fat diet than in the normal control group. However,
there were no changes in serum glucose levels. These find-
ings indicate that insulin resistance was induced after 8 wk
of following a high-fat diet (Fig. 2).

Potential Impact of Celastrol on Physical and Biochemical
Parameters Measured at the End of the Experiment

Table 2 summarizes the physical and biochemical charac-
teristics of different rat groups. With regard to all parameters
examined in this experiment, there were no statistically sig-
nificant differences between the normal control and celas-
trol-treated control groups.

In comparisonwith the normal control group, diabetic rats
exhibited significantly decreased body weights. In addition,
their levels of serum glucose, TG, TC, LDL-C, MDA, TNF-a,
and IL-1b were significantly higher compared with the other
studied groups. However, the levels of SOD and testosterone
were significantly lower in the diabetic rat group compared
with the other studied groups (P < 0.001). There were no sig-
nificant differences inHDL-C levels among all studied groups
(P<0.05).

Celastrol-treated diabetic rats demonstrated a significant
reduction in serum glucose levels compared with the dia-
betic rat group. In addition, celastrol-treated diabetic rats

showed improvements in SOD levels and lipid profile, as
well as MDA, TNF-a, and IL-1b levels, compared with the dia-
betic rat group (P< 0.001).

The Potential Impact of Celastrol on mRNA Gene
Expression of TLR4,MYD88, and NF-jB and Their
Protein Level Measured at the End of the Experiment

There was no significant difference in the relative testicular
mRNA expression and protein level of TLR4, MYD88, and NF-
κB between the normal control and celastrol-treated control
groups. There was a statistically significant increase in the rela-
tive testicular mRNA expression and protein level of TLR4,
MYD88, andNF-κB in the diabetic rat group compared with the
other studied groups (P < 0.001). Nevertheless, the celastrol-
treated diabetic rats showed a significant decrease in the relative
testicular mRNA expression and protein level of TLR4,MYD88,
andNF-κB comparedwith the diabetic rat group (Fig. 3).

The Potential Impact of Celastrol on Histological,
Immunohistochemical, and Morphometric Findings
Measured at the End of the Experiment

The H&E sections revealed that the seminiferous tubules
in both the normal control and celastrol-treated control
group displayed a normal structure with mature sperms and
layers of germ cells with full thickness. The interstitial tissue
also had a normal structure with normal interstitial cells and
associated blood vessels. In the diabetic group, there was
hyperplasia of Leydig cells in the interstitial tissue and con-
gested blood vessels. Furthermore, the seminiferous tubules
experienced substantial degeneration and loss of germ cell
layers, resulting in the detachment of the germinal epithe-
lium from their basement membranes. However, in the
celastrol-treated diabetic group, the testicular parenchyma
and interstitial tissue showed restoration of normal structure
with a few tubules with degenerated cells and mild intersti-
tial edema (Fig. 4).

Figure 4. Hematoxylin and eosin (H&E) sections of the rat testis. The normal control and celastrol-treated control groups I and II, show normal seminifer-
ous tubules with mature sperms [seminiferous tubules (ST)] and germ cell layers with full-thickness (thick line) and normal structure of interstitial tissue
(star). The diabetic group III shows loss of germ cell layers with degeneration (arrow), detached germinal epithelium from their basement membranes
(head arrow), and hyperplasia of Leydig cells in the interstitial tissue with congested blood vessels (star). The normal structure of the ST with few
degenerated cells and mild interstitial edema (star) is seen in celastrol-treated diabetic group IV (first row: H&E �200; scale bar: 100 μm; second
row: H&E �400; scale bar: 50 μm).
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The thickness of the germinal epithelium in the seminifer-
ous tubules and the ratio of GE thickness to ST diameter were
significantly decreased in the diabetic group (30.96±2.58;
9.55±0.73, respectively) than in the normal control group
(70.82±5.06; 25.37±0.98, respectively; P < 0.05). However,
they were significantly increased in the celastrol-treated dia-
betic group (49.48± 1.69; 20.68±0.68, respectively) than in
the diabetic group (30.96±2.58; 9.55±0.73, respectively; P <
0.05; Fig. 5).

The normal control and celastrol-treated control group
exhibited a faint cytoplasmic reaction in the caspase-3 im-
munostained sections. In the diabetic group, there was an
increase in caspase-3 expression. Nevertheless, in the celas-
trol-treated diabetic group, there was a mild-to-moderate
cytoplasmic reaction observed (Fig. 6). Furthermore, the
caspase-3 optical density was found to be significantly
increased in the diabetic group (0.775 ±0.047) compared
with the normal control group (0.509±0.03; P < 0.05).

However, the caspase-3 optical density markedly decreased
in the celastrol-treated diabetic group (0.625 ±0.042) com-
pared with the diabetic group (0.775 ±0.047; P < 0.05;
Fig. 5).

The immunohistochemical analysis of CD68 in the normal
control and celastrol-treated control group showed a positive
reaction in the cytoplasm of macrophages present in the
interstitium between seminiferous tubules. In the diabetic
group, there was a strong positive reaction in CD68 immuno-
reactivity sections. However, in the celastrol-treated diabetic
group, there was minimal positive cytoplasmic reactivity
observed (Fig. 7). The mean area percentage of CD68 immu-
noreaction was significantly higher in the diabetic group
(59.04± 1.76) than in the normal control group (20.05±0.797;
P < 0.05). The CD68 mean area percentage in the celastrol-
treated diabetic group (41.35± 1.69) significantly decreased
compared with the diabetic group (59.04± 1.76; P < 0.05;
Fig. 5).

Figure 5. Morphometric parameters for rats evaluated in
this study, including the thickness of the seminiferous tubu-
lar germinal epithelium (A), the ratio of germinal epithelium
(GE) thickness to seminiferous tubules (ST) diameter (B), the
optical color density of the anti-caspase-3 immunoexpres-
sion (C), and the mean area percentage of the anti-CD68
immunoexpression (D). There are 10 rats in each group. The
data are presented as means ± SD and were compared
using a one-way analysis of variance with Tukey’s post hoc
test. ���Significance of the change (P< 0.001).
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The germ cells in both the normal control and celastrol-
treated control groups exhibited faint staining of cleaved
caspase-3. The diabetic group showed strong immunoreac-
tivity of cleaved caspase-3. The celastrol-treated diabetic
group showed a mild immunoreactivity of cleaved caspase-3
(Fig. 8).

DISCUSSION

Diabetes can have detrimental effects on numerous
organs and tissues, leading to a variety of complications in
the skin, blood vessels, neurological system, liver, and kid-
neys (24). Specifically, chronic hyperglycemia disrupts the
normal functioning of the reproductive system and affects

sexual behavior and male reproductive processes, resulting
in decreased fertility. Diabetic testicular damage can be ei-
ther temporary or permanent, depending on the severity
and duration of the condition (25).

In the present study, we observed the development of in-
sulin resistance following an 8-wk period of high-fat feeding,
as evidenced by an increase in serum insulin, TC, and TG
levels, as well as HOMA-IR and HOMA-B indices in the high-
fat diet group compared with normal the control group.
However, there were no changes in serum glucose levels
between the two groups. This finding can be elucidated by
the presence of hyperinsulinemia, which is similar to the
prediabetic state in humans. This process helps maintain
normal glucose homeostasis as a compensatory mechanism
for impaired insulin sensitivity (11).

Numerous investigations have revealed that oxidative
stress, inflammation, and apoptosis are the primary triggers of
male diabetic testicular injury (26). Natural anti-inflammatory
solutions are reliable alternatives to traditional approaches to
controlling inflammatory illnesses. Celastrol is a plant-based
anti-inflammatory substance that has been used in traditional
medicine for centuries. Although celastrol has been examined,
its potential to reduce inflammation and ameliorate testicular
damage induced by diabetes remains unclear. In this study,
we investigated the effect of celastrol on the inflammatory
response in a diabetic rat model. Previous studies have
reported that diabetes decreases body weight in rats (16, 27,
28). Similarly, our results showed that body weight was lower
in the diabetic group than in the normal control and celastrol-
treated control groups. As previously reported (28), celastrol
treatment significantly improved body weight in the celastrol-
treated diabetic group compared with the untreated diabetic
group.

Our results indicated that diabetic rats exhibited altered
lipid profiles, elevated glucose levels, and insulin resistance
compared with the normal control and celastrol-treated con-
trol groups. However, celastrol treatment improved all of
these parameters in the celastrol-treated diabetic group

Figure 6. Immunohistochemical analysis of caspase-3 expression. In the
normal control and celastrol-treated control groups I and II, caspase-3 im-
munostained sections reveal a faint cytoplasmic reaction. The diabetic
group III shows an increase in caspase-3 immunoreactivity sections. The
celastrol-treated diabetic group IV shows a mild cytoplasmic reaction (cas-
pase-3�400; scale bar: 50 μm).

Figure 7. Immunohistochemical analysis of CD68 expression. In the normal control and celastrol-treated control groups I and II, CD68 immunostained
sections reveal a positive reaction in the cytoplasm of macrophages present in the interstitium in between seminiferous tubules (head arrow). The dia-
betic group III shows a strong positive reaction in CD68 immunoreactivity sections. The celastrol-treated diabetic group IV shows a mild positive cyto-
plasmic reaction (first row: CD68�200; scale bar: 100 μm; second row: CD68�400; scale bar: 50 μm).

CELASTROL CORRECTS REPRODUCTIVE DEFECT VIA TLR4/MYD88/NF-κB

Physiol Genomics � doi:10.1152/physiolgenomics.00072.2024 � www.physiolgenomics.org 167

Downloaded from journals.physiology.org/journal/physiolgenomics (194.165.151.066) on September 6, 2026.

http://www.physiolgenomics.org


compared with the untreated diabetic group. This beneficial
effect has been observed in cases of inflammation and insu-
lin resistance caused by a high-fructose diet in rat adipose
tissue (29).

Hyperglycemia-induced oxidative stress can be attributed
to various hypothetical factors, such as glucose auto-oxida-
tion, nonenzymatic glycation, the interaction between gly-
cated products and their receptors, excessive generation of
reactive oxygen species (ROS) by mitochondria, and the acti-
vation of the polyol pathway (30). Furthermore, hyperglyce-
mia has been found to activate specific metabolic pathways,
including NADPH-oxidase, protein kinase C, and diacylglyc-
erol, resulting in ROS generation. This pathway has previ-
ously been referred to as the “risky metabolic pathway in
diabetes” (31).

Male infertility is significantly influenced by hyperglyce-
mia, which is linked to reproductive issues, particularly testic-
ular failure. Leydig cells, the main cell type in the testis
interstitium, play a crucial role in the regulation of testis ho-
meostasis and can trigger an immune response upon stimula-
tion. It is well established that hyperglycemia can modulate
the activity of the innate immune receptor TLR4 in different
cell populations and tissues. The activation of TLR4 in testic-
ular cells, particularly Leydig cells, by hyperglycemia can lead
to the development of oxidative stress and inflammation,
both of which contribute to testicular dysfunction (32).

Sertoli cells, which express various TLRs, including
TLR4, the lipopolysaccharide receptor, are also involved
in testicular inflammation. Activation of these TLRs by
legends triggers inflammatory signaling pathways in
Sertoli cells. This results in the activation of NF-κB and
mitogen-activated protein kinases, which are inflamma-
tory transcription factors (33).

The TLR4 pathway is a potential candidate for trigger-
ing a proinflammatory response. It can be activated by li-
popolysaccharides and harmful metabolic products, leading

to the activation of downstream molecules such as MyD88.
This promotes the nuclear translocation of the transcription
factor NF-κB and the production of cytokines and chemo-
kines associated with inflammation, including IL-1 and TNF-
a (34). In addition, proinflammatory chemokines can
enhance NF-κB activation, acting as a positive feedback reg-
ulator and amplifying the inflammatory response (35).

Inflammation can induce cell damage, which in turn exac-
erbates oxidative stress. Oxidative stress can also stimulate
inflammation. Phagocytic cells activate NOX, which releases
ROS, to eliminate pathogens during an inflammatory
response. In addition, ROS can attract certain immune cells,
such as neutrophils and monocytes, thereby impacting the
progression of inflammatory responses (36, 37).

The generation of damage-associated molecular pattern
molecules (DAMPs) under oxidative stress has been demon-
strated to activate the TLR family of receptors. The release of
DAMPs during ischemia insults can promote inflammation,
potentially through TLR activation. In contrast, TLR4 activa-
tion can also lead to the release of DAMPs, creating a para-
crine loop that amplifies inflammation and causes damage
to the affected organ. Evidence indicates that activation of
TLR4 can trigger ROS signaling by directly interacting with
NADPH oxidase (38).

Studies on the acute kidney injury model have demon-
strated that oxidative stress can lead to apoptosis. For
instance, in the presence of oxidative stress, direct mito-
chondrial activation by ROS can increase the Bax/Bcl-2 ratio,
which in turn increases the permeability of the mitochon-
drial membrane. This can trigger apoptosis through caspase-
dependent or independent mechanisms (39).

Inhibition of the TLR4 signaling pathway has been shown
to significantly reduce the expression of cleaved caspase-3,
Bcl-2, Bax, and other apoptosis-related proteins in the rat
brain (40). Therefore, targeting the TLR4 pathway may offer
a potential intervention strategy for managing diabetic tes-
ticular dysfunction.

Our findings revealed that the expression of TLR4,
MyD88, and NF-κBp65 genes was consistently increased in
the testes of diabetic rats. However, the administration of
celastrol led to a reduction in the expression of these genes,
suggesting the possible anti-inflammatory activity of celas-
trol. This effect may be attributed to a signal transduction
pathway that relies on the TLR4/MyD88 genes. Consistent
with this hypothesis, the levels of proinflammatory cyto-
kines IL-1b and TNF-a were significantly increased in the
untreated diabetic group compared with the normal control
and celastrol-treated control groups. However, treatment
with celastrol in diabetic rats reduced the levels of these
cytokines. The previous literature has documented the anti-
inflammatory effect of celastrol (41–44).

In DM, increased lipid peroxidation causes an increase in
MDA synthesis in the testicles, while depletion of antioxi-
dants, such as SOD activity, leads to oxidative damage (45).
Consistent with these findings, our study revealed that SOD
levels were lower in the untreated diabetic group than in the
normal control and celastrol-treated control group, whereas
MDA levels were higher. However, treatment with celastrol
in diabetic rats increased SOD levels and decreasedMDA lev-
els. The previous literature has documented the antioxidant
activity of celastrol (42, 46, 47).

Figure 8. Immunohistochemical analysis of cleaved caspase-3 expression.
In the normal control and celastrol-treated control groups I and II, immuno-
stained sections reveal faint staining. The diabetic group III shows strong
immunoreactivity of cleaved caspase-3. The celastrol-treated diabetic
group IV shows a mild immunoreactivity of cleaved caspase-3 (cleaved
caspase-3�400; scale bar: 50 μm).
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Significant reductions in testicular and plasma testoster-
one levels were observed in STZ-induced diabetic rats as
compared with the normal controls (48). The reduction of
testosterone in testis might play a role in diabetic impotence
(49). The present study revealed a comparable effect of dia-
betes on serum testosterone levels, whereby the untreated
diabetic group exhibited a decline in comparison with both
the normal control and celastrol-treated control groups.
Administration of celastrol resulted in an increase in serum
testosterone levels in the celastrol-treated diabetic group
compared with the untreated one.

In our study, celastrol demonstrated a substantial ability
to decrease the immune response to testicular inflammation.
As the deterioration of diabetic testicular function advanced,
the TLR4/MyD88/NF-κB pathway triggered the inflamma-
tory pathways, leading to the chemotactic motion and aggre-
gation of macrophages and other killer cells.

In this study, histological analysis of the testis (seminif-
erous tubules) in rats revealed significant degenerative
changes associated with diabetes. These changes involved
the detachment of germinal epithelium from their base-
ment membranes and hyperplasia of Leydig cells in the in-
terstitial tissue. Comparable findings have been reported
by Al-Khamas (50), who described vacuolation in the semi-
niferous tubules and degeneration of interstitial Leydig
cells in rats induced with alloxan-induced diabetes. In
addition, Faddladdeen (51) observed significant vacuolar
and degenerative alterations in the seminiferous tubules
of rats-induced STZ-induced diabetes. Furthermore, there
was a marked decrease in the mean thickness of the germ
cell layers compared with controls. The administration of
celastrol preserved and restored the natural seminiferous
tubule structure in diabetic rats, protecting the full thick-
ness of the germ cell layers.

Caspase-3 immunostaining was utilized to demonstrate
apoptosis in spermatogenic cells, as shown on H&E-stained
slides. Upregulation of caspase-3 expression was observed in
the seminiferous tubules of diabetic rats. However, in groups
receiving celastrol, caspase-3 expression was almost com-
pletely restored to normal levels. According to Harakeh et al.
(52), diabetic sections (high-fat diet þ STZ) exhibited higher
levels of caspase-3 immunoexpression in the damaged tubu-
lar nuclei compared with the control section. These findings
demonstrate a correlation between diabetes caused by a
high-fat diet þ STZ and caspase-3-mediated apoptosis in the
rat’s testis. In a study examining the neuroprotective effects
of celastrol in parkinsonism, Zhang et al. (53) found that
celastrol-induced Nrf2 and decreased NLRP3 and caspase-1.
This finding is relevant to the observed improvement in cas-
pase-3 expression in the celastrol-treated group in the cur-
rent study. In this study, CD68 immunostaining was used as
a macrophage marker. The CD68 immunoreactivity sections
of the untreated diabetic group exhibited a strong positive
reaction. However, the celastrol-treated groups restored this
expression to nearly normal levels. Triptolide and celastrol
are effective diabetes medications that can lower blood
sugar, enhancemitochondrial activity, improve kidney func-
tion, reduce inflammation, and delay renal damage (54).
Recent studies have demonstrated that celastrol signifi-
cantly reduces synovial hyperplasia, inflammatory cell infil-
tration, joint edema, arthritis index scores, and serum IL-1

and IL-18 secretion in rats exposed to complete Freund’s ad-
juvant (55).

Conclusions

In conclusion, our study has demonstrated for the first
time that celastrol protects against testicular injury in type 2
diabetic rats by preventing the formation of proinflamma-
tory cytokines in the testicular tissue. These findings indi-
cate that celastrol is a potential drug for the treatment of
diabetic testicular dysfunction. In addition, the TLR4/
MyD88/NF-κB signaling cascade pathways could serve as a
valuable novel therapeutic agent.
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