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Abstract 

Triptolide possesses the trait of renal protection. Epithelial-mesenchymal transition (EMT) is closely 
linked to the pathogenesis of diabetic kidney disease (DKD). MicroRNAs have recently emerged as 
critical regulators of DKD. However, it is poorly understood whether triptolide alleviates renal EMT by 
regulating microRNAs in DKD. In this study, we found that triptolide decreased albuminuria, improved 
the renal structure and reduced renal EMT in rats with DKD. Furthermore, activation of the PI3K/AKT 
signaling pathway was increased in diabetic rats, which was partly reversed by triptolide. Triptolide also 
alleviated glucose-induced EMT in HK-2 cells in vitro. PI3K/AKT signaling pathway activation was reduced 
after triptolide treatment. Moreover, triptolide decreased the increase in miR-188-5p expression 
stimulated by high glucose levels in HK-2 cells. miR-188-5p inhibited PTEN expression by directly 
interacting with the PTEN 3’-untranslated region. Additionally, downregulation of miR-188-5p, which 
imitates the effects of triptolide, attenuated the activation of the PI3K/AKT pathway and HG-induced 
EMT, whereas miR-188-5p overexpression reversed the effects of triptolide on the PI3K/AKT pathway 
and EMT. In conclusion, we demonstrated that triptolide ameliorates renal EMT via the PI3K/AKT 
signaling pathway through the interaction between miR-188-5p and PTEN, indicating that miR-188-5p 
may be a therapeutic target of triptolide in DKD. 
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Introduction 
Diabetic kidney disease (DKD) is one of the most 

severe microvascular complications of diabetes 
mellitus and has become the leading cause of 
end-stage renal disease worldwide [1]. According to 
the latest study, the estimated overall prevalence of 
diabetes and pre-diabetes among adults in China is 
10.9% and 35.7%, respectively [2]. Because of the 
increasing prevalence of diabetes, 24.3 million 
patients suffer from DKD and chronic kidney disease 
related to diabetes, and these diseases have become 
more common than chronic kidney disease related to 

glomerulonephritis in China [3]. Although tight 
control of blood glucose and blood pressure levels is 
helpful to prevent the deterioration of renal function, 
the growing incidence of DKD requires more 
therapeutic agents based on the molecular 
mechanisms of DKD [4]. 

Multiple pathological changes result in 
progressive impairment of renal function during 
DKD, including accumulation of extracellular matrix, 
glomerulosclerosis and tubulointerstitial fibrosis [5, 
6]. Many lines of evidence support a pathogenic role 
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for renal tubular injury in DKD [7]. Renal 
epithelial-mesenchymal transition (EMT) is a process 
whereby renal tubular cells undergo a gradual 
transformation from an epithelial phenotype to a 
mesenchymal phenotype, during which cells lose 
epithelial features, such as reduced E-cadherin 
expression, and gain mesenchymal features, such as 
increased vimentin and α-SMA expression [8, 9]. The 
relationship between EMT and renal fibrosis has been 
reviewed [9]. Recently, EMT has been recognized as 
an essential pathogenic process for the development 
of tubulointerstitial fibrosis in DKD [10].  

MicroRNAs (miRNAs) are small non-coding 
RNAs that directly interact with the 3’-untranslated 
region (3’-UTR) of their target messenger RNAs 
(mRNAs) to regulate gene expression by translational 
inhibition or degradation of target mRNAs. It is 
estimated that 60% of human protein-encoding genes 
are targeted by miRNAs that participate in regulating 
important physiological functions; hence, miRNAs 
have been reported to be involved in various diseases 
[11]. Accumulating evidence indicates that miRNAs 
play important roles in DKD and have become 
important targets for therapeutic interventions [6, 10, 
12]. Increasing evidence also supports a pivotal role 
for the phosphatidylinositol 3-kinase/protein kinase 
B (PI3K/AKT) signaling pathway in regulating EMT 
in multiple diseases [13, 14], including DKD [15]. 
Phosphatase and tensin homolog (PTEN), a tumor 
suppressor, has the opposite activity of PI3K and 
negatively regulates PI3K-mediated signaling 
pathways [16]. Recent studies have shown that PTEN 
is involved in EMT and that PTEN expression is 
influenced by many miRNAs [17, 18]. However, it 
remains unclear whether PTEN and the PI3K/AKT 
signaling pathway are involved in miRNA-induced 
EMT in DKD. 

Tripterygium wilfordii Hook F (TwHF), a 
traditional Chinese herbal plant, has been clinically 
applied to treat DKD for several years due to its 
immunosuppressive and anti-inflammatory proper-
ties [19, 20]. Our laboratory has previously 
demonstrated that the TwHF extract alleviated 
albuminuria levels, glomerulosclerosis, tubulointer-
stitial fibrosis, and renal inflammation in rats with 
DKD [21]. Triptolide is a pharmacologically active 
ingredient that is extracted from the root of TwHF. 
Other studies have also reported that triptolide 
dramatically attenuates renal injury and regulates 
immune-inflammatory responses in DKD animal 
models [22-24]. In an in vitro study, researchers found 
that triptolide inhibited glomerular mesangial cell 
proliferation [25]. However, whether triptolide is 
associated with renal EMT during DKD is still 
unknown. 

In this study, we explored the mechanism by 
which triptolide improves EMT in rats with DKD and 
human proximal tubular epithelial (HK-2) cells. We 
demonstrated that miR-188-5p enhanced EMT by 
promoting the PI3K/AKT signaling pathway by 
targeting PTEN and that triptolide ameliorated EMT 
by regulating the expression of miR-188-5p in DKD. 

Results  
Effects of triptolide on the physical and 
biochemical parameters in different groups 

Compared with the NC group, body weight was 
significantly reduced, while blood glucose, TG and 
TC were elevated in both the DKD and DKD+TP 
groups. We also observed that triptolide caused no 
differences in the body weight, blood glucose and 
blood lipid profiles between DKD and DKD+TP rats 
(Table 1). The kidney weight to body weight ratio 
(KW/BW) and UMA levels were significantly 
increased in the DKD group compared with the NC 
group, which was markedly alleviated after triptolide 
treatment (Table 1). Furthermore, no significant 
changes in the ALT, AST, BUN and Scr levels were 
observed among the three groups, indicating that 
there was no notable toxicity due to triptolide in the 
diabetic rats (Table 1). 

 

Table 1. Physical and biochemical parameters of experimental 
rats. 

 NC DKD DKD+TP 
BW(g) 512.7 ± 58.3 326.8 ± 41.6* 350.1 ± 34.9* 
FPG (mmol/L)  6.9 ± 0.7 27.2 ± 3.3* 25.4 ± 4.2* 
KW/BW(mg/g) 3.02 ± 0.21 5.85 ± 0.49* 4.77 ± 0.42*# 
UMA (μg/24 h) 26.5 ± 9.2 243.6 ± 35.1*  159.0 ± 29.3*# 
TG (mmol/L) 1.6 ± 0.9 4.1 ± 1.7* 3.9 ± 2.2* 
TC (mmol/L)  2.8 ± 1.3 6.2 ±2.3* 6.4 ± 2.5* 
ALT (U/L)  46.5 ± 8.6 53.4 ± 6.7 49.4 ± 10.9 
AST (U/L) 75.6 ± 19.7 86.1 ± 15.4  89.2 ± 14.8 
BUN (mmol/L)  7.9 ± 2.7 8.4 ± 2.1 8.0 ± 1.8 
Scr (μmol/L) 35.3 ± 4.2 37.8 ± 4.6 38.1 ± 4.9 

n=15 per group. Data are expressed as the mean ± SD. BW, body weight; FPG, 
fasting plasma glucose; KW/BW, kidney weight to body weight ratio; UMA, 
urinary microablumin; TG, triglyceride; TC, total cholesterol; ALT, alanine 
aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; and 
Scr, serum creatinine; *P < 0.05 vs. the NC group, #P < 0.05 vs. the DKD group. NC: 
normal control; DKD: diabetic kidney disease; TP: triptolide. 

 

Triptolide improved renal pathological 
changes in vivo 

HE, PAS and Masson staining were conducted to 
explore whether triptolide ameliorated pathological 
changes in diabetic kidneys. The images showed that 
diabetic rats treated with triptolide had a significant 
decrease in renal tubular hypertrophy and glomerular 
enlargement compared with the DKD group (Figure 
1). The accumulation of glycogen shown by PAS 
staining and tubulointerstitial fibrosis (collagen fibers, 
blue) shown by Masson staining were increased in 
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DKD animals relative to the NC group, whereas the 
signs of glomerular hypertrophy and tubulointer-
stitial fibrosis were significantly alleviated after a 
12-week treatment with triptolide (Figure 1).  

Triptolide attenuated renal EMT and 
regulated the PI3K/AKT signaling pathway in 
diabetic rats 

We next detected the expression levels of 
markers related to EMT, such as E-cadherin, vimentin 
and α-SMA. Immunohistochemistry revealed that the 
vimentin and α-SMA expression levels were 
markedly upregulated, but E-cadherin was 
downregulated in the DKD group compared with the 
NC group. Triptolide treatment partially inhibited the 
vimentin and α-SMA expression levels and recovered 
E-cadherin expression in diabetic rats (Figure 2A). 
Correspondingly, the vimentin, α-SMA and 
E-cadherin protein levels displayed similar changes, 
as detected by Western blot analysis (Figures 2B and 
C). To further investigate the potential molecular 
mechanisms regarding the anti-EMT effects of 
triptolide in vivo, the levels of markers in the 
PI3K/AKT signaling pathway were examined. As 
shown in the figure, the PI3K expression levels and 

ratio of p-AKT to t-AKT (p-AKT/ t-AKT) were 
obviously increased compared with the NC group, 
whereas the PTEN levels were decreased in the DKD 
group. When diabetic animals were treated with 
triptolide, the PI3K and p-AKT/ t-AKT protein levels 
were lower and the PTEN levels were higher than in 
animals without treatment (Figures 2D and E). 

Triptolide reduced HG-induced EMT via the 
PI3K/AKT signaling pathway in vitro 

According to the results measured by the CCK 8 
kit, low concentrations of triptolide had no marked 
influence on the viability of HK-2 cells compared with 
the control group. However, if the concentrations 
were greater than 7.5 ng/mL, triptolide significantly 
impaired cell survival. Therefore, 5 ng/mL triptolide 
was chosen to be the appropriate intervention 
concentration in HK-2 cells (Figure S1A). We first 
observed that NG-treated cells displayed a 
cobblestone-like shape, while HG-treated cells 
transformed into a long spindle-like shape. 
Interestingly, triptolide-treated cells regained the 
appearance of epithelial cells and significant 
morphological changes were not observed between 
the MA and NG group (Figure S1B). As illustrated 

 
Figure 1. Renal pathological changes in animal subjects. Representative images of hematoxylin and eosin (HE), periodic acid-Schiff (PAS) and Masson’s trichrome 
(Masson) stained kidney sections (inset images indicate augmentative renal tubules). Original magnification is ×400. The scale bar represents 100 μm. NC: normal control; DKD: 
diabetic kidney disease; TP: triptolide. 
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using immunofluorescence microscopy, HG resulted 
in evident increases of the vimentin and α-SMA levels 
and a decrease of E-cadherin expression. In cells 
treated with triptolide, EMT was greatly improved 
(Figure 3A). Convincingly, qPCR and Western blot 
analyses also showed that triptolide relieved the 
HG-induced upregulation of the vimentin and α-SMA 
mRNA and protein levels and downregulation of the 
E-cadherin mRNA and protein levels, respectively 
(Figures 3B-D). The PI3K and p-AKT/ t-AKT protein 
levels were relatively increased and PTEN was 
decreased in HK-2 cells incubated with HG compared 
with control cells, and triptolide significantly reduced 

the PI3K and p-AKT/t-AKT protein levels and 
increased the PTEN levels (Figures 3E and F). In all 
cases, the mannitol control showed no apparent 
differences in HK-2 cells relative to the NG group. 
These data further confirmed that triptolide also 
alleviated HG-induced EMT via the PI3K/AKT 
signaling pathway in HK-2 cells. 

Triptolide reduced the expression of 
miR-188-5p induced by HG and miR-188-5p 
directly targeted PTEN 

The results obtained from miRNA microarray 
analysis in human renal mesangial cells demonstrated 

 

 
Figure 2. Triptolide reduced renal EMT and inactivated the PI3K/AKT signaling pathway in vivo. (A) Representative images of E-cadherin, vimentin and α-SMA by 
immunohistochemistry from renal tubules. Original magnification is ×400. The scale bar represents 50 μm. (B) Representative E-cadherin, vimentin and α-SMA bands by Western 
blot in rat kidneys. (C) Densitometric analysis of E-cadherin, vimentin and α-SMA by Western blot (n=5). (D) Representative PTEN, PI3K, p-AKT and t-AKT bands by Western 
blot in rat kidneys. (E) Densitometric analysis of PTEN, PI3K, p-AKT and t-AKT by Western Blot (n=5). Data are expressed as the mean ± SD. *P < 0.05 vs. the NC group. #P 
< 0.05 vs. the DKD group. NC: normal control; DKD: diabetic kidney disease; TP: triptolide. 
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a significant increase in miR-188-5p expression under 
HG conditions, while triptolide reduced the levels of 
miR-188-5p compared with cells without intervention 
(Figure S1C). Subsequently, expression of miR-188-5p 
was analyzed by qPCR in HK-2 cells. Consistently, the 
results showed that miR-188-5p expression was 
apparently elevated in the HG group compared with 
the NG group and that miR-188-5p expression was 
decreased after cells were treated with 5 ng/mL 
triptolide under HG conditions (Figure 4A). We 
further detected expression of miR-188-5p in vivo. 
The miR-188-5p levels in diabetic kidneys were 
considerably increased, and triptolide significantly 
decreased this expression (Figure 4B). Next, we 
attempted to identify the potential target genes of 
miR-188-5p with TargetScan. We found that PTEN 

was a predicted target of miR-188-5p because of their 
complementary sequences (Figure 4C). 
Dual-luciferase reporter assays were performed to 
verify whether PTEN expression was hindered by the 
direct interaction between the PTEN 3’-UTR and 
miR-188-5p. We observed that ectopic expression of 
miR-188-5p significantly repressed the luciferase 
activity of the wild-type PTEN-3’-UTR, but had no 
effect on the luciferase activity of the mutant 
PTEN-3’-UTR. These results confirmed that PTEN 
was a direct target of miR-188-5p (Figure 4D). 
Meanwhile, the qPCR and Western blot results 
demonstrated that the PTEN mRNA and protein 
levels were significantly decreased by HG incubation 
and that triptolide enhanced the PTEN mRNA and 
protein levels (Figures 2D, 2E and 4E). 

 

 
Figure 3. Triptolide modulated the expression of E-cadherin, vimentin and α-SMA by inactivating the PI3K/AKT signaling pathway in HK-2 cells. (A) 
Representative images of E-cadherin (green), vimentin (green) and α-SMA (green) by immunofluorescence in HK-2 cells. Blue staining refers to the DAPI-stained nuclei. Original 
magnification is ×200. (B) Quantification of E-cadherin, vimentin and α-SMA gene expression in HK-2 cells (n=4). (C) Representative E-cadherin, vimentin and α-SMA bands by 
Western blot in HK-2 cells. (D) Densitometric analysis of E-cadherin, vimentin and α-SMA by Western blot (n=4). (E) Representative PTEN, PI3K, p-AKT and t-AKT bands by 
Western blot in HK-2 cells. (F) Densitometric analysis of PTEN, PI3K, p-AKT and t-AKT by Western Blot (n=4). Data are expressed as the mean ± SD. *P < 0.05 vs. the NG 
group. #P < 0.05 vs. the HG group. NG: normal glucose; MA: mannitol; HG: high glucose; TP: triptolide. 
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Figure 4. PTEN is a direct target of miR-188-5p and triptolide can promote PTEN expression. (A) Quantification of miR-188-5p gene expression in the HK-2 cells 
(n=4). (B) Quantification of miR-188-5p gene expression in rat kidneys (n=15). (C) miR-188-5p sequence and its potential binding sites in the wild-type PTEN-3ʹ-UTR. The 
complementary binding site was replaced in the mutant PTEN 3ʹ-UTR. (D) Dual-luciferase reporter assay with wild-type PTEN-3ʹ-UTR and mutated PTEN- 3ʹ-UTR reporter 
gene in 293T cells transfected with miR-188-5p mimic or miR-mNC for 24 h (n=4). (E) Quantification of PTEN gene expression in the HK-2 cells (n=4). Data are expressed as 
the mean ± SD. **P < 0.01 vs. the miR-mNC group. *P < 0.05 vs. the NG group. # P < 0.05 vs. the HG group. NC: normal control; DKD: diabetic kidney disease; TP: triptolide; 
NG: normal glucose; MA: mannitol; HG: high glucose; miR-188-5pm: miR-188-5p mimic; miR-mNC: negative control of miR-188-5p mimic. 

 

miR-188-5p inhibitor alleviated HG-induced 
EMT in HK-2 cells 

To further elucidate whether miR-188-5p is 
involved in mediating HG-induced EMT by targeting 
PTEN and affecting the activity of the PI3K/AKT 
signaling pathway, we constructed a miR-188-5p 
knockout model in HK-2 cells. When cells were 
transfected with a miR-188-5p inhibitor prior to HG 
conditions, miR-188-5p expression was reduced by 
almost 60% compared with cells transfected with the 
miR-188-5p inhibitor negative control (Figure S1D). 
PTEN protein expression was also increased and the 
PI3K and p-AKT/t-AKT levels were decreased after 
deletion of miR-188-5p in HK-2 cells (Figures 5A and 
B). Moreover, we found that abrogation of miR-188-5p 
expression caused a considerable increase in the 

E-cadherin protein expression levels, but a decrease in 
the vimentin and α-SMA levels (Figures 5C and D). 
These data suggest that the miR-188-5p inhibitor had 
the same effect as triptolide; thus, miR-188-5p is 
indispensable for regulation of HG-induced EMT. 

miR-188-5p mimic reversed the anti-EMT 
effect of triptolide in HK-2 cells 

According to the results mentioned above, we 
speculated that the miR-188-5p mimic might 
antagonize the effects of triptolide. Thus, we next 
employed a miR-188-5p mimic to overexpress 
miR-188-5p in HK-2 cells. As expected, themiR-188-5p 
levels in cells transfected with the miR-188-5p mimics 
was approximately 45 times higher than in cells 
transfected with the miR-188-5p mimic negative 
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control (Figure S1E). Meanwhile, Western blot 
analysis demonstrated that miR-188-5p enrichment 
reduced PTEN expression but increased the PI3K and 
p-AKT/t-AKT levels in HK-2 cells (Figures 6A and B). 
Furthermore, miR-188-5p overexpression decreased 
the E-cadherin protein expression levels, but 

increased the vimentin and α-SMA levels (Figures 6C 
and D). These results indicated that the miR-188-5p 
mimics partially offset the anti-EMT effects of 
triptolide by activating the PI3K/AKT signaling 
pathway. 

 

 
Figure 5. miR-188-5p downregulation alleviated HG-induced EMT in vitro. (A) Representative PTEN, PI3K, p-AKT and t-AKT bands by Western blot in HK-2 cells. (B) 
Densitometric analysis of PTEN, PI3K, p-AKT and t-AKT by Western blot (n=4). (C) Representative E-cadherin, vimentin and α-SMA bands by Western blot in HK-2 cells. (D) 
Densitometric analysis of E-cadherin, vimentin and α-SMA by Western blot (n=4). Data are expressed as the mean ± SD. *P < 0.05 vs. the NG group. #P < 0.05 vs. the HG group. 
NG: normal glucose; MA: mannitol; HG: high glucose; TP: triptolide; miR-188-5pi: miR-188-5p inhibitor; miR-iNC: negative control of miR-188-5p inhibitor. 

 

Table 2. Primers used for transcript quantification by qPCR. 

Genea Primer sequences (5'-3' )b 
Hs/Rs miR-188-5p Stemloop GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCTCC 
Hs/Rs miR-188-5p F GGTCCCATCCCTTGCATGGTG 
Hs/Rs RNU6 Stemloop GTCGTATCCAGTGCAGGGTCCGAGG 
Hs/Rs RNU6 F TGCGGGTGCTCGCTTCGGCAGC 
Universal primer R CCAGTGCAGGGTCCGAGGT 
Hs E-cadherin F  CCACCAGATGACGATACCCG 
Hs E-cadherin R GCTTCAGAACCACTCCCCTC 
Hs Vimentin F GGGACCTCTACGAGGAGGAG 
Hs Vimentin R CGCATTGTCAACATCCTGTC 
Hs α-SMA F  ACTGCCTTGGTGTGTGACAA 
Hs α-SMA R TCCCAGTTGGTGATGATGCC 
Hs PTEN F ACTCTTTATGCGCTGCGG 
Hs PTEN R ACAGCGGCTCAACTCTCAAA 
Hs GAPDH F  CTCCTCCACCTTTGACGCTG 
Hs GAPDH R TCCTCTTGTGCTCTTGCTGG 
a Hs, human; Rs, rat. 
b F, forward primer; R, reverse primer. 
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Figure 6. miR-188-5p overexpression reversed the anti-EMT effects of triptolide in vitro. (A) Representative PTEN, PI3K, p-AKT and t-AKT bands by Western blot 
in HK-2 cells. (B) Densitometric analysis of PTEN, PI3K, p-AKT and t-AKT by Western blot (n=4). (C) Representative E-cadherin, vimentin and α-SMA bands by Western blot 
in HK-2 cells. (D) Densitometric analysis of E-cadherin, vimentin and α-SMA bands by Western blot (n=4). Data are expressed as the mean ± SD. *P < 0.05 vs. the HG group. #P 
< 0.05 vs. the HG+TP group. NG: normal glucose; MA: mannitol; HG: high glucose; TP: triptolide; miR-188-5pm: miR-188-5p mimic; miR-mNC: negative control of miR-188-5p 
mimic. 

 

Discussion  
Our study was designed to investigate the 

mechanistic actions of triptolide towards renal EMT in 
DKD. Mesangial expansion, thickening of the 
glomerular basement membrane, and glomerular and 
tubulointerstitial fibrosis are characteristic structural 
changes in DKD [26, 27]. Previous studies have 
demonstrated that triptolide, the major active 
ingredient in TwHF, has a therapeutic effect on rats 
with DKD [23, 24]. It has been confirmed that 
triptolide attenuates renal interstitial fibrosis in rats 
with unilateral ureteral obstruction [28]. In the present 
study, triptolide remarkably decreased albuminuria 
and beneficially altered the renal histopathological 
changes observed in a DKD model, which are 
consistent with previous studies [24, 29].  

It is well known that EMT is closely associated 
with the progress of renal fibrosis in DKD [30]. In our 
study, morphological changes in HK-2 cells under HG 
conditions were observed first. Using histochemical 
and biochemical approaches, EMT was induced by 
hyperglycemia or HG in DKD rats and HK-2 cells. Liu 
et al. provided experimental evidence of effective 

inhibition of hypoxia-induced EMT by triptolide in 
pancreatic cancer [31]. Similarly, we proved that 
triptolide could alleviate renal EMT both in vivo and 
in vitro. So far, many studies have revealed that the 
PI3K/AKT signaling pathway plays a crucial role in 
EMT during DKD. LY294002, a PI3K inhibitor, 
prevented HG-induced EMT in NRK-52E cells by 
suppressing AKT phosphorylation [32, 33]. However, 
it was unclear whether the PI3K/AKT signaling 
pathway was involved in the anti-EMT effects of 
triptolide in DKD rats and HK-2 cells. Our findings 
showed that triptolide notably increased the 
inactivation of the PI3K/AKT pathway in vivo and in 
vitro. Therefore, we discovered that the PI3K/AKT 
pathway was the potential mechanism to mitigate the 
effects by triptolide on EMT. 

MiRNAs play a crucial part in numerous 
diseases, including diabetes, cardiovascular diseases, 
kidney diseases and cancers[34]. Recently, a large 
number of studies have revealed that aberrant 
miRNA expression in the kidney may result in the 
development and progression of DKD [35]. For 
example, Zhao et al. found that miR-23b expression 
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was decreased in vitro and in vivo and that G3BP2 
was a downstream target mRNA of miR-23b, which 
regulate pathogenic processes in DKD [36]. 
Additionally, several miRNAs are considered to be 
important mediators of renal EMT, such as miR-21, 
Let-7d, miR-141 and miR-590 [10, 37-39]. Moreover, 
miRNAs also serve as regulatory elements regarding 
the effects of drug interventions in DKD [40, 41]. Here, 
we detected miRNA expression using a miRNA 
microarray technology and subsequently quantified 
the expression of interesting miRNAs using qPCR. 
The results showed that the increase in miR-188-5p 
expression in HK-2 cells exposed to HG was 
significantly reversed by triptolide, which was 
consistent with the miR-188-5p levels in rat kidneys. 
Although other miRNAs also showed differential 
expression (Figure S1C), few studies reported that 
whether miR-188-5p was involved in regulating 
tubular EMT in DKD through PI3K/AKT pathway. 
Thence miR-188-5p was selected as a candidate 
miRNA in this study. 

As is widely known, miRNAs exert their 
biological effects by binding to the complementary 
3’-UTR sequences of target mRNAs at the 
posttranscriptional level [42]. Next, we attempted to 
find the possible target gene of miR-188-5p. Above 
results have proved that triptolide reduced 
glucose-stimulated PI3K/AKT pathway activation 
and miR-188-5p expression in HK-2 cells. We 
speculated that miR-188-5p has an effect on one of 
signal molecules in PI3K/AKT pathway. According to 
bioinformatics analyses using TargetScan, PTEN was 
deemed to be a target miR-188-5p candidate. The 
results from the dual-luciferase reporter assay also 
confirmed this prediction. PTEN is a tumor 
suppressor that mainly blocks the PI3K/AKT 
pathway in a negative-regulation manner and is 
usually inactivated in somatic cancers [43]. Moreover, 
PTEN has been found to exert a crucial role in EMT. 
For example, PTEN is a direct target of miR-130b and 
participates in EMT-induced metastasis in 
hepatocellular carcinoma [17]. Decreased PTEN 
expression regulated by miR-494 also promotes 
cyclosporine-induced EMT in HK-2 cells and kidneys 
from C57BL/6J mice, and BpV, a PTEN inhibitor, 
accelerates EMT in renal tubular cells [15, 18]. As a 
miR-188-5p target gene, it is easy to understand that 
changes in PTEN expression occur in contrast to 
miR-188-5p expression. Nevertheless, whether 
triptolide ameliorates renal EMT via a 
miR-188-5p-associated PI3K/AKT pathway remained 
unknown. In the current in vitro study, it was shown 
that miR-188-5p ablation preserved HK-2 cells against 
PI3K/AKT pathway activation and HG-induced 
EMT. Second, we discovered that miR-188-5p 

enrichment weakened the therapeutic action of 
triptolide during HG-related EMT. Therefore, these 
results demonstrated that miR-188-5p was key for 
governing the effects of triptolide on renal EMT 
through the PI3K/AKT pathway.  

In summary, our data suggest that triptolide 
may be an effective therapeutic approach in DKD. The 
increase in PTEN levels and decrease in PI3K/AKT 
pathway activation mediated by miR-188-5p 
inhibition is a potential mechanism by which 
triptolide could prevent renal EMT in DKD. Thereby, 
targeting miR-188-5p might be a novel therapy for 
triptolide in renal tubulointerstitial fibrosis. 

However, some limitations were present in this 
study. Even though we demonstrated that triptolide 
improved renal structure and renal tubular EMT, we 
did not develop any miR-188-5p overexpression or 
suppression models. Further studies may solve this 
problem by using miR-188-5p-inhibitor/mimic- 
treated or gene-knockout animal models. DKD rats 
also showed glomerular fibrosis, and we did not 
assess the expression of miR-188-5p in mesangial cells 
and podocytes. It is unclear whether abnormal 
miR-188-5p expression is connected with glomerular 
injury. Furthermore, one miRNA targets numerous 
mRNAs and one mRNA is regulated by various 
miRNAs. This complicated network means that other 
miRNAs, target molecules and pathways may 
participate in the triptolide mechanism modulating 
EMT. Thus, more studies are urgently required to 
address the above problems. 

Materials and Methods  
Animals 

Six-week-old Male Sprague-Dawley rats 
weighing 160 ± 8 g were purchased from Beijing HFK 
Bioscience Co., Ltd. (Beijing, China). This study was 
performed in accordance with the recommendations 
from the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health and the 
Animal Welfare Act guidelines. The protocol was 
approved by the ethical committee of Tianjin Medical 
University (Tianjin, China). All rats were maintained 
under pathogen-free conditions (12 h light/dark 
cycles, 55% ± 10% humidity, and 22°C ± 2°C 
temperature). Fifteen rats were randomly chosen to 
receive a standard diet (NC group, n= 15), while 
others were fed a high-fat diet (HFD group, n=38) for 
8 weeks. The HFD consisted of 78.7% standard diet, 
10% glucose, 10% animal fat, 1% total cholesterol and 
0.3% sodium cholate. Diabetes was induced in the 
HFD group by a tail intravenous injection with a 
single dose of streptozocin dissolved in sodium citrate 
buffer (30 mg/kg, pH 4.5), while the NC group was 
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administered isometric sodium citrate buffer. When 
the random blood glucose was ≥16.7 mmol/L after the 
streptozocin injection, the diabetic model was 
considered to be successful. Thirty rats that met the 
diabetes criteria were randomly assigned to the DKD 
(n=15) and DKD +TP (n=15) groups. DKD +TP rats 
were gavaged with triptolide at a dose of 200 
μg/kg/d for 12 weeks, while the NC and DKD 
groups received equal amounts of saline. 

Cell culture and treatment 
Human proximal tubular epithelial cells (HK-2 

cells, American Type Culture Collection, USA) were 
maintained in DMEM medium (Hyclone, USA) 
containing 10% fetal bovine serum (Gibco, USA), 200 
U/mL penicillin, and 200 μg/mL streptomycin 
(Solarbio, China) in an incubator with a humidified 
atmosphere of 5% CO2 at 37°C. The cells were divided 
into the following groups, which contained various 
additives in their media: (1) the NG group was 
incubated in DMEM containing 5.5 mmol/L glucose, 
(2) the MA group was incubated in DMEM containing 
5.5 mmol/L glucose and 24.5 mmol/L mannitol, (3) 
the HG group was incubated in DMEM containing 30 
mmol/L glucose, and (4) the HG+TP group was 
incubated with 5 ng/mL triptolide in DMEM 
containing 30 mmol/L glucose. Each group was 
incubated under different conditions for 48 h as 
previously reported [15, 44]. 

Biochemical analysis 
At the end of the treatment, 24 h urine samples 

from all rats were obtained for the measurement of 
urinary microablumin (UMA). All overnight-fasted 
animals were weighed and then anesthetized with an 
intraperitoneal injection of chloral hydrate. Blood 
samples were collected from the retroorbital venous 
plexus for biochemical analyses. Blood glucose, UMA, 
total triglyceride (TG), total cholesterol (TC), alanine 
transaminase (ALT), aspartate transaminase (AST), 
blood urea nitrogen (BUN) and serum creatinine (Scr) 
were assessed by an automatic biochemistry analyzer 
(Roche, Germany). The kidneys were immediately 
collected, weighed, and fixed in 10% neutral formalin 
or frozen in liquid nitrogen and then stored at −80°C 
until further experiments. 

Histological analysis 
Five micrometer thick kidney sections 

embedded in paraffin were cut for histological 
analysis. The sections were stained with hematoxylin 
and eosin (HE), periodic acid-Schiff (PAS) and 
Masson’s trichrome (Masson) staining kits (Leagene 
Biotechnology, China) according to the manufac-
turer’s recommendations.  

Immunohistochemistry staining of renal 
tissues 

Formalin-fixed and paraffin-embedded kidney 
slides were deparaffinized with xylene, hydrated with 
graded ethanol, subjected to antigen retrieval at 95°C, 
blocked with 3% H2O2 and incubated overnight at 4°C 
with the following primary antibodies: 
anti-E-cadherin (1: 100, no.3195, Cell Signaling 
Technology, USA), anti-vimentin (1: 100, 
no.10366-1-AP, Proteintech, China), and anti-α-SMA 
(1: 100, no. 7817, Abcam, USA). Subsequently, the 
sections were incubated with the appropriate 
secondary antibody, visualized with a DAB kit and 
counterstained with hematoxylin.  

Western blot analysis  
Proteins from kidney tissues and HK-2 cells were 

extracted using RIPA buffer (Solarbio, China) 
following the manufacturer’s instructions, and the 
protein concentrations were determined using a BCA 
protein assay kit (Solarbio, China). Proteins from each 
experimental group were separated by SDS-PAGE 
gels, transferred onto PVDF membranes, blocked with 
5% defatted milk for 2 h at room temperature and 
incubated overnight at 4°C with the following 
primary antibodies: anti-E-cadherin (1:1000, no. 3195, 
Cell Signaling Technology, USA), anti-vimentin 
(1:2000, no. 10366-1-AP, Proteintech, China), 
anti-α-SMA (1:200, no. 7817, Abcam, USA), anti-PTEN 
(1:1000, no. 9559, Cell Signaling Technology, USA), 
anti-PI3K p85 (1:1000, no. 4257, Cell Signaling 
Technology, USA), anti-p-AKT Ser473 (1:1000, 
no.4060, Cell Signaling Technology, USA), anti-t-AKT 
(1:1000, no. 4691, Cell Signaling Technology, USA), 
and anti-β-actin (1:5000, no. KM9001, Sungene 
Biotech, China). After washing, the HRP-conjugated 
secondary anti-rabbit/mouse antibody (Sungene 
Biotech, China) was used at a 1:3000 dilution for 1 h at 
room temperature. Protein bands were visualized 
with an ECL kit (Advansta, USA). Densitometry 
analyses of the bands were quantified with Image J 
software. The housekeeping protein β-actin was used 
as a loading control. 

CCK 8 assay 
The cell counting kit 8 (CCK 8) was used to 

obtain the optimal drug concentration for the 
therapeutic effect instead of impairing cells’ growth. 
Cells were plated in 96-well plates at the density of 
5×104/well. Different concentrations of triptolide (0, 
0.5, 1, 2.5, 5, 7.5, 10, 20 and 50 ng/mL) were added to 
the medium for 48 h. Next, cells were incubated with 
10 μL of CCK 8 reagent for 2 hours, and the 
absorbance at 450 nm was measured. Assays were 
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performed with 6 replicate wells for each group, and 
the experiment was conducted in triplicate. 

Immunofluorescence staining of HK-2 cells 
Cells were plated on plastic cover slips for 

immunocytochemistry. After incubation, cells were 
fixed with 4% paraformaldehyde for 10 min and 
permeabilized with 0.1% Triton X-100 for 30 min. 
Subsequently, cells were blocked with 5% BSA for 30 
min and incubated with the following primary 
antibodies overnight at 4°C: anti-E-cadherin (1:50, no. 
3195, Cell Signaling Technology, USA), anti-vimentin 
(1:50, no. 10366-1-AP, Proteintech, China), and 
anti-α-SMA (1:50, no. 7817, Abcam, USA). Next, cells 
were incubated with the corresponding 
FITC-conjugated secondary antibodies for 30 min and 
DAPI for 2 min in the dark. Finally, images were 
captured using a fluorescence microscope equipped 
with a digital camera. 

RNA isolation and Quantitative PCR 
Total RNA was extracted from HK-2 cells and 

kidney samples using the E.Z.N.A.TM HP total RNA 
Kit (Omega, USA) according to the manufacturer’s 
instructions. cDNA was synthesized using a reverse 
transcription system kit (Thermo, USA). Quantitative 
PCR (qPCR) was performed with a SYBR Green PCR 
reagent kit (Sangon Biotech, China) on a CFX96 
real-time PCR system (Bio-Rad, USA). Finally, the 
absorption value of SYBR Green fluorescence in each 
sample was detected. The miRNA and RNA 
expression levels were normalized to those of small 
nuclear RNA (RNU6) and a housekeeping gene 
(GAPDH), respectively. All of the primers, which 
were synthesized by AuGCT Biotechnology (Beijing, 
China), are listed in Table 1. 

Luciferase reporter assay 
The predicted 3ʹ-UTR sequence of PTEN 

interacting with miR-188-5p and mutated sequences 
within the predicted target sites were synthesized and 
inserted into the pRL-TK control plasmid containing a 
Renilla luciferase gene (Promega, USA). 293T cells 
were seeded into 96-well plates prior to transfection, 
followed by co-transfection with 100 ng/well pRL-TK 
plasmid, wild-type PTEN-3ʹ-UTR or mutant 
PTEN-3ʹ-UTR reporter plasmid and 5 pmol/well 
miR-mNC or miR-188-5pm for 24 h. The luciferase 
activities of the cell lysates were measured using a 
Dual-Luciferase Assay System (Promega, USA). The 
Renilla luciferase activity of each transfected well was 
used as an internal control for normalization. 

miRNA mimic and inhibitor transfections 
HK-2 cells were transfected with a miR-188-5p 

inhibitor (miR-188-5pi), miR-188-5p mimic 

(miR-188-5pm), or miRNA inhibitor (miR-iNC) and 
miRNA mimic (miR-mNC) as negative controls 
(Genepharma, Shanghai, China) at a final 
concentration of 50 nmol/L using the transfection 
reagent Lipofectamine 2000 (Invitrogen, USA) 
following the manufacturer’s protocol. The 
transfected cells were starved via incubation with 
serum-free medium overnight prior to incubating the 
cells with 30 mM glucose or medium containing 30 
mM glucose and 5 ng/mL triptolide for 48 h. 

Statistical analysis 
GraphPad Prism 5.0 software was used for 

statistical analysis. The values are shown as the mean 
± SD. The significance of the data was analyzed using 
one-way analysis of variance (ANOVA). P < 0.05 was 
considered to indicate statistical significance. 

Abbreviations 
ALT: alanine aminotransferase; AKT: protein 

kinase B; AST: aspartate aminotransferase; BUN: 
blood urea nitrogen; BW: body weight; CCK 8: cell 
counting kit 8; DKD: diabetic kidney disease; EMT: 
epithelial mesenchymal transition; FPG: fasting 
plasma glucose; HE: hematoxylin and eosin; HFD: 
high-fat diet; HG: high glucose; HK-2: human kidney 
proximal tubular epithelial cells; KW/BW: kidney 
weight to body weight ratio; MA: mannitol; miRNAs: 
microRNAs; mRNAs: messenger RNAs; NC: normal 
control; NG: normal glucose; PAS: periodic 
acid-Schiff; PI3K: phosphatidylinositol 3-kinase; 
PTEN: phosphatase and tensin homologue deleted 
chromatosome ten; Scr: serum creatinine; α-SMA: 
α-Smooth muscle actin; TC: total cholesterol; TG: 
triglyceride; TP: triptolide; TwHF: Tripterygium 
wilfordii Hook F; UMA: urinary microablumin; 
3’-UTR: 3’-untransliated region. 
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