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Abstract
Background/Aims: Renal tubulointerstitial fibrosis is the most common pathway of 
progressive kidney injury, leading to end-stage renal disease. At present, no effective 
prophylactic treatment method is available. This study investigated the anti-fibrotic effects 
of total flavonoids (TFs) extracted from leaves of Carya Cathayensis in vivo and in vitro, and 
explored the underlying mechanisms. Methods: Anti-fibrotic effects of TFs were measured 
using a mouse model of unilateral ureteral obstruction (UUO) and in transforming growth 
factor-β1 (TGF-β1)-treated mouse tubular epithelial cells (mTECs). mRNA expression and protein 
levels of Collagen I, Collagen III, and α-smooth muscle actin (α-SMA) were also tested by real-
time reverse transcription PCR and western blot analysis. To elucidate the underlying mechanisms, 
expression of miR-21 was examined in mTECs treated with TFs using miR-21 mimics transfected 
into mTECs before TGF-β1 and TFs treatment. Regulation of mothers against decapentaplegic 
homolog (Smad) signaling by miR-21 was subsequently validated via overexpression and 
deletion of miR-21 followed by a luciferase assay. Results: TFs treatment attenuated renal 
fibrosis, and inhibited expression of collagens and α-SMA in the kidneys of mice subjected 
to UUO. In vitro, the TFs significantly decreased expression of fibrotic markers in TGF-β1-
treated mTECs. Moreover, TFs reduced miR-21 expression in a time- and dose-dependent 
manner in mTECs, increased expression of Smad7, and decreased phosphorylation of Smad3. 
Treatment with miR-21 mimics abolished the anti-fibrotic effects of the TFs on the TGF-β1-
treated mTECs. In addition, genetic deletion of miR-21 upregulated expression of Smad7 
and suppressed phosphorylation of Smad3, attenuating renal fibrosis in mice. Bioinformatics 
predictions revealed the potential binding site of miR-21 in the 3′-untranslated region of 
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Smad7, and this was further confirmed by the luciferase assay. Conclusion: TFs ameliorate 
renal fibrosis via a miR-21/Smad7 signaling pathway, indicating a potential therapy for the 
prevention of renal fibrosis.

Introduction

Carya cathayensis, family Juglandaceae, is widely distributed around the world. It 
is used as both food and medicine, possessing various biological activities. For example, 
its nut kernel [1] and shell [2] were found to have a variety of pharmacological effects, 
including anti-tumor, anti-inflammatory and anti-oxidative activity. Its leaves are also rich 
in flavonoids. In our previous study, we isolated total flavonoids (TFs) from C. cathayensis 
leaves, and then purified and identifiedthe chemical constituents [3]. They were found to 
be composed of five flavonoids, namely, cardamonin, wogonin, pinocembrin, chrysin, and 
pinostrobin chalcone. Moreover, each of these flavonoids and the compound TFs were able 
to inhibit vascular endothelial growth factor-induced angiogenesis and cell proliferation 
[3]. Recently, we further revealed that TFs from the leaves of C. cathayensis also protect 
against early development of atherosclerosis via inhibition of arterial medial smooth muscle 
cell proliferation and macrophage accumulation in arterial adventitia [4]. This led us to 
hypothesize that the TFs might also possess an anti-fibrotic effect.

Renal tubulointerstitial fibrosis, characterized by interstitial extracellular matrix (ECM) 
deposition and myofibroblast accumulation, is regarded as the common end point of chronic 
kidney disease (CKD) [5], leading to derangement of renal architecture and irreversible 
impairment of renal function [6]. It is well documented that transforming growth factor-
β1(TGF-β1)/mothers against decapentaplegic homolog (Smad) signaling is the central 
pathway regulating the development and progression of fibrosis [7, 8]. TGF-β1 binds to its 
specific receptor, stimulating Smad2/Smad3 phosphorylation, which subsequently results in 
the formation of complexes with Smad4. These complexes are then translocated to the nuclei, 
where they regulate expression of various TGF-β1 target genes, such as collagens [9, 10]. In 
addition, Smad3 can bind directly to promoters of collagens, namely, α-smooth muscle actin 
(α-SMA) and fibronectin, thereby regulating their expression [7, 11]. Smad7, an inhibitor 
of Smad, is a negative regulator of TGF-β1/Smad signaling, suppressing phosphorylation 
of Smad2/Smad3, promoting TGF-β1 receptor type I degradation [7, 12], and consequently 
inhibiting fibrogenesis. Therapeutic strategies targeting TGF-β1/Smad signaling could 
therefore effectively prevent renal fibrosis.

MicroRNAs (miRNAs) are small (20-23 nucleotides) non-coding RNAs that function 
mainly to suppress target gene expression via translation inhibition or mRNA degradation 
[13]. Dysregulated miRNA expression has been observed in a number of human diseases and 
in animal models. Emerging evidence suggests that various pathophysiological processes 
are regulated by miRNAs, including tissue fibrosis [14]. Among the fibrosis-related miRNAs, 
miR-21 has been found to play an important role in promoting fibrogenesis in the kidney 
[15-17], heart [18, 19], liver [20] and lung [21]. Moreover, miR-21 is one of the most highly 
upregulated miRNAs during kidney injury, both acute kidney injury [22] and CKD [17]. In our 
previous study, we revealed that miR-21 was up-regulated soon after ischemia in a mouse 
model of renal ischemia reperfusion injury [23]. Moreover, when renal tubulointerstitial 
fibrosis appears, miR-21 expression is maintained at a high level. miR-21 is significantly 
upregulated in mice kidneys in response to unilateral ureteral obstruction (UUO). Inhibition 
of miR-21 was found to attenuate renal fibrosis in two well-established animal models [15-
17]. These findings suggest that miR-21 could play a novel therapeutic role in the prevention 
of renal fibrosis.

In this study, we examined the effects of TFs on renal fibrosis in vitro and in vivo, revealing 
a decrease in miR-21 expression in TGF-β1-treated mouse tubular epithelial cells (mTECs) 
and in kidneys of mice subjected to UUO. Moreover, up-regulation of Smad7 expression and 
inhibition of Smad3 phosphorylation was also observed, thereby attenuating renal fibrosis. 
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Smad7 was therefore confirmed as the target gene of miR-21 in tubular epithelial cells 
(TECs). Meanwhile, overexpression of miR-21 abolished the anti-fibrotic effects of the TFs 
on renal fibrosis. Overall, these findings suggest that the TFs ameliorate renal fibrosis via the 
miR-21/Smad7 signaling pathway.

Materials and Methods

Cell culture and treatment
mTECs were purchased from Caltag Medsystems (Buckingham, UK) and cultured in RPMI-1640 

medium (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum in a humidified incubator at 
37°C with 5% CO2–95% air TFs were isolated from C. cathayensis leaves, and then purified and identified, 
as described in our previous study [3]. TFs samples (5 mg) were dissolved in 1 mL dimethyl sulfoxide 
(DMSO) to create a stock solution (5 mg/mL), which was serially diluted in RPMI1640 medium to give final 
concentrations for the in vitro experiment. The TFs were added to the cells at concentrations of 0, 5, 10, 20, 
40, and 80 mg/mL for 24 h, and the cell viability was assayed. According to the results, 10 μg/mL TFs was 
selected for subsequent analysis, in which they were added to the cells for 0, 2, 6, 12, 24, and 48 h. In an 
additional experiment, cells were stimulated with recombinant human TGF-b1 (R&D Systems, Minneapolis, 
MN) at a concentration of 10 ng/mL for 24 h with and without the TFs.

Flow cytometry and cell viability assay
mTECs were treated with TFs at indicated concentrations. Fluorescein isothiocyanate-conjugated 

AnnexinV/prop idium iodide (PI) double staining was applied to assay cell apoptosis using a flow cytometer 
(Altra; Beckman Coulter, Inc., Brea, CA). Quadrant statis tics on AnnexinV-positive/PI-negative, double 
positive cells, AnnexinV-negative/PI-positive, and double negative cells were utilized.

The viability of mTECs treated with and without TFs was assessed via the 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, Munich, Germany). Briefly, 20μL MTT 
solution (5mg/mL; Sigma-Aldrich) was added to each well of a 96-well plate. After 4-h incubation, 200 μL of 
DMSO was added to dissolve the formazan crystals. Absorbance at a wave length of 490nm was measured 
on a microplate reader. All experiments were performed in triplicate.

Mouse model of UUO and treatment
C57BL/6 mice (Animal Center of Fudan University, Shanghai, China), miR-21-/- mice (B6.129-

Mir21atm1Smoc, Shanghai Biomodel Organism Science & Technology Development Co. Shanghai, China) 
and wild-type littermates, all 8-10 weeks old, were used in the mouse model. All animal experiments were 
approved by the Institutional Animal Care and Use Committee of Fudan University. The murine UUO model 
was as follows: after anesthesia with pentobarbital sodium (50 mg/kg, i.p.), the abdominal cavity was 
exposed via a midline incision. The left ureter was then isolated and ligated with 4-0 silk at the ureteropelvic 
junction. The contralateral kidney with ureter not ligated was used as a control. To examine the effect of TFs 
on renal fibrosis, TFs in 300 mL DMSO were administered daily via oral-gastric syringe feeding from day 0 
to day 13 after surgery. A dose of 50 mg/kg was selected based on our previous study [4]. An equivalent 
amount of DMSO was administered to the control group. Mice were sacrificed at day 14 after UUO.

Masson’s trichrome assay and immunohistochemistry
Kidney slices were fixed in 10% formalin and embedded in paraffin. Sections (5μm thick) were stained 

with Masson’s trichrome and evaluated under light microscopy by a nephropathologist blinded to the 
experiments.

Immunohistochemistry was performed on the paraffinized sections as previously described [24] using 
the following antibodies: Collagen I, Collagen III, and α-SMA (Abcam, Cambridge, MA). For semi-quantitative 
analysis, accumulation of Collagen I-, Collagen III-, and α-SMA-positive cells was determined using a 
quantitative image analysis system (AxioVision 4, Carl Zeiss, Jena, Germany), as previously described [25].
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Transient transfection with miRNAs
Synthesized miR-21 mimics (GenePharma, Shanghai, China) were transfected into mTECs at a final 

concentration of 100 nM using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) mixed in Opti-MEM® I 
reduced serum medium (Gibco). An equal concentration of negative control oligonucleotides was used as 
a control. After transfection for 48 h, the cells were stimulated with 10 ng/mL recombinant human TGF-b1 
for 24 h with and without TFs.

Enzyme-linked immunosorbent assay
The kidney tissue was homogenized in 1 mL phosphate-buffered saline and an enzyme-linked 

immunosorbent assay (ELISA) was performed for TGF-β1 (Abcam) according to the manufacturer’s 
instructions.

Real-time reverse transcription PCR
Total RNA was extracted from cells and dissected kidney tissue using TRIzol reagent (Invitrogen), and 

was reverse-transcribed to complementary DNA (PrimeScript RT reagent Kit; TaKaRa, Kyoto, Japan). Then, 
real-time reverse transcription PCR (qRT-PCR, SYBR Premix Ex TaqTM TaKaRa) was performed. Primers 
(Sangon, Shanghai, China) were as follows:

Collagen I
forward: 5′-GGAGGGCGAGTGCTGTGCTTT-3′,
reverse:5′-GGGACCAGGAGGACCAGGAAGT-3′;
Collagen III
forward:5′-GCGGAATTCCTGGACCAAAAGGTGATGCTG-3′,
reverse:5′-GCGGGATCCGAGGACCACGTTCCCCATTATG-3′;
α-SMA
forward:5′-GACGCTGAAGTATCCGATAGAACACG-3′,
reverse:5′-CACCATCTCCAGAGTCCAGCACAAT-3′;
TGF-b1
forward:5′-AGCGGACTACTATGCTAAAGAGGTCACCC-3′,
reverse: 5′-CCAAGGTAACGCCAGGAATTGTTGCTATA-3′.
In addition, mature miR-21 was detected by TaqMan Real-Time Reverse Transcription-PCR using a 

specific miRNA probe and PCR master mix (Applied Biosystems, Hayward, CA) as described previously [26]. 
U6 snRNA and β-actin mRNA were used as internal controls for miR-21 and mRNA, respectively. The 2–ΔΔCt 
method was used to calculate fold changes, and relative gene levels were expressed as ratios to the control.

Western blot
Western blot analysis was performed as previously described [27] using the following antibodies: 

Collagen I, Collagen III, and α-SMA (Abcam), Smad3 and p-Smad3 (Cell Signaling Technology, Danvers, MA), 
and Smad7 and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA).

Luciferase reporter assay
The wild-type 3′-untranslated region (UTR) of Smad7 mRNA containing the putative miR-21 binding 

sequence or the mutated 3′-UTR fragment was cloned into a firefly luciferase reporter construct and 
co-transfected into mTECs with either the miR-21 mimic (100 nM), miR-NC (100 nM), or vehicleusing 
Lipofectamine 2000 (Invitrogen). After 48-h transfection, luciferase activity was detected using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI).

Statistical analysis
SPSS Version 16.0 software (SPSS Inc., Chicago, IL) was used for all statistical analysis. Data are 

presented as the mean ± standard error of the mean. Student’s t-tests were used for comparisons between 
two groups. For multiple group comparisons, one-way analysis of variance followed by the Bonferroni post-
hoc test was applied. A p-value <0.05 was considered statistically significant.
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Fig. 1. TFs attenuated renal tubulointerstitial fibrosis in mice with UUO. (A) Masson trichrome staining 
of normal kidneys and UUO kidneys in mice treated with a vehicle control or TFs for 14 days after 
surgery. Magnification:×100. (B) Immunohistochemical staining of Collagen I, Collagen III, and α-SMA. (C) 
Quantitative analysis of immunohistochemical staining. (D) Expression of TGF-β1 mRNA, Collagen I mRNA, 
Collagen III mRNA, and α-SMA mRNA. (E) ELISA analysis of TGF-β1 protein in the kidneys. *p< 0.05, **p< 
0.01, compared with the UUO group.

Results

TFs treatment attenuated renal tubulointerstitial fibrosis in UUO mice
At day 14 after UUO,the ligated kidneys showed typical histologic features of 

tubulointerstitial fibrosis, characterized as widened interstitial space, obvious tubular 
dilatation, tubular atrophy and collagen matrix deposition, as revealed by Masson’s trichrome 
staining (Fig. 1A). TFs treatment (TF-UUO group) significantly attenuated morphologic injury 
and reduced collagen matrix deposition in UUO kidneys, while administration of a vehicle 
control (Con-UUO group) had no effect. Next, we examined expression of fibrotic markers 
in the UUO mice, revealing enhanced accumulation of Collagen I, Collagen III, and α-SMA-
positive cells in the ligated kidneys compared with normal kidneys (Fig. 1B, C). Consistent 
with this accumulation, qRT-PCR analysis revealed a marked increase in expression of 
Figure 1 
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Fig. 2. Effects of TFs on cell apoptosis, viability, and miR-21 expression in mTECs. (A) Results of cell 
apoptosis assay by flow cytometry. mTECs were treated with TFs at indicated concentrations for 24 h. Q2 
and Q3 areas indicate apoptotic cells. (B) Apoptosis rates. (C) Cell viability as assessed by a MTT assay. (D) 
miR-21 expression in mTECs treated with TFs at indicated concentrations for 24 h. (E)miR-21 expression in 
mTECs treated with10 μg/mL TFs for 2, 6, 12, 24 or 48 h. *p< 0.05, **p< 0.01, compared with the 0 μg/mL 
or 0 h group; #p< 0.01.

collagen I, collagen III, and α-SMA in the kidneys at day 14 after UUO (Fig. 1D). However, 
the accumulation of these fibrotic markers was significantly reduced after TFs treatment, 
and accordingly, expression was markedly decreased. These findings suggest that TFs can 
attenuate renal tubulointerstitial fibrosis. In addition, TGF-β1 expression was significantly 
up-regulated in the kidneys of mice subjected to UUO. Interestingly, TFs treatment had no 
effect on TGF-β1 expression in both mRNA and protein levels (Fig. 1D, E).

Effect of TFs on cell apoptosis, viability, and miR-21 expression in mTECs
To evaluate the effects of TFs on cell apoptosis and viability, mTECs were treated with 

different concentrations of TFs. TFs at a concentration of 20 μg/mL had no obvious effect on 
apoptosis and cell viability, whereas 40 μg/mL or more increased apoptosis to a small extent, 
thereby affecting cell viability (Fig. 2A-C). These findings suggest that concentrations of ≤20 
μg/mL have no cytotoxicity. 

It is well known that miR-21 is one of the most important miRNAs during renal fibrosis. 
To determine whether TFs modulate miR-21 expression in mTECs, we analyzed expression 
of miR-21 in mTECs treated with different concentrations of TFs, and with 10 μg/mL TFs 
for 2 h, 6 h, 12 h, 24 h, or 48 h, TFs treatment down-regulated miR-21 expression in a dose-
dependent manner and significantly reduced miR-21 expression at a concentration of 5 μg/

Figure 2 

 

 

Figure 3 
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mL (Fig. 2D). Furthermore, the TFs down-regulated miR-21 expression in a time-dependent 
manner and significantly reduced miR-21 expression 6 h after administration (Fig. 2D).

TFs attenuated TGF-β1-induced fibrosis via modulation of miR-21 and Smad signaling
We used TGF-β1 to induce fibrosis in vitro and investigated the effects of TFs on 

production of fibrotic markers in the mTECs. As shown in Fig. 3, both a low (10 μg/mL) and 
high (40 μg/mL) dose of TFs significantly down-regulated expression of miR-21 in TGF-β1-
treated mTECs, attenuating TGF-β1-induced expression of Collagen I, Collagen III, and α-SMA 
at the RNA and protein levels. Meanwhile, expression of Smad signaling was also observed in 
the mTECs, revealing marked up-regulation of Smad7 expression and suppression of Smad3 
phosphorylation with TFs treatment (Fig. 3E). We also investigated the effect of TFs on 
expression of miR-21 and Smad signaling in vivo, revealing inhibition of miR-21 expression, 
up-regulation of Smad7 protein levels, and down-regulation of Smad3 phosphorylation in 
the kidneys at 14 days after UUO surgery (Fig. 4A, B).

To determine whether the anti-fibrotic effects conferred by the TFs were mediated by 
miR-21, mTECs were transfected with a miR-21 mimic prior to TFs treatment. As a result, 
overexpression of miR-21 enhanced expression of Collagen I, Collagen III, and α-SMA 
compared with the control, abolishing the anti-fibrotic effects of TFs on TGF-β1-treated 
mTECs. Moreover, the miR-21 mimic down-regulated Smad7, activating phosphorylation of 
Smad3 (Fig. 4C).

Deletion of miR-21 ameliorated renal fibrosis and up-regulated Smad7 expression in UUO 
mice
To determine the effects of miR-21 on renal fibrosis and expression of Smad signaling, 

we used miR-21-/- mice and wild-type littermate controls in a UUO murine model. We found 
that, compared with wild-type littermates, miR-21-/- mice showed milder tubulointerstitial 
fibrosis at 14 days after surgery, as demonstrated by Masson’s trichrome staining (Fig. 5A). 
In addition, minor accumulation of Collagen I, Collagen III, and α-SMA-positive cells was 
observed in the ligated kidneys of miR-21-/- mice (Fig. 5B, C). Deletion of miR-21 in UUO 
kidneys significantly up-regulated expression of Smad7, inhibiting phosphorylation of 
Smad3 (Fig. 5D).

Fig. 3. TFs attenuated TGF-β1- induced fibrosis via modulation of miR-21 and Smad signaling. (A) miR-21 
expression. (B) Collagen I mRNA expression. (C) Collagen III mRNA expression. (D) α-SMA mRNA expression. 
(E) Protein levels of fibrotic markers and Smad signaling in TGF-β1-induced mTECs treated with TFs. Data 
in E represent the mean from three independent experiments. L-Total flavonoid and H-Total flavonoid: low 
(10 μg/mL) and high dose (40 μg/mL) of TFs added to TGF-β1-induced mTECs, respectively. *p< 0.05, **p< 
0.01, compared with the TGF-β1 group.
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Fig. 5. Deletion of miR-21 ameliorated renal fibrosis and up-regulated Smad7 expression. (A) Masson 
trichrome staining of kidneys from miR-21-/- mice and wild-type littermates subjected to UUO. Magnification: 
×100. (B) Immuno -histochemical staining of Collagen I, Collagen III, and α-SMA. (C) Quantitative analysis of 
immunohistochemical staining. *p< 0.05, **p< 0.01. (D) Expression of Smad signaling in kidneys of miR-21-

/- mice and wild-type littermates subjected to UUO was measured by western blotting. Data represent the 
mean from three independent experiments. *p< 0.05, **p< 0.01.

Fig. 4. TFs treatment inhibited Smad signaling and overexpression of miR-21 abolished the anti-fibrotic 
effects of TFs. (A) TFs treatment inhibited miR-21 expression in UUO mice. (B) TF treatment up-regulated 
Smad7 protein levels, and suppressed phosphorylation of Smad3 in UUO mice. (C) Results of western blot 
analysis. A miR-21 mimic was transfected into mTECs 48 h before TF (10 μg/mL) and TGF-β1 (10 ng/mL) 
treatment. miR-21 NC: miRNA mimic negative control, used as a control of the miR-21 mimic. Data in B and 
C represent the mean from three independent experiments. *p< 0.05, **p< 0.01.

Figure 4 

 

 

Figure 5 
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Fig. 6. miR-21 targets Smad7 mRNA in renal tubular epithelial cells. (A) Binding site of miR-21 located in 
the 3′-UTR of Smad7, which is very conserved in mammalian Smad7 transcripts. (B) Wild-type and mutated 
Smad7 3′-UTR. (C) Luciferase activity. mTECs were cotransfected with a miR-21 mimic or miRNA control, 
and reporter vectors containing wild-type (Smad7 WT) or mutated (Smad7 Mut) Smad7 3′-UTR. Luciferase 
activity was then measured. **p< 0.01.

miR-21 targets Smad7 mRNA in renal TECs
As demonstrated above, overexpression of miR-21 down-regulated Smad7 (Fig. 4C), 

while deletion of miR-21 up-regulated Smad7 expression in the kidneys (Fig. 5D). These 
findings suggest that miR-21 negatively regulates Smad7 expression in the kidneys. Using 
bioinformatics analysis with Target Scan Release 6.2, the binding site of miR-21 was located 
in the 3′-UTR of Smad7, which is very conserved in mammalian Smad7 transcripts (Fig. 6A, 
B). A dual-luciferase reporter assay was subsequently carried out to determine whether 
Smad7 is post-transcriptionally regulated by miR-21. As shown in Fig. 6C, luciferase activity 
significantly decreased when the reporter containing the Smad7 3′-UTR was co-transfected 
with a miR-21 mimic. In contrast, no decrease was observed in the reporter containing the 
mutated miR-21 binding site. These results suggest that miR-21 negatively regulates Smad7 
expression by targeting the 3′-UTR of Smad7.

Discussion

The prevalence of CKD is on the rise, and in China, the overall prevalence is currently 
10.8%, with the number of patients with CKD thought to be around 119.5 million [28]. Renal 
fibrosis is the final stage of CKD leading to loss of renal function [29, 30]. In the present 
study, we investigated the effects of TFs on the progression of renal fibrosis in a mouse model 
of UUO. As a result, we found that the TFs reduced expression of miR-21 in the kidneys, 
upregulated Smad7 expression, the target gene of miR-21, and inhibited phosphorylation of 
Smad3, thereby attenuating renal fibrosis.

Activation of TGF-β1/Smad signaling occurs in almost all forms of progressive CKD, 
playing a critical role in the onset and development of renal fibrosis [8, 31]. Smad3, but not 
Smad2, is the key downstream mediator of TGF-β1 responsible for renal fibrosis [15], while 
TGF-β1 increases phosphorylation of Smad3 and decreases Smad7 expression. Activation 
of Smad3 can directly promote the expression of collagens, fibronectin, and α-SMA, leading 
to renal fibrogenesis [11]. In addition, Smad3 activation was found to induce expression of 
Smad7, which then suppressed TGF-β1/Smad3 signaling via negative feedback by acting 
as an inhibitory Smad [8], protecting the kidneys from renal fibrosis. Previous studies also 
revealed that Smad7 knockout mice exhibited enhanced renal TGF-β1/Smad3 signaling 
and developed more severe renal fibrosis in both obstructive nephropathy and diabetic 
kidney disease [25, 32]. However, Smad7 treatment suppressed activation of TGF-β1/Smad3 
signaling, thereby ameliorating progressive forms of CKD such as obstructive nephropathy 

Figure 6 
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and crescentic glomerulonephritis [33, 34]. Consistent with previous reports, our results 
suggest that TGF-β1 expression is significantly up-regulated in the kidneys of mice subjected 
to UUO. Meanwhile, phosphorylation of Smad3 was markedly increased and Smad7 
expression decreased. Similar findings were also observed in TGF-β1-treated mTECs.

TGF-β1/Smad3 signaling also exerts a fibrotic effect by regulating miRNA expression 
in kidney disease [8]. The interaction between TGF-β1 signaling and miRNAs during kidney 
disease has well been documented, with TGF-β1-induced expression of miR-21, miR-192, 
and miR-433 known to participate in renal fibrogenesis [35, 36]. However, TGF-β1 signaling 
was also found to inhibit miR-29 and miR-200 family expression, protecting kidneys from 
renal fibrosis [37, 38]. TGF-β1 regulates miR-21 expression via a Smad3-, but not Smad2-
, dependent mechanism during renal fibrosis [15]. Deletion of Smad3 inhibited TGF-β1-
induced miR-21expression in mouse embryonic fibroblasts and kidney TECs [15]. miR-21 is 
also able to activate TGF-β1 signaling via downregulation of Smad7, acting in a feed-forward 
loop resulting in TGF-β1 signaling amplification [14]. Phosphatase and tensin homolog 
(PTEN) is also a major target of mir-21 and participates in the regulation of Smad2/Smad3 
phosphorylation and transcriptional activity [39]. Complex formation of PTEN with Smad2/
Smad3 was also found to induce Smad2/Smad3 dephosphorylation in the nucleus, inactivating 
TGF-β1 signaling and subsequently inhibiting fibrosis. PTEN is also a negative regulator of 
the TGF-β1 signaling pathway [40]. Meanwhile, miR-21 acts as an important suppressor of 
Smad- and Akt-dependent TGF-β1signaling pathways by targeting Smad7 and PTEN [41]. 
Previous studies have also demonstrated that miR-21 positively regulates production of 
ECM and α-SMA in kidney cells, such as TECs and mesangial cells, after administration of 
TGF-β1 [15, 42]. Persistent overexpression of miR-21 also contributes to renal fibrosis,while 
knockdown of miR-21 inhibits progression [15]. In this study, high expression of Smad3 
phosphorylation and miR-21 was observed in TGF-β1-treated mTECs and fibrotic kidneys 
from mice with UUO. miR-21 knockout mice exhibited an attenuated fibrotic response 
to UUO, as demonstrated by decreased ECM accumulation, and reduced expression of 
Collagen I, Collagen III, and α-SMA compared with wild-type mice. Interestingly, the negative 
regulator of TGF-β1/Smad3 signaling, Smad7, is targeted and suppressed by miR-21 in 
several diseases. For example, McClelland et al. [41] demonstrated that miR-21 is associated 
with the development of diabetic nephropathy, while targeting of Smad7 was found to be 
essential to the role of miR-21 in TGF-β-mediated fibrotic signaling. Overexpression of miR- 
21 in TECs inhibited the TGF-β1-induced increase in Smad7 protein. Furthermore, Liu et al. 
found that miR-21 mediated fibrogenic activation of pulmonary fibroblasts and lung fibrosis 
is mainly regulated by Smad7. In this study, elevated expression of Smad7 and reduced 
phosphorylation of Smad3 was observed in the kidneys of miR-21 knockout mice with UUO 
compared with wild-type mice. Combining bioinformatics analysis and a luciferase reporter 
assay, we identified and validated Smad7 as the target gene of miR-21 in TECs. Targeting 
miR-21 or maintaining Smad7 stability could therefore have therapeutic potential in the 
treatment of renal fibrosis.

TFs from different plant extracts have diverse functions. For example, C-glycosides isolated 
from Abrus mollis extracts possess anti-inflammatory activity, and have hepatoprotective 
effects in both acute and chronic liver injury [43]. Meanwhile, pretreatment with TFs from 
Scutellaria baicalensis stems and leaves was found to protect against cerebral ischemia 
reperfusion injury. The underlying mechanisms may involve inhibiting the apoptosis of 
hippocampal neurons via down-regulation of Fas and FasL protein expression, attenuating 
oxidative stress damage and increasing microvascular recanalization [44]. TFs extract from 
Abelmoschus manihot (L.) medic flowers was also found to protect mice against D-galactose-
induced oxidative stress in association with activation of Nrf2 signaling [45]. Meanwhile, 
in the present study, administration of TFs extracted from C. Cathayensis leaves attenuated 
renal fibrosis in a mouse model of UUO. Mechanistically, TFs suppressed the expression of 
miR-21, increased expression of the antifibrotic protein Smad7, the target gene of miR-21, 
and decreased phosphorylation of Smad3, thereby ameliorating TGF-β1-induced collagen 
and α-SMA expression. Furthermore, it is worth noting that PTEN, another important 
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target of miR-21, might partly contribute to the anti-fibrotic effect of TFs; however, further 
investigation of this is required.

This study has some limitations that should be noted. Our study did not reveal the exact 
mechanism underlying TFs suppression of miR-21 expression in the kidneys. In addition, 
we did not identify the role of each TF component on progression of renal fibrosis. Further 
investigations are therefore needed to determine the effects of monomer extracts from C. 
Cathayensis leaves on renal fibrosis and its underlying mechanisms.

Conclusion

In conclusion, our study demonstrates the protective effect of TFs against renal 
tubulointerstitial fibrosis induced by UUO. The underlying mechanisms involve a TF-induced 
reduction in miR-21 expression, which regulates the downstream Smad signaling pathway, 
thereby attenuating expression of collagens and α-SMA. TFs may be a novel and potential 
anti-fibrotic treatment for renal fibrosis.
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