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Introduction

Chronic kidney disease (CKD) is becoming increasingly 
prevalent because of its high incidence and mortality 
rates. In China, 132.3 million patients have CKD, account-
ing for a global prevalence of 9.1%, which is the largest in 
the world.8 CKD presents with significant manifestations 

of renal fibrosis and podocytopathy.9 Renal fibroblasts are 
the main source of extracellular matrix (ECM) and lead to 
high expression levels of α-smooth muscle actin (α-SMA).10 
Under pathological conditions, podocytes undergo epithe-
lial–mesenchymal transition (EMT). During this process, 
the expression of podocyte phenotype molecules, such as 
nephrin and NEPH1, weakens or disappears, while the 
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Abstract
Renal injury is an important factor in the development of chronic kidney diseases 
that pathologically manifested as renal fibrosis and podocyte damage. In the disease 
state, renal fibroblasts lead to high expression levels of α-smooth muscle actin 
(α-SMA), while podocytes undergo epithelial–mesenchymal transition, leading to 
proteinuria. Celastrol, a bioactive compound in the medicinal plant Tripterygium 
wilfordii, was found to delay the progression of early diabetic nephropathy and 
attenuate renal fibrosis in mice with unilateral ureteral obstruction. However, its 
effect on the renal system in 5/6 nephrectomized (Nx) rats remains unknown. The 
aim of this study was to explore the protective effects of celastrol and its underlying 
mechanisms in 5/6 Nx rats. We found that 24 h proteinuria and levels of blood 
urea nitrogen, serum creatinine, triglycerides, serum P, renal index and cholesterol 
significantly increased (P < 0.05), while that of serum albumin decreased 
significantly in 5/6 Nx rats. After intervention with celastrol, 24 h proteinuria and 
levels of blood urea nitrogen, serum creatinine, triglycerides, serum P, renal index, 
and cholesterol significantly decreased, while that of serum albumin significantly 
increased. Renal tissue pathological staining and transmission electron microscopy 
showed that celastrol ameliorated kidney injury and glomerular podocyte foot injury 
and induced significant anti-inflammatory effects. Quantitative polymerase chain 
reaction (PCR) and western blotting results revealed that nephrin and NEPH1 
expression levels were upregulated, whereas α-SMA and Col4a1 expression levels 
were downregulated in the celastrol group. Celastrol inhibited the expression of 
transforming growth factor (TGF)-β1/Smad3 signaling pathway-related molecules 

such as TGF-β1 and P-Smad3. In summary, celastrol contributes to renal protection by inhibiting the epithelial–mesenchymal 
transdifferentiation and TGF-β1/Smad3 pathways.
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Clinical studies have shown that hormones and 
immunosuppressants (angiotensin II receptor block-
ers or angiotensin-converting enzyme inhibitors) 
slow disease progression in chronic kidney disease 
(CKD).1,2 However, these agents are associated with 
various side effects.3 Owing to this, effective treat-
ment methods for CKD with reduced side effects 
are necessary. Celastrol, a bioactive compound in 
the medicinal plant Tripterygium wilfordii, was found 
to delay the progression of several diseases.4–7 
However, its effect on renal 5/6 nephrectomized (Nx) 
rats remains unknown. In this study, we developed 
a 5/6Nx rat model resembling primary chronic renal 
failure in humans and intervention with celastrol. Our 
results showed that celastrol can maintain podocyte 
homeostasis, reduce proteinuria, and improve renal 
function. In addition, the molecule displayed a sig-
nificant anti-inflammatory effect, in turn minimizing 
the progression of glomerular sclerosis. Overall, our 
study provides new evidence for developing thera-
peutic strategies for CKD in clinical practice.
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expression of mesenchymal phenotype molecules, such as 
α-SMA increases.11 EMT is a critical early-stage process in 
podocyte injury that can lead to proteinuria. As the injury 
worsens, renal failure can occur. Therefore, effective inter-
vention should be introduced to reduce proteinuria and ulti-
mately delay renal failure.12

Celastrol, a natural bioactive compound, extracted 
from the medicinal plant Tripterygium wilfordii, is widely 
used in many countries for several indications, including 
chronic inflammatory and immune disorders.13,14 It exhib-
its immunosuppressive, anti-inflammatory, and antioxidant 
activities.4,7,15 It delays the progression of early diabetic 
nephropathy and attenuates renal fibrosis in mice with uni-
lateral ureteral obstruction.16,17 However, its effect on renal 
5/6 nephrectomized (Nx) rats remains unknown.

Transforming growth factor (TGF)-β1 is the main media-
tor in the pathogenesis of CKD; therefore, inhibition of 
TGF-β1 and Smad3 phosphorylation can alleviate kidney 
fibrosis.18,19 Knocked out TGF-β1 or Smad3 attenuates renal 
fibrosis in mice.20 Therefore, the TGF-β1/Smad3 pathway is 
a potential therapeutic target in CKD. In this study, we inves-
tigated the effects of celastrol and its potential mechanisms 
in alleviating renal injury in 5/6 Nx rats. Our study provides 
new evidence for developing therapeutic strategies for CKD 
in clinical practice.

Materials and methods

Animal experiments

Specific pathogen-free male Sprague-Dawley rats (190–
210 g; Hangzhou Medical College, Hangzhou, China) were 
housed at Hangzhou Medical College Laboratory Animal 
Center with a 12 h light/dark cycle. All experiments 
were approved by the Institutional Animal Care and Use 
Committee (approval no. ZJCLA-IACUC-20070015) and 
the experiments conformed to the ARRIVE guidelines.21 
Twenty-one rats were randomly assigned to the sham (n = 7) 
and the CKD (n = 14) groups. Rat modeling was performed 
as follows: all rats were intraperitoneally injected with 1.0% 
pentobarbital sodium (45 mg/kg body weight), and the 
total right Nx rat kidney and two-thirds of the left kidney 
were removed. The sham group served as the sham opera-
tion control group. Fourteen rats were randomly divided 
into the 5/6 Nx and celastrol groups 1 month after sur-
gery. The intervention group was intragastrically admin-
istered with celastrol (3 mg/kg) once daily. Celastrol was 
purchased from Chengdu Refensi Biotechnology Co., Ltd. 
After 8 weeks of intervention, serum and cortical kidney 
tissue samples were collected from each group for follow-
up analysis.

Biochemical analysis

After 8 weeks of intervention, 24-h urine specimens were 
collected from each rat in metabolic cages. Next, 24-h uri-
nary protein excretion and serum creatinine (Scr), blood urea 
nitrogen (BUN), serum albumin (ALB), triglyceride (TG), and 
cholesterol (TC) levels were evaluated using an automated 
biochemical analysis instrument (Hitachi 7180) following the 
manufacturer’s instructions (Hitachi, Japan).

Pathological staining analysis

Renal cortex tissues were routinely fixed and embedded 
in paraffin. Paraffin-embedded sections (2–3 μm thickness) 
were subjected to hematoxylin and eosin (HE) and Masson’s 
trichrome staining. Kidney histology was viewed and ana-
lyzed using an Olympus BX53 microscope. The degree of 
sclerosis in each group was assessed using the glomerular 
sclerosis index (GSI).22

Transmission electron microscopic analysis

Rat kidney cortex samples (1 mm3 in size) were fixed with 
2.5% glutaraldehyde overnight, embedded, sectioned to 
100 nm, and subjected to uranium and lead double staining. 
The ultrastructure of the renal tissue was observed under a 
JEM-1400 TEM (JEOL, Japan, Tokyo).

Tissue RNA extraction and quantitative 
polymerase chain reaction (qPCR)

RNA was extracted from kidney tissues using TRIzol rea-
gent (TaKaRa, Japan), and cDNA was synthesized with a 
Primescript™ RT reagent kit (TaKaRa, Japan). Changes in 
the expression levels of IL2, IL6, CXCL10, NEPH1, nephrin, 
α-SMA, TGF-β1, Smad3, Col4a1, and GAPDH were quanti-
fied using SYBR® Green Master Mix (TaKaRa, Japan). Primer 
sequences are shown in Table 1.

Protein extraction and western blotting

Rat kidney tissues were ground and lysed with RIPA lysis 
buffer (Beyotime, China) on ice for 30 min. Proteins were 
quantified using the BCA assay (Beyotime, China), separated 
by 6–12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis gels. transferred onto nitrocellulose membranes, 
blocked with 5% skimmed milk for 2 h, and incubated with 
a primary antibody overnight. The following antibodies 
were used: anti-nephrin (ab58968, Abcam); anti-NEPH1 
(sc-373787, Santa); anti-Smad3 (66,516–1-Ig, ProteinTech); 
anti-P-Smad3 (P84022, Boster); anti-TGF-β1(21898–1-AP, 
ProteinTech); anti-GAPDH (60,004–1-Ig, ProteinTech). 
Subsequently, the membranes were washed with TBST and 
incubated with the corresponding infrared-labeled anti-rab-
bit/mouse IgG antibody (1:15,000). Signals were detected 
using an Odyssey CLx imaging system (LI-COR, USA).

Statistical analysis

Data are presented as mean ± inter-quartile range. Results 
were analyzed using IBM SPSS Statistics 19.0 and GraphPad 
8.0. A non-parametric Kruskal–Wallis test for multiple com-
parisons was used for data analysis. Statistical significance 
was set at p ⩽ 0.05.

Results

Celastrol improved urinary protein excretion and 
renal function in 5/6 Nx rats

The 24-h urinary protein levels in the 5/6 Nx model group 
significantly increased, indicating that the CKD model 
was successfully established (Figure 1(A)). After celastrol 
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treatment, the 24-h urinary protein levels in the celastrol 
group were lower than those in the model group (Figure 
1(A)). In addition, serum ALB levels in the model group 
were significantly lower than those in the control group. 
The serum ALB levels in the celastrol group showed obvious 
improvement (Figure 1(B)). Therefore, celastrol attenuated 
urinary protein excretion. We further evaluated the changes 
in the renal function index and found that the Scr, BUN, TG, 
TC, serum P, and renal index levels in the celastrol group 
were significantly reduced compared to those in the model 
group (Figure 1(C) to (H)). However, there was no significant 
change in serum Ca levels among the three groups (Figure 
1(I)). These results indicated that celastrol can improve kid-
ney function.

Celastrol-affected renal histopathology in  
5/6 Nx rats

To assess histopathological changes in the kidney tissues, 
we performed HE and Masson’s trichome staining of kidney 
tissues. In the control group, the renal tissue structure was 
tightly arranged, the glomerular structure was clear, and 
the capillary loops opened well (Figure 2(A) and (B)). The 
model group displayed segmental sclerosis of the glomeru-
lus, accompanied by marked thickening of the glomerular 
capillary basement membrane and hyperplasia of the mesan-
gial matrix and focal renal fibrosis. Celastrol treatment also 
changed the GSI (Figure 2(C)). Moreover, celastrol treatment 
significantly reduced the levels of inflammatory factors IL2 
and IL6, as well as chemokine factor CXCL10 (Figure 2(D)). 
Therefore, celastrol treatment can ameliorate renal patho-
logical damage.

Celastrol attenuated podocyte injury in 5/6 Nx rats

To further explore the effect of podocyte lesions, we used 
TEM to observe podocyte foot process fusion in each 
group. We found that the extensive fusion of podocyte foot 

processes became flat and fused, and it even disappeared in 
the 5/6 Nx model group. However, the foot process fusion 
rate decreased, and lesions were obviously reduced in the 
celastrol group (Figure 3(A) and (B)). We further assessed 
the expression of nephrin and NEPH1 in the podocyte slit 
diaphragm. qPCR and western blotting results suggested 
that the expression levels of nephrin and NEPH1 were sig-
nificantly upregulated after celastrol intervention (Figure 
3(C) to (E)). These results indicated that celastrol can protect 
against podocyte injury.

Celastrol treatment attenuated renal fibrosis and 
inhibited the TGF-β1/Smad3 signaling pathway in 
5/6 Nx rats

To further investigate the protective effect of celastrol on 
renal fibrosis in 5/6 Nx rats, we examined the expression 
levels of the fibrotic factors, α-SMA and Col4a1 by western 
blotting and qPCR. Celastrol effectively reversed the increase 
in α-SMA and Col4a1 levels compared with those observed 
in the model group (Figure 4(A) to (C)). We investigated the 
antifibrotic mechanism of celastrol in the TGF-β1/Smad3 
pathway via western blot analysis. We found that the expres-
sion of TGF-β1 and phosphorylated Smad3 significantly 
increased in the model group. The levels of phosphorylated 
Smad3 and TGF-β1 were attenuated by celastrol treatment 
(Figure 4(D) to (F)). Therefore, celastrol may inhibit the acti-
vation of the TGF-β1/Smad3 pathway.

Discussion

In this study, we investigated the effects of celastrol on kid-
ney injury in 5/6 Nx rats. Our results indicated that celastrol 
could improve renal function by lowering the levels of BUN, 
Scr, and 24 h proteinuria. The kidney injury caused by 5/6 
nephrectomy was relieved following a significant reduction 
in α-SMA and Col4a1 expression levels. Further experiments 
showed the inhibitory effects of celastrol on the EMT and the 

Table 1.  Primers used for gene expression analyses.

Primer name Sequence (5′ to 3′) Application

Rat-NEPH1-F GGGCTGGCTCTGGGTATGGG Real-time RT-PCR
Rat-NEPH1-R GGCACTCATAGGAAGCGTCATCAG Real-time RT-PCR
Rat-Nephrin-F GTTGGTGGTCTTCTGCTGCTCTC Real-time RT-PCR
Rat-Nephrin-R CTTCTGCTGTGCTAACCGTGGAG Real-time RT-PCR
Rat-α-SMA-F GCGTGGCTATTCCTTCGTGACTAC Real-time RT-PCR
Rat-α-SMA-R CCATCAGGCAGTTCGTAGCTCTTC Real-time RT-PCR
Rat-TGF-β1–F GGCACCATCCATGACATGAACCG Real-time RT-PCR
Rat-TGF-β1-R GCCGTACACAGCAGTTCTTCTCTG Real-time RT-PCR
Rat-Col4a1-F GATTGTGGTGGCTCTGGCTGTG Real-time RT-PCR
Rat-Col4a1-R TCGTTCCAGGAAGTCCAGGTTCTC Real-time RT-PCR
Rat-IL2-F GCAGCGTGTGTTGGATTTGACTC Real-time RT-PCR
Rat-IL2-R TGGCTCATCATCGAATTGGCACTC Real-time RT-PCR
Rat-IL-6-F CCTTCTTGGGACTGATGT Real-time RT-PCR
Rat-IL-6-R TCCAGGTAGAAACGGAAC Real-time RT-PCR
Rat-CXCL10-F TGAAAGCGGTGAGCCAAAGAAGG Real-time RT-PCR
Rat-CXCL10-R CTGGGTAAAGGGAGGTGGAGAGAC Real-time RT-PCR
Rat-GAPDH-F ACCACAGTCCATGCCATCAC Real-time RT-PCR
Rat-GAPDH-R TCCACCACCCTGTTGCTGTA Real-time RT-PCR

F, forward primer; R, reverse primer.
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Figure 1.  Celastrol improved urinary protein excretion and renal function in 5/6 Nx rats. The levels of 24-h proteinuria (g/24 h) and serum ALB (g/L), Scr (μmol/L), BUN 
(mmol/L), TG (mmol/L), TC (mmol/L), serum Ca (mmol/L), and serum P (mmol/L) were detected using a fully automated biosystem chemical analyzer (Hitachi 7180) 
(A–G, I). The levels of renal index in each group are shown in Figure 1(H). Data are presented as the mean ± inter-quartile range, *p < 0.05; **p < 0.01.
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Figure 2.  Treatment with celastrol attenuated renal lesions and fibrosis caused by 5/6 nephrectomy. Renal histopathology in each group was subjected to HE  
and Masson’s trichome staining (A and B). Representative micrographs from each group are shown (BF, bright field, original magnification 200×, Bars = 50 μm).  
(C) Representative GSI rate for each group. (D) The levels of inflammatory factors IL2 and IL6, as well as chemokine CXCL10 in each group. (A color version of this 
figure is available in the online journal.)
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Figure 3.  Celastrol attenuated the podocyte injury in 5/6 Nx rats. (A and B) Podocyte foot process analyzed by TEM and representative micrographs in each group 
are shown (original magnification 10,000×, Bars = 2 μm, n = 7 animals in each group). (C) The mRNA expressions levels of nephrin and NEPH1 in rat kidney tissues 
of different groups were determined by qRT-PCR. The relative gene expression was normalized to that of GAPDH. (D and E) Representative western blots of nephrin 
and NEPH1 in each group. Data are presented as the mean ± interquartile range. *p < 0.05; **p < 0.01.
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Figure 4.  Celastrol treatment attenuated renal fibrosis and inhibited the TGF-β1/Smad3 signaling pathway in 5/6Nx rats: (A) RT-time PCR revealed that celastrol 
reversed the increase in mRNA expression levels of α-SMA and Col4a1. (B and C) The protein expression levels of α-SMA and Col4a1 were evaluated using western 
blot and quantitative analysis. (D) The mRNA expressions levels of Smad3 and TGF-β1 in different kidney tissues. (E and F) The protein expression levels of TGF-β1, 
Smad3 and P-Smad3 were evaluated using western blot and representative western blot analyses. Data are presented as the mean ± inter-quartile range, *p < 0.05; 
**p < 0.01 compared with the sham control group.
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TGF-β1/Smad3 signaling pathways. Therefore, our research 
provides a theoretical basis for the future clinical treatment 
strategies in treating CKD.

Celastrol has been widely explored because of its anti-
inflammatory, antitumor and immunosuppressive effects. 
It has therapeutic activity against various nephropathies, 
including cisplatin-induced nephrotoxicity in mice, diabetic 
nephropathy in a rat model and acute renal injury in a mouse 
model.4–6,23 It can prevent rat diabetic nephropathy renal 
injury by regulating the MAPK/NF-κB pathway and inflam-
matory response.24 It also protects against cisplatin-induced 
acute kidney injury in mice by regulating NF-κB and mito-
chondrial function.25 Herein, we also assessed the therapeu-
tic effects of celastrol in a 5/6 Nx rat model. Interestingly, our 
results were the same as those in a previous study performed 
in a 5/6 Nx rat model,26 thereby verifying the protective 
effect of celastrol in kidney disease models.

Renal fibrosis is characterized by abnormal and excessive 
ECM deposition, which exacerbates the severity of kidney 
injury.27 We established a 5/6 Nx rat model, and success-
fully induced tubular fibrosis. Celastrol significantly allevi-
ated this process by downregulating α-SMA, TGF-β1, and 
Col4a1. CKD progression is associated with maintenance 
of podocyte filtration membrane integrity.28 End-stage renal 
disease and glomerular fibrosis are linked to podocyte EMT, 
and TGF-β1/Smad3 signaling contributes to EMT in podo-
cytes.29,30 Celastrol protected podocytes from EMT, increased 
nephrin and NEPH1 expression, enhanced the foot process 
fusion rate, and reduced proteinuria.

The activation of TGF-β1/Smad3 signaling exacerbates 
renal fibrosis in diverse kidney injury models.31 It also pro-
motes podocyte EMT and plays a role in the etiology of 
CKD.32–34 The inhibition of TGF-β1/Smad3 signaling leads 
to improved outcomes. Herein, the TGF-β1/Smad3 pathway 
was overactivated in the 5/6 Nx rat model, as evidenced by 
the significantly increased levels of TGF-β1 and P-Smad3. 
Nonetheless, celastrol reduced these effects and improved 
renal injuries such as mesangial enlargement, matrix accu-
mulation, proteinuria, and glomerular basement membrane 
thickening. Overall, the findings implied that the renal pro-
tective effects of celastrol may be related to its inhibition of 
the TGF-β1/Smad3 signaling pathway.

Although our study demonstrated the inhibitory effects of 
celastrol on TGF-β1/Smad3 activation and TGF-β1/ Smad3-
induced EMT, certain limitations are noted: (1) the number 
of the animals used was small (not more than 10 per group). 
(2) The dose of celastrol was not set to provide a concentra-
tion gradient. (3) It would be more convincing if experiments 
employing deficient or knockout mice were performed to 
determine the mechanism of celastrol in inhibiting TGF-β1/
Smad3 activation.

In conclusion, we developed a 5/6 Nx rat model resem-
bling primary chronic renal failure in humans. After an 
8-week intervention with celastrol, the levels of renal func-
tion indicators and the degree of renal pathological damage 
were alleviated. Nephrin and NEPH1 levels were predomi-
nantly upregulated, and the podocyte foot process fusion 
rate was decreased following celastrol treatment. The pro-
tective mechanism of celastrol was mediated by the down-
regulation of TGF-β1 and P-Smad3 expression. These results 

indicated that celastrol can maintain podocyte homeostasis, 
reduce the level of proteinuria, inflammation and chemokine 
factors, as well as improve renal function, thereby minimiz-
ing the progression of glomerular sclerosis. Therefore, celas-
trol may act as a therapeutic agent for preventing podocyte 
EMT in CKD.
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