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1 Introduction
Diabetes is a common clinical chronic disease, which, 

with a reported incidence of 9.7%, has imposed an increasing 
burden on the global population as the third most hazardous 
condition following cardio/cerebrovascular diseases and cancers 
(Giugliano et al., 2021). Patients with diabetes are susceptible to 
microvascular complications (e.g., diabetic nephropathy) because 
their blood glucose levels are persistently high. Considering the 
insidious onset and lengthy disease course, these microvascular 
complications can end up causing end-stage kidney failure. 
Therefore, it is imperative to clarify the underlying pathogenesis 
and implement effective prevention and control measures 
against diabetes (Izzo et al., 2021). For diabetic nephropathy, 
the phosphatidylinositol 3-kinase / protein kinase B (PI3K/
Akt) signaling pathway is a key player in signal transduction, 
while excessive activation of the PI3K/Akt signaling pathway 
can promote the development and progression of diabetic 
nephropathy (Lu et al., 2019). Phosphatase and tensin homolog 
deleted on chromosome 10 (PTEN) is found to suppress the 
activation of the PI3K/Akt signaling pathway and thereby inhibit 
the development and progression of diabetic nephropathy 
(Xing et al., 2015). Since 1970s, tripterygium glycoside (TPG) has 
been identified as a useful traditional Chinese medicine of potent 
anti-inflammatory and immunosuppressive properties and has 
attracted strong interest from domestic and foreign researchers 
as it produces good therapeutic effect on rheumatoid arthritis, 
lupus and other autoimmune disorders and shows satisfactory 

efficacy in clinical treatments (Su et al., 2013). However, it has 
not yet been clarified the efficacy and mechanism of action of 
TPG in treating diabetes-induced kidney injury. In this study, a 
rat model of diabetes-induced kidney injury was administered 
with TPG as drug intervention to observe the effect of TPG on 
the PI3K/Akt signaling pathway and investigate the mechanism 
of action of TPG in treating diabetic nephropathy.

2 Materials and methods

2.1 Experiment animals

Male SPF Sprague-Dawley rats (body weight: 0.2-0.4 kg; 
age: 8 weeks; certificate number: SYXK (J) 2017-0001) were 
provided by the Laboratory Animal Center of Hebei North 
University. To prepare for modeling, all rats underwent adaptive 
feeding (free intake of deionized water and food) for 1 week in 
the same environment where the indoor temperature ranged 
between 22 °C and 25 °C and the relative humidity was 40-60%.

2.2 Reagents and instruments

Streptozotocin (STZ, Amresco, USA, Batch No.: 170223); 
blood urea nitrogen (BUN), serum creatinine (SCr) Detection 
Kits (Nanjing Jiancheng Bioengineering Institute, China, 
Batch No.: C013-2 and C011-2); Hematoxylin & Eosin (HE) 
Stain Kit, TUNEL Assay Kit, and RIPA lysis buffer (Beyotime 
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Biotechnology Institute, China, Batch No.: C0105, C1086, and 
P0013B); glutaraldehyde (GA) and bicinchoninic acid (BCA) 
protein assay kits (Beijing Solarbio Science & Technology Co., 
Ltd., China, Batch No.: DF0157 and PC0020); uranyl acetate (UA) 
(Shenzhen Excellent Biotech Co., Ltd., China, Batch No.: 541093); 
lead citrate (LC) (Jinjinle Chemical Co., Ltd., China, Batch No.: 
512265); rat anti-PTEN, PI3K, p-Akt, and Akt antibodies (CST, 
USA, Batch No.: 9556, 13666, 12694, and 2920); B-cell lymphoma 
2 (Bcl-2), Bcl-2-associated X protein (Bax), caspase-3, β-actin, 
horseradish peroxidase (HRP)-labeled IgG antibody (Abcam, 
USA, Batch No.: ab692, ab232479, ab179517, ab156302, and 
ab205719); E-6 blood glucose (BG) meter (Roche, USA); DxC 
automatic biochemistry analyzer (Beckman Coulter, USA); 
CKX53 inverted microscope, and IXTI-12FL/PH fluorescence 
microscope (Olympus, Japan); transmission electron microscope 
(TEM, HITACHI, Japan); 1658001 vertical electrophoresis 
system, 1703930 MiniTrans-Blot cell small transfer tank, and 
ChemiDoc XRS system (Bio-Rad, USA).

2.3 Modeling for diabetes-induced kidney injury

Before modeling, rat tail venous blood samples were collected 
and BG levels were determined to range between 4 to 6 mmol/L. 
9 rats were randomly chosen to form the normal group fed on a 
normal diet. The rest 51 rats were used for modeling after fasting 
for 12 h, during which they were allowed to drink as normal. 
Then, 60 mg/kg STZ citric acid buffer solution was injected 
intraperitoneally 72 h before determination of their BG levels 
using corresponding tail venous blood samples. The diabetic 
rat model was established successfully when the fasting blood 
glucose (FBG) level exceeded 16.7 mmol/L (Malik et al., 2017); 
in the meantime, the normal group received citric acid buffer 
solution in the equivalent volume via intraperitoneal injection. 
The rats were fed for another 3 d before 24-h urine collection, 
and the diabetic rat model of kidney injury was constructed 
successfully when the urine protein (UP) level was >30 mg 
(Lei et al., 2018). A total of 6 rats died in this process, indicating 
a success rate was 88.24%.

2.4 Route of administration and grouping

Eventually, the normal group had 9 rats, while another 36 
rats were assigned to a diabetes-induced kidney injury group 
(i.e., the model group), and low-, medium-, and high-dose TPG 
groups (LDTPG: 1 mg/kg, MDTPG: 2 mg/kg, and HDTPG: 
8 mg/kg) (Wan  et  al., 2013), with each group having 9 rats, 
respectively; the normal group and the model group were given 
equal volumes of distilled water on a daily basis. The rats were 
treated for 8 weeks.

2.5 Sample collection and outcome measures

Determination of serum levels of FBG, triacylglycerol (TG), 
total cholesterol (TC), and high-density lipoprotein cholesterol 
(HDL-C). Following the last administration, tail venous blood was 
collected from each rat to test the FBG level using a glucometer 
and measure the TG, HDL-C, and TC levels using an automatic 
biochemistry analyzer.

2.6 BUN and SCr detection

Each blood sample was centrifuged at 3000 g/min for 5 min 
to isolate serum for determination of the BUN and SCr levels 
using the ELISA kit as instructed by the manufacturer.

2.7 24-h UP measurement

Subsequent to 24-h urine collection, the UP level was 
measured with the Coomassie Brilliant Blue G-250 method.

2.8 Sample collection

Each rat was weighed after tail venous blood collection and 
was killed after anesthesia to harvest and weigh the left kidney 
tissue, which was evenly divided into two parts for refrigeration at 
-80 °C and fixation in 4% paraformaldehyde (PFA), respectively.

2.9 Pathomorphology of kidney

Paraffin sectioning, dewaxing, and hydration were performed 
in the routine manner to prepare for staining with the H&E 
Stain Kit, and the sections were placed under a microscope to 
observe changes in the morphological structures of kidney tissue. 
Scoring of tubular injury was conducted via semi-quantification 
analysis using Paller’s method (Jablonski et al., 1983) to evaluate 
cell degeneration, dilation, necrosis, and granular degeneration.

2.10 Ultrastructure of kidney tissue under TEM

The harvested kidney tissue was washed with 2.5% GA 
and fixed in phosphate buffered saline (PBS) at 4 °C for 2 h, 
followed by rinsing and addition of acetone. After standing at 
room temperature for 20 min, the kidney tissue was embedded 
in epoxy resin to prepare 0.06 μm ultra-thin sections. Then, 
the UA-LC staining procedure was performed, and the stained 
sections were placed under a TEM to observe the ultrastructure 
of the kidney tissue.

2.11 Observation of cell apoptosis in kidney tissue by 
TUNEL staining

Staining of kidney tissue sections was performed as instructed 
using the TUNEL assay kit, while DAPI (4′,6-diamidino-2-
phenylindole) staining was conducted to identify cell nuclei. 
Subsequently, a fluorescence microscope was employed to 
observe cell apoptosis in the kidney tissue. The ImageProPlus 
6.0 software was used for quantitative analysis of cell counts in 
the kidney tissue.

2.12 Determination of PTEN, PI3K, p-Akt, Bcl-2, Bax, and 
caspase-3 protein expression in kidney tissue by Western 
blotting (WB)

After grinding, the kidney tissue was added with RIPA lysis 
buffer for total protein (TP) extraction, and the TP concentration 
was determined using the BCA method. Sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed to isolate target proteins, followed by membrane 
transfer, blocking, addition of primary PTEN, PI3K, p-Akt, Bcl-2, 
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Bax, and caspase-3 antibodies (diluted at 1:500) for membrane 
incubation overnight at 4 °C, and incubation with the HRP-
labeled IgG secondary antibody at room temperature for 2 h. 
After washing, exposure, and development, the ChemiDoc XRS 
system was used for automated image capture and observation of 
proteins, and the ImageProPlus 6.0 software was for quantitative 
analysis of protein expression.

2.13 Statistical analysis

All data were expressed in the form of “mean ± standard 
deviation (m±sd)”. Intergroup comparison was examined by 
one-way analysis of variance (ANOVA), and P <0.05 indicated 
a difference of statistical significance. The software SPSS19.0 
was used for statistical analysis.

3 Results

3.1 Intergroup comparison of BG and blood lipid levels

Compared with the normal group, the model group exhibited 
significant increases in the FBG, TG, and TC levels and a marked 
decrease in the HDL-C level (P < 0.001, respectively, Table 1). 
Compared with the model group, the LDTPG, MDTPG, and 
HDTPG groups experienced substantial reductions in the FBG, 
TG, and TC levels and a considerable elevation in the HDL-C 
level (P < 0.05, respectively, Table  1). There were significant 
differences among the LDTPG, MDTPG, and HDTPG groups 
in the FBG, TG, TC, and HDL-C levels (P <0.05, respectively, 
Table 1).

3.2 Intergroup comparison of levels of urinary metabolic 
markers

The BUN, SCr, and 24-h UP levels were significantly 
increased in the model group as compared with the normal group 

(P < 0.001, respectively, Table 2). The BUN, SCr, and 24-h UP 
levels were significantly reduced in the LDTPG, MDTPG, and 
HDTPG groups when compared with the model group (P < 0.05, 
respectively, Table 2); the differences among the LDTPG, MDTPG, 
and HDTPG groups in the BUN, SCr, and 24-h UP levels were 
statistically significant (P < 0.05, respectively, Table 2).

3.3 Effects of TPG on Kidney weight (Kw), Body weight 
(Bw), and Kidney index (KI)

In the model group, Kw and KI were significantly elevated, 
while Bw was reduced drastically when compared with the 
normal group (P < 0.001, respectively, Table 2). Compared with 
the model group, the LDTPG, MDTPG, and HDTPG groups 
showed dramatic decreases in Kw and KI and a sharp increase in 
Bw (P < 0.05, respectively, Table 2); significant differences were 
observed in Kw, KI, and Bw among the LDTPG, MDTPG, and 
HDTPG groups (P < 0.05, respectively, Table 2).

3.4 Effects of TPG on pathomorphology of rat kidney tissue

The HE staining results showed that in the normal group, 
the renal tubules and glomeruli were morphologically normal, 
without any signs or symptoms of inflammatory cell infiltration, 
while the model group exhibited renal tubular swelling and 
congestion, degeneration, swelling, and vacuolar degeneration 
of kidney tissue cells, cell exfoliation in part of the epithelial 
layer, a thickening glomerular basement membrane, and 
massive inflammatory cell infiltration in the kidney tissue. 
Amelioration of the tubular and glomerular structures were 
noted in the intervention groups, especially the HDTPG group, 
when compared with the model group. See Figure 1.

3.5 Effects of TPG on glomerular ultrastructure

Compared with the normal group, the model group 
experienced endolysis within the tubular epithelium, breakage 

Table 1. FBG, TG, TC and HDL-C levels in serum of difference groups (Mean±SD, n=9, mmol/L).

Group Dose FBG TG TC HDL-C
Normal 5.12 ± 0.50 0.33 ± 0.04 55.82 ± 1.88 1.05 ± 0.07
Model 23.34 ± 1.70*** 0.57 ± 0.03*** 94.99 ± 1.43*** 0.69 ± 0.05***
Low 1 mg/kg 19.98 ± 2.81# 0.56 ± 0.03# 84.87 ± 175# 0.81 ± 0.05#

Middle 2 mg/kg 13.70 ± 2.61##,$ 0.48 ± 0.03##,$ 72.48 ± 1.76##,$ 0.83 ± 0.04##,$
High 8 mg/kg 9.23 ± 1.80###,$$,& 0.41 ± 0.02###,$$,& 68.91 ± 1.21###,$$,& 0.91 ± 0.04###,$$,&

FBG: Fasting blood glucose; TG: Triacylglycerol; TC: Total cholesterol; HDL-C: High density lipoprotein-cholesterol; ***: P < 0.001, compared with Normal; #: P < 0.05, ##: P < 0.01; 
###:P < 0.001, compared with Model; $: P < 0.05; $$: P < 0.01, compared with Low; &: P < 0.05, compared with Middle.

Table 2. Urinary metabolic index level, renal weight, body weight and renal weight index in each group (Mean ± SD, n = 9).

Group Dose BUN (mmol/L) Scr (μmol/L) 24 h Urine protein 
(mg) Kidney wight (mg) Body weight (kg) KI (mg/kg)

Normal 5.75 ± 0.03 31.49 ± 1.79 10.59 ± 1.46 1.46 ± 0.22 0.36 ± 0.02 4.08 ± 0.61
Model 18.87 ± 2.29*** 52.71 ± 1.53*** 65.59 ± 4.06*** 2.45 ± 0.25*** 0.28 ± 0.02*** 8.89 ± 0.94***
Low 1 mg/kg 16.52 ± 1.68# 40.37 ± 2.09# 52.62 ± 3.28# 2.11 ± 0.20# 0.27 ± 0.01# 7.77 ± 0.90#

Middle 2 mg/kg 14.00 ± 2.11##,$ 36.87 ± 1.90##,$ 42.41 ± 3.98##,$ 1.95 ± 0.14##,$ 0.32 ± 0.03##,$ 6.03 ± 0.67##,$
High 8 mg/kg 13.29 ± 

2.45###,$$,&
34.71 ± 1.61###,$$,& 40.36 ± 

1.76###,$$,&
1.71 ± 

0.15###,$$,&
0.34 ± 

0.02###,$$,&
5.15 ± 

0.67###,$$,&
***: P < 0.001, compared with Normal; #: P < 0.05; ##: P < 0.01; ###:P<0.001, compared with Model; $: P<0.05; $$: P<0.01, compared with Low; &: P < 0.05, compared with Middle
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of the inner folded membrane, endothelial swelling within the 
glomerular capillaries, heterogeneity of the glomerular basement 
membrane, and partial foot process fusion; the LDTPG, MDTPG, 
and HDTPG groups saw varying degrees of improvement in the 
morphology of tubular epithelial cells and endothelial swelling 
within the glomerular capillaries, which was most pronounced 
in the HDTPG group. See Figure 2.

3.6 Intergroup comparison of PI3K/Akt signaling pathway-
associated protein expression in kidney tissue

Comparing the model group with the normal group, PTEN 
protein expression was significantly reduced, PI3K protein 
expression was markedly elevated, and p-Akt/Akt was highly 
phosphorylated in the rat kidney tissue (P <0.001, respectively, 

Figure 1. Observe the pathomorphological changes of renal tissue by HE staining (200×). Normal: The normal control group; Model: Diabetic 
induced kidney injury model group; Low: Model rats treated with 1mg/kg TG; Middle: The Model rats treated with 2 mg/kg TG; High: The 
Model rats treated with 8 mg/kg TG.

Figure 2. The ultrastructure of rat kidney was observed by transmission electron microscope (10000×). Normal: The normal control group; 
Model: Diabetic induced kidney injury model group; Low: Model rats treated with 1mg/kg TG; Middle: The Model rats treated with 2 mg/kg 
TG; High: The Model rats treated with 8 mg/kg TG
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Figure 3); compared with the model group, the LDTPG, MDTPG, 
and HDTPG groups showed a considerable increase in PTEN 
protein expression and dramatic decreases in PI3K protein and 
phosphorylated p-Akt/Akt expression (P < 0.05, respectively, 
Figure  3), and the differences among the three groups were 
statistically significant (P < 0.05, respectively, Figure 3).

3.7 Effects of TPG on cell apoptosis in rat kidney tissue

Apoptotic cells were significantly increased in the model 
group as compared with the normal group (P < 0.001, Figure 4) 
and were drastically reduced in the LDTPG, MDTPG, and 
HDTPG groups in comparison with the model group (P < 0.05, 
respectively, Figure 4), with the differences among the LDTPG, 

MDTPG, and HDTPG groups suggesting statistical significance 
(P < 0.05, respectively, Figure 4).

3.8 Effects of TPG on apoptosis-associated protein (Bcl-2, 
Bax, caspase-3) expression in rat kidney tissue

Compared with the normal group, the model group showed 
that Bcl-2 protein expression was markedly reduced, and Bax 
and caspase-3 protein expression were vastly elevated in the rat 
kidney tissue (P < 0.001, respectively, Figure  5); the LDTPG, 
MDTPG, and HDTPG groups exhibited considerably increased 
Bcl-2 protein expression and substantially reduced Bax and 
caspase-3 protein expression as compared with the model group, 

Figure 3. PTEN, PI3K, p-Akt protein expression by WB assay. Normal: The normal control group; Model: Diabetic induced kidney injury model 
group; Low: Model rats treated with 1mg/kg TG; Middle: The Model rats treated with 2 mg/kg TG; High: The Model rats treated with 8 mg/kg 
TG. ***: P < 0.001, vs. Normal; #: P < 0.05, ##: P < 0.01, ###: P < 0.001, vs. Model; $: P < 0.05, $$: P < 0.01, vs. Middle; &: P < 0.05, vs. Middle.

Figure 4. Observed apoptosis cell by TUNEL in kidney tissues (200×). Normal: The normal control group; Model: Diabetic induced kidney injury 
model group; Low: Model rats treated with 1mg/kg TG; Middle: The Model rats treated with 2 mg/kg TG; High: The Model rats treated with 8 mg/
kg TG. ***: P < 0.001, vs. Normal; #: P < 0.05, ##: P < 0.01, ###: P < 0.001, vs. Model; $: P < 0.05, $$: P < 0.01, vs. Middle; &: P < 0.05, vs. Middle.
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the PI3K level and block downstream Akt phosphorylation 
(Carnero & Paramio, 2014). Huang  et  al. (2017) discovered 
that upon activation, the PI3K/Akt signaling pathway could 
mediate podocyte injury. Lu et al. (2016) noted that reduced 
PTEN protein expression could mediate TGF-β1 to trigger 
overactivation of the PI3K/Akt signaling pathway and thereby 
promote glomerular epithelial-to-mesenchymal transition. 
This study suggested that the negative regulation of the PIK3/ 
Akt signaling pathway by PTEN was probably involved in the 
development of diabetes-induced kidney injury. Elevated PTEN 
expression and reduced PI3K protein and phosphorylated Akt 
expression were observed in the TPG-treated kidney tissue, 
suggesting the inhibitory role of TPG in the activation of the 
PI3K/Akt signaling pathway to ameliorate kidney tissue injury 
and impaired kidney function.

With apoptosis being an important pathogenesis of 
diabetic nephropathy, the decline in cell counts in the kidney 
tissue might be explained by cell apoptosis in the process of 
glomerulosclerosis (Tsai et al., 2018). Caspase-3 is recognized as 
the most important protease for cell apoptosis and downstream 
effector involved in multiple apoptotic pathways for initiation 
and execution of apoptosis (Olivera Santa-Catalina et al., 2017). 
Reportedly, phosphorylated Akt acts on downstream Bcl-2 
and caspase-3 via the activated PI3K/Akt signaling pathway to 
mediate cell proliferation and apoptosis (Ma et al.,2018). This 
study revealed the protective and anti-apoptotic activities of 
TPG against kidney injury, which was closely associated with 
the PIK3/Akt/caspase-3 signaling cascade.

In conclusion, TPG suppresses the activation of the PI3K/
Akt signaling pathway to alleviate kidney injury in diabetic 
rats, reduce apoptotic cells in kidney tissue and thereby mediate 
tissue repair and functional recovery. This new finding about 
the therapeutic effect of TPG hopefully can provide a reference 
for the treatment of diabetic nephropathy. Despite all that, this 
study still has its own limitations: TPG cannot completely reverse 
but alleviate diabetes-induced kidney injury probably because 

and the differences among the three groups were statistically 
significant (P < 0.05, respectively, Figure 5).

4 Discussion
Diabetic nephropathy is glomerulosclerosis caused by 

hyperglycemia attributed to the metabolic changes of diabetes, 
which often presents with impaired kidney function (e.g., hematuria, 
albuminuria) and is pathologically manifested as glomerular 
basement membrane damage, epithelial cell degeneration in the 
kidney tissue, tubular injury, and even kidney failure when it 
reaches the advanced stage – a major cause of death for patients 
with diabetes. The results of this study confirmed the occurrence 
of renal edema and functional impairment. According to the 
histological and TEM findings, the diabetic rats suffered from 
tubular injury (e.g., swelling, congestion), endolysis within the 
tubular epithelium, breakage of the inner folded membrane, 
endothelial swelling within the glomerular capillaries, heterogeneity 
of the glomerular basement membrane, and partial foot process 
fusion, which conformed to the modeling results of preceding 
studies (Tu et al., 2019; Tang et al., 2020; Chen et al., 2019) and 
further demonstrated the presence of kidney injury in the diabetic 
rats and the establishment of the rat model of diabetes-induced 
kidney injury. From the results of this study, it was noted that 
TPG offered kidney protection to diabetic rats by alleviating 
renal edema and kidney tissue injury.

The PI3K/Akt signaling pathway plays a crucial role in the 
intracellular transduction of membrane receptor signals and cell 
proliferation, differentiation, and apoptosis. It has been recently 
reported that overactivation of the PI3K/Akt signaling pathway 
is strongly associated with the development and progression 
of diabetic nephropathy (Cui  et  al., 2019; Liang  et  al., 2019; 
Chen et al., 2020). PTEN is a negative regulator of the PI3K/
Akt upstream signaling pathway involved in the development 
of diabetic nephropathy (Haddadi et al., 2018; Liu et al., 2019; 
Maidarti et al., 2020). PTEN, as an active player in the development 
of a range of diseases, deactivates the PI3K substrate to reduce 

Figure 5. Bax, Caspase-3 and Bcl-2 protein expression in kidney tissues. Normal: The normal control group; Model: Diabetic induced kidney 
injury model group; Low: Model rats treated with 1mg/kg TG; Middle: The Model rats treated with 2 mg/kg TG; High: The Model rats treated 
with 8 mg/kg TG. ***: P < 0.001, vs. Normal; #: P < 0.05, ##: P < 0.01, ###: P < 0.001, vs. Model; $: P < 0.05, $$: P < 0.01, vs. Middle; &: P < 0.05, 
vs. Middle.
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