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Abstract

Objective: Increasing evidence shows that TGF-b1 is a key mediator in diabetic nephropathy (DN) and induces renal fibrosis
positively by Smad3 but negatively by Smad7. However, treatment of DN by blocking the TGF-b/Smad pathway remains
limited. The present study investigated the anti-fibrotic effect of a traditional Chinese medicine, Chaihuang-Yishen granule
(CHYS), on DN.

Research Design and Methods: Protective role of CHYS in DN was examined in an accelerated type 1 DN induced by
streptozotocin in uninephrectomized Wistar rats. CHYS, at a dose of 0.56 g/kg body weight, was administered by a daily
gastric gavage for 20 weeks and the therapeutic effect and potential mechanisms of CHYS on diabetic kidney injury were
examined.

Results: Treatment with CHYS attenuated diabetic kidney injury by significantly inhibiting 24-h proteinuria and progressive
renal fibrosis including glomerulosclerotic index, tubulointerstitial fibrosis index, and upregulation of extracellular matrix
(collagen I, IV, and fibronectin), despite the same levels of blood glucose. Further studies revealed that inhibition of renal
fibrosis in CHYS-treated diabetic rats was associated with inhibition of TGF-b1/Smad3 signaling as demonstrated by
upregulation of Smad7 but downregulation of TGF-b1, TGF-b receptors, activation of Smad3, and expression of miRNA-21.

Conclusions: CHYS may be a therapeutic agent for DN. CHYS attenuates DN by blocking TGF-b/Smad3-mediated renal
fibrosis.
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Introduction

Diabetic nephropathy (DN) is one of the major microvascular

complications of diabetes, and is the single most common cause of

end-stage renal disease worldwide [1]. DN is characterized by

excessive deposition of extracellular matrix (ECM) with thickening

of glomerular and tubular basement membranes and increased

amount of mesangial matrix, which ultimately leads to glomeru-

losclerosis and tubulointerstitial fibrosis accompanied by the

development of albuminuria and a decline in renal function [2–4].

Transforming growth factor-b (TGF-b) signaling is a well-

recognized pathway leading the development of DN [5–8]. It is

well-established that after binding to its receptor, TGF-b1 signals

through two critical downstream mediators, Smad2 and Smad3

(receptor-regulated Smads, R-Smads), to exert its biological

activities such as ECM production, which is negatively regulated

by Smad 7, an inhibitor Smad, by binding and degrading the

phosphorylated type I receptor [9–11]. It is now clear that TGF-

b/Smad3 mediates fibrosis by directly binding to many ECM

promoters including collagen I, II, and III [12–15]. Moreover,

recent studies also demonstrated TGF-b/Smad3-mediates renal

fibrosis by upregulating microRNA-21 in both diabetic and non-

diabetic kidney diseases [16–18].

Although a significant progress has been made in a better

understanding of the pathogenesis of DN, treatment for diabetic

kidney disease remains ineffective. In China, traditional Chinese

medicine (TCM) is widely used for the treatment of diabetes and

its complications, and has become a promising source of new

therapeutic agents for DN [19–21]. Chaihuang-Yishen granule

(CHYS, also called Qilong-Lishui granule) is formulated based on

TCM theory for the treatment of chronic kidney disease. We

reported previously that treatment with CHYS significantly

reduces urinary protein excretion and serum creatinine in

puromycin aminonucleoside-induced nephrotic syndrome in rats

[22]. In the present study, we sought to determine if CHYS has
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therapeutic potential for DN and investigated underlying mech-

anisms of its action in rats with accelerated diabetic kidney.

Materials and Methods

Herbal Formulation and Components
CHYS was extracted from herbs, including root of Astragalus

membranaceus (Fisch.) Bge. var. mongholicus (Bge) Hsiao., root of

Dioscorea nipponica Mak., root of Bupleurum chinense DC., root of

Angelica sinensis (Oliv.) Diels, leaf of Pyrrosia petiolosa (H. Christ)

Ching, Polyporus umbellatus (Pers.) Fries, Hirudo nipponicaWhitman in

the ratio of 7:5:3:3:4:4:1 (W/W) on a dry-weight basis, respec-

tively. The herbs were purchased from Beijing Tong Ren Tang

Group Co. Ltd (Beijing, China). Preparation method of CHYS

was described previously [22]. Dosage used in the experiment was

based on our pilot study that a dose of 0.56 g/kg body weight

Figure 1. HPLC chemical fingerprint chromatogram of CHYS and chemical stuctures. HPLC chemical fingerprint chromatogram of CHYS
including protocatechuic acid (PA), chlorogenic acid (CA), calycosin 7-O-b-D-glucoside (CG), formononetin and dioscin (below) in 210 nm (A).
Chemical structures (B). Results show five major bioactive compounds in three batches of CHYS, including PA(0.424–0.434 mg/mg), CA (0.158–
0.162 mg/mg), CG (1.702–1.738 mg/mg), formononetin (0.004–0.005 mg/mg), and dioscin (2.070–2.114 mg/mg).
doi:10.1371/journal.pone.0090807.g001
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Figure 2. CHYS attenuates renal injury in diabetic rats. 24-h urinary protein (A). Blood glucose (B). Periodic acid schiff (PAS,
magnification6400), periodic acid silver methanamine (PASM, magnification6400), and Masson’s trichrome-stained (Magnification6200) sections
(C). Glomerulosclerotic index (D). Tubluointerstitial injury index (E). Data represent groups of 14 rats and are expressed as mean 6 SE. *P,0.05, **P,
0.01, ***P,0.001 vs. sham group; #P,0.05, ##P,0.01 vs. DN group.
doi:10.1371/journal.pone.0090807.g002
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produced the best result in inhibition of 24-h proteinuria in

diabetic rats (Figure S1).

Chromatographic Analysis of CHYS
CHYS was dissolved in methanol and filtered through a

0.45 mm filter (Microgen, Laguna Hills, CA, USA) before high

performance liquid chromatography (HPLC) analyses. The HPLC

system consisted of Agilent G1311A QuatPump, G1313A Auto-

Sampler, and Agilent G1315B diode array detector. HPLC

analysis was performed using a Phenomenex Luna C18 column

(4.66250 mm, particle size 5 mm) with acetonitrile (as Solvent A):

0.5% phosphoric acid (as Solvent B) as mobile phase at a flow rate

of 1.0 mL/min at the column temperature of 30uC. A linear

gradient elution was applied from 5% of Solvent A starting from 0

to 10 min, 5–30% of Solvent A starting from 10 to 80 min, 30–

100% of Solvent A starting from 80 to 120 min. Pure standards

including protocatechuic acid (PA), chlorogenic acid (CA),

calycosin 7-O-b-D-glucoside (CG), formononetin and dioscin

were purchased from the National Institutes for Food and Drug

Control (Beijing, China) and were used as external standards in

the HPLC analysis. Identification of HPLC peak fractions was

carried out by comparing retention times and UV spectra with the

standards. Five major bioactive compounds in the three batches of

CHYS included PA (0.424–0.434 mg/mg), CA (0.158–0.162 mg/
mg), CG (1.702–1.738 mg/mg), formononetin (0.004–0.005 mg/
mg), and dioscin (2.070–2.114 mg/mg) (Figure 1).

Experimental Model of Diabetes in Rats
Male Wistar rats weighing 200620 g were purchased from

Beijing HFK Bio-Technology Co. Ltd. (Beijing, China, Certificate

No. SCXK 2002-0010) and randomly divided into sham group

and diabetic group. To accelerate the development of diabetic

kidney disease, rats in the diabetic group underwent right

uninephrectomy. Sham-control rats received sham-operation

Figure 3. CHYS inhibits renal fibrosis in diabetic rats. Immunohitochemistry and quantitative analysis (A), Western blots and quantitative
analysis (B), Real-time PCR for Collegen IV (C), collagen I (D) and fibronectin (E) expression, respectively. Data represent mean 6 SE for groups of 14
rats. *P,0.05, **P,0.01, ***P,0.001 vs. sham rats; #P,0.05, ##P,0.01, ###P,0.001 vs. DN group. Collegen I: Col-I. Collegen IV: Col-IV. Fibronectin:
Fn.
doi:10.1371/journal.pone.0090807.g003

Figure 4. CHYS blocks activation of the TGF-b/Smad signaling pathway in the diabetic rats. Western blot (A) and quantitative analysis of
renal TGF-b (C), TbR II (D), p-TbR I and TbR I (E) expression, respectively. Real-time PCR for renal TGF-b1 mRNA expression (B). Western blot (F) and
quantitative analysis of phospho-Smad3, Smad3 (H) and Smad7 (I) expression, respectively. Real-time PCR for renal Smad7 mRNA expression (G). Data
represent mean 6 SE for groups of 14 rats. *P,0.05, **P,0.01, ***P,0.001 vs. sham group; #P,0.05, ##P,0.01, ###P,0.001 vs. DN group.
doi:10.1371/journal.pone.0090807.g004
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consisting of laparotomy and manipulation of the renal pedicles

but without damage to the kidney as previously described [23].

One week after uninephrectomy, diabetes was induced by a single

intraperitoneal injection of streptozocin (STZ, Sigma-Aldrich, St

Louis, MO) at a dose of 40 mg/kg diluted in the citrate buffer

(0.1 mol/L, pH 4.0). Seventy-two hours after STZ injection, 42

rats developed hyperglycemia with blood glucose levels over

16.7 mmol/L. All diabetic rats were randomly assigned to three

groups and treated with CHYS or vehicle control, or fosinopril (an

ACE inhibitor as known positive control). In CHYS-treated rats

(n=14, CHYS), a daily gavage at a dose of 0.56 g/kg body weight

was given for 20 weeks, while diabetic animals that received

vehicle control without CHYS were used as negative treatment

control (n=14, DN). In addition, diabetic rats (n=14) treated with

daily fosinopril at a dose of 1.60 mg/kg body weight were used as

positive treatment controls. A group of 10 rats that received sham-

operation without STZ was used as normal controls. Blood glucose

was measured every four weeks by One Touch Ultra blood glucose

monitoring system (LifeScan Inc., Milpitas, CA, USA) by tail-vein

blood sampling. Rats were housed individually in metabolic cages

(Fengshi Inc., Suzhou, China) for 24-h urinary collection at 4-week

intervals. Urinary protein was assessed by the Bradford method.

All animals were housed at a temperature of 20–25uC, humidity of

65–69%, and were subjected to a 12-h light/dark cycle with free

access to food and tap water. After induction of diabetes, all rats

were euthanized at week 20 after induction of diabetes. The study

protocol was approved by the Ethics Committee of China-Japan

Friendship Institute of Clinical Medical Sciences and performed in

accordance with the NIH Guiding Principles for the Care and Use of

Laboratory Animals (No. 2010-A10).

Histology and Immunohistochemistry
Kidney tissues were fixed in 10% phosphate buffered formalin

solution and embedded in paraffin. Paraffin sections (2–3 mm )

were stained with periodic acid silver methanamine (PASM),

periodic acid-Schiff (PAS), and Masson’s trichrome. The degree of

Figure 5. CHYS inhibits activation of Smad signaling in the diabetic kidney. Phosphorylated Smad2/3 (p-Smad2/3) nuclear location (A.
Magnification6400). Quantitative analysis of nucleated p-Smad2/3 in glomeruli (B) and tubulointerstitium (C) respectively. Data represent mean6 SE
for groups of 14 rats. *P,0.05, **P,0.01, ***P,0.001 vs. sham group; #P,0.05, ##P,0.01, ###P,0.001 vs. DN group.
doi:10.1371/journal.pone.0090807.g005
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glomerulosclerosis, defined as ECM depositon and mesangial

expansion, was evaluated at 406power for 20 cortical fields using

the scoring system (0–4 grades) as previously described [3].

Tubulointerstitial damage was assessed at 206 power-field using

the scoring system (1–6 grades) [24]. Briefly, the percentage of

affected areas in 10-cortical fields under 206power was evaluated.

The degree of tubulointerstitial damage including tubular dilation,

tubular atrophy, cast formation, and interstitial mononuclear cell

and extracellular matrix accumulation (interstitial volume) was

scored (1 = less than 10%; 2= 10–25%; 3= 26–50%, 4= 51–75%,

5= 76–95%, 6= more than 95%).

Immnunohistochemistry was performed on paraffin sections (3-

mm) using a microwave-based antigen retrieval technique [25].

Antibodies used in this study included: primary antibodies against

fibronectin and phosphorylated Smad2/3 (Santa Cruz Biotech-

nology Inc., Santa Cruz, CA, USA), collagen I and IV (South-

ernBiotech, Birmingham, AL, USA). After being immunostained

with the secondary antibodies, sections were developed with

diaminobenzidine to produce a brown product and counterstained

with hematoxylin. Quantitation of immunostaining was carried on

coded slides as previously described [26,27]. Accumulation of

collagen I and fibronectin was determined using the quantitative

Image Analysis System (Image-Pro Plus v 6.0, Media Cybernetics,

Warrendale, PA, USA). Briefly, ten random fields in both

glomeruli and tubulointerstitium under 206 power were outlined

and positive staining patterns were identified. Then, the percent-

age of positive area in the examined field was measured.

Accumulation of collagen IV in twenty random glomeruli under

406power were analyzed as above. The arterial lumen space was

excluded from the study. Data were expressed as percentage of

positive area examined. In addition, the number of phospho-

Smad2/3 was counted in twenty random glomeruli and expressed

as cells/glomerular cross-section, whereas positive cells in the

tubulointerstitium were counted in twenty random fields for each

sample under high-power fields (406) by means of a 0.0625-mm2

graticule fitted in the eyepiece of the microscope, and expressed as

cells per mm2 [11]. Data were expressed as the mean 6 SE. All

counting was performed on blinded slides.

RNA Extraction and Quantitative RT-PCR Analysis
Renal cortex was collected by carefully removing the renal

pelvis and medullar tissues and was frozen at280uC for analysis of

the gene of interest. Trizol reagent (Invitrogen, Life Technologies,

Carlsbad, CA, USA) was used to isolate total RNA from kidney

Figure 6. CHYS downregulates microRNA-21 expression in the kidney of diabetic rats. In situ hybridization (A. Magnification6200) and
Real-time PCR (B) for microRNA-21 expression. Note that examples of microRNA-21 expression by mesangial cells (opened arrowheads), podocytes
(closed arrowheads), tubular epithelail cells (T), and interstitial fibroblasts (arrows) are illustrated in DN panel. Data represent mean6 SE for groups of
14 rats. *P,0.05, **P,0.01 vs. sham rats; #P,0.05, ##P,0.01 vs. DN rats.
doi:10.1371/journal.pone.0090807.g006
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tissues following the manufacturer’s instructions. Template cDNA

was prepared using reverse transcriptase. MicroRNA-21 expres-

sion in individual samples was quantified by real-time PCR with

the TaqMan MicroRNA Assay (Applied Biosystems, Foster City,

CA, USA) as described previously [27]. U6 was used as an internal

standard, and the ratio of microRNA-21 was normalized with U6.

Each sample was run in duplicate and results from groups of 14

samples were statistically analyzed as described below.

Primers used for detection of rat mRNAs were: collagen IV:

forward 59-GGCGGTGCACAGTCAGACCAT-39 and reverse

59-GGAATAGCCAATCCA CAGTGA-39; collagen I: forward

59-CACAAGCGTGCTGTAGGTGA-39 and reverse 59-

TGCCGTGACCTCAAGATGTG-39; fibronectin: forward 59-

GAGGAGGTCCAAATCGGTCATGTT-39 and reverse 59-

AACTGTAAGGGCTCTTCGTCAATG-39; TGF-b1: forward

59-ACGTCAGACATTCGGGAAGCAGTG-39 and reverse 59-

GCAAGGACCTTGCTGTACTGTGTG-39; Smad7: forward

59-AGAAGATATCCAGGGAGGGCTCTT-39 and reverse 59-

CGCTGTACCTTCCTCCGAT-39; Smad3: forward 59-

CTCCTACTACGAGCTGAACCAG-39 and reverse 59-

CTCATGCGGATGGTGCACATTC-39; b-actin: forward 59-

GAGACCTTCAACACCCAGCC-39 and reverse 59-

GCGGGGCATCGGAACCGCTCA-39. Levels of mRNA ex-

pression were subjected to house keeping gene b-actin and

expressed as the mean 6 SE.

Western Blot Analysis
Renal cortical tissues were lysed with radioimmunoprecipitation

assay (RIPA) buffer, and proteins were extracted for Western blot

analysis as described previously [26]. Antibodies used in this study

included primary antibodies against fibronectin, TGF-b1, TGF-b
receptor I (TbRI), phospho-TGF-b receptor I (p-TbRI), TGF-b
receptor II (TbRII), and Smad7 (Santa Cruz Biotechnology, Santa

Cruz, CA, USA), Smad3 (Zymed Laboratories, South San

Francisco, CA, USA) and phospho-Smad3 (p-Smad3, Cell

Signaling Technology Inc., Danvers, MA, USA), collagen I and

IV (SouthernBiotech, Birmingham, AL, USA), and IRDyeTM800

conjugated secondary antibodies (Rockland Immunochemicals

Inc., Gilbertsville, PA, USA). Signals were detected with Odyssey

Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,

USA) and quantitated with Image J program (National Institutes

of Health, Bethesad, MD, USA). Ratio for the protein examined

was normalized against b-actin and expressed as mean 6 SE.

In Situ Hybridization
59-digoxigenin (DIG) and 39-DIG labeled antisense-locked

nucleic acid oligonucleotides for hsa-microRNA-21 59-39(/

5DigN/2TCAACATCAGTCTGATAAGCTA/3 Dig_N/) and

U6, hsa/mmu/rno, 59-39(GTGTAACACGTCTATACGCCCA)

as a negative control were purchased from Exiqon (Vedbaek,

Denmark). Procedure for in situ hybridization was performed as

previously described [16]. In brief, 6-mm slides were prepared

from formalin-fixed, paraffin-embedded kidney tissues. After

deparaffinization and deproteinization (15 mg/mL) for 10 minutes

at 37uC, slides were dehydrated in gradient ethanol and

hybridized with DIG-antisense microRNA-21 probe (30 nM) at

53uC in a 16 hybridization buffer for 1 h. After being washed,

slides were blocked and incubated with alkaline phosphatase-

conjugated anti-DIG Fab fragments (1:800; Roche Applied

Science, Indianapolis, IN, USA) and visualized for color detection.

Statistical Analysis
Data were expressed as the mean6 SE and analyzed using one-

way ANOVA followed by post comparision with the Newman-

Keuls program from GraphPad Prism 5.0 (GraphPad Software,

San Diego, CA, USA).

Results

CHYS Treatment Attenuates Proteinuria and Histological
Damage in Diabetic Rats
All rats under experiment developed hyperglycemia with high

levels of blood glucose over the 20-week study period (Figure 2A).

A significant increase in 24-h proteinuria was evidenced in DN

rats at week 8 after STZ injection and peaked over 16–20 weeks

(Figure 2B). Treatment with either CHYS or fosinopril had no

effect on blood glucose levels (Figure 2A), but largely reduced 24-h

proteinuria over 12–20 weeks equally when compared to the DN

rats (Figure 2B).

Morphologically, staining with PAS, PASM and Masson-

trichrome revealed that diabetic rats without treatment developed

a moderate expansion in mesangial matrix, thickening of

glomerular basement membrane, glomerulosclerosis, tubular

atrophy, and extracellular matrix deposition in tubulointerstitium

at week 20 (Figure 2C). In contrast, treatment with either CHYS

or fosinopril for 20 weeks significantly inhibited these histological

damages equally (Figure 2D–E).

CHYS Treatment Inhibits Renal Fibrosis in Diabetic Rats
Immunohistochemistry, Western blot and real-time PCR

analysis showed that compared with sham-control rats, moderate

renal fibrosis developed in the diabetic kidney as demonstrated by

a significant accumulation of collagen I, collagen IV, and

fibronectin in the renal cortex (Figure 3). All of these fibrotic

changes in the diabetic kidney were largely attenuated by

treatment with either CHYS or fosinopril (Figure 3).

Rebalancing the TGF-b/Smad3 Signaling Is a Key
Mechanism by Which CHYS Inhibits Diabetic Renal
Fibrosis
We next investigated the mechanisms by which CHYS

treatment attenuated diabetic renal fibrosis by studying the

TGF-b/Smad signaling pathway. TGF-b1/Smad3 signaling was

highly activated in the diabetic kidney as revealed by a marked

upregulation of TGF-b1 and TbRII and higher levels of p-TbRI
and p-Smad3, but lower levels of an inhibitory Smad7 in both

mRNA and protein expression levels (Figures 4 and 5). Treatment

with CHYS significantly blocked a marked upregulation of TGF-

b1, TbRII, and phosphorylation of TbRI and Smad3, which was

associated with a significant upregulation of renal Smad7 (Figures 4

and 5). Similar results were observed in diabetic rats treated with

fosinopri, although expression of TGF-b1 mRNA and phosphor-

ylation levels of TbRI remained high (Figures 4 and 5).

Because it has been reported that microRNA-21 is a

downstream of TGF-b/Smad3 and plays a pathogenic role in

renal fibrosis in both diabetic and non-diabetic kidney diseases

[16,18]. We then examined the expression of microRNA-21 in the

diabetic kidney treated with or without CHYS or fosinopril. In situ

hybridization revealed that expression of microRNA-21 was

significantly upregulated in the diabetic kidney in both glomeruli

and tubulointerstitium, presumably by mesangial cells, podocytes,

tubular epithelial cells, and interstitial fibroblasts, which were

largely inhibited by treatment with CHYS or fosinopril (Figure 6A).

Quantitative real-time PCR confirmed this finding (Figure 6B).

CHYS Inhibits Diabetic Kidney Disease
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Discussion

Traditional Chinese medicine has long been used to treat

chronic kidney diseases, including DN. In this study, we examined

the therapeutic effect and the underlying mechanisms of a TCM

remedy, CHYS, in a rat model of DN. We found that

administration of CHYS significantly inhibited STZ-induced

kidney fibrosis and markedly decreased proteinuria. The inhibi-

tory effect of CHYS on diabetic kidney disease was associated with

inactivation of TGF-b/Smad3 signaling.

The most significant finding of this study was that CHYS

inhibited renal fibrosis in the diabetic kidney by rebalancing TGF-

b/Smad signaling. It is well established that the binding of TGF-

b1 to TbRII can activate TbRI-kinase, resulting in phosphory-

lation of Smad2 and Smad3. Subsequently, phosphorylated

Smad2 and Smad3 bind to the common Smad4 and form the

Smad complex to translocate into the nucleus to regulate the target

gene transcription [28]. Smad7, an inhibitory Smad, can block

TGF-b/Smad signaling by binding to Smurf2 to form an E3

ubiquitin ligase that targets the TGF-b receptor as well as Smads

including Smad7 for degradation [29]. Once Smad7 is degraded,

activation of Smad3 and renal fibrosis is enhanced. In the context

of DN, TGF-b/Smad3 signaling is highly activated, which is

associated with downregulation of renal Smad7, resulting in renal

fibrosis as seen in both experimental and human diabetic kidneys

[11,30] and in vitro under high glucose and advanced glycation end

products conditions [30,31]. The functional importance of TGF-

b/Smad signaling in DN is demonstrated in a number of animal

models in which deletion of Smad3 or overexpression of Smad7

inhibits diabetic renal injury [11,32,33]. In the present study,

STZ-induced DN was associated with a marked activation of

Smad3 but a loss of Smad7, suggesting the imbalance between

Smad3 and Smad7 signaling in the pathogenesis of DN. In

contrast, treatment with CHYS attenuated diabetic renal injury by

rebalancing the TGF-b/Smad signaling pathway. A similar

mechanism was also evident by a positive treatment control with

fosinopril. Consistent with a critical role for angiotens in II in DN

[34,35], blockade of angiotensin inhibited activation of TGF-b/
Smads signaling. Thus, blockade of TGF-b/Smad3-mediated

renal fibrosis could be an important mechanism by which CHYS

attenuated diabetic kidney disease.

Increasing evidence show that upregulation of microRNA-21

plays a critical role in renal fibrosis including DN [36,37]. It is now

clear that microRNA-21 is regulated by TGF-b/Smad3 and acts

as a downstream mediator of TGF-b/Smad3-driven renal fibrosis

[16]. During renal fibrosis, microRNA-21 is upregulated in both

diabetic and non-diabetic kidney disease [16,18]. We have

previously shown that Smad3 binds the Smad binding site located

in the microRNA-21 promoter and induces pri-microRNA-21

transcription [16]. MicroRNA-21 in turn promotes TGF-b/
Smad3 signaling by repressing Smad7 [18,38]. Thus, micro-

RNA-21 functions in a feed-forward loop that leads to enhanced

TGF-b/Smad3 signaling [18,38]. In the present study, treatment

with CHYS was able to downregulate renal microRNA-21, which

may result in upregulation of renal Smad7 through which

activation of TGF-b/Smad3 and Smad3-dependent microRNA-

21 expression were inhibited.

Conclusion

In conclusion, the present study demonstrates that CHYS may

be a novel therapeutic agent for DN. Blockade of TGF-b/Smad3-

mediated renal fibrosis by downregulating TGF-b1 and micro-

RNA-21 expression, thereby restoring the balance of Smad

signaling by upregulating an inhibitory Smad7, resulting in a

possible underlying mechanism by which CHYS inhibits diabetic

nephropathy associated with fibrosis.

Supporting Information

Figure S1 CHYS attenuates 24-hour urine protein in a
dosage-dependent manner in diabetic rats. CHYS-L:

0.56 g/Kg body weight, CHYS-M: 1.12 g/Kg body weight,

CHYS-H: 2.24 g/Kg body weight. Data represent mean 6 SE for

groups of 14 rats. *P,0.05, **P,0.01 vs. sham rats; #P,0.05 vs.

DN rats; DP,0.05 vs. CHYS-H; @P,0.05 vs. CHYS-M.

(TIF)

Author Contributions

Conceived and designed the experiments: PL HYL. Performed the

experiments: TTZ HJZ XGL WKZ HW XRH. Analyzed the data:

TTZ HJZ WKZ. Contributed reagents/materials/analysis tools: XRH.

Wrote the paper: TTZ PL HYL.

References

1. International Diabetes Federation (2013) Complications of diabetes. Available:

http://www.idf.org/complications-diabetes. Accessed 2013 July 23.

2. Mason RM, Wahab NA (2003) Extracellular matrix metabolism in diabetic

nephropathy. J Am Soc Nephrol 14: 1358–1373.

3. Tervaert TWC, Mooyaart AL, Amann K, Cohen AH, Cook HT, et al. (2010)

Pathologic classification of diabetic nephropathy. J Am Soc Nephrol 21: 556–

563.

4. Mauer SM, Steffes MW, Ellis EN, Sutherland DE, Brown DM, et al. (1984)

Structural-functional relationships in diabetic nephropathy. J Clin Inves 74:

1143–1155.

5. Reeves WB, Andreoli TE (2000) Transforming growth factor b contributes to

progressive diabetic nephropathy. Proc Natl Aca Sci USA 97: 7667–7669.

6. Wang W, Huang XR, Li AG, Liu F, Li JH, et al. (2005) Signaling mechanism of

TGF-b1 in prevention of renal inflammation: role of Smad7. J Am Soc Nephrol

16: 1371–1383.

7. Huang C, Kim Y, Caramori MLA, Fish AJ, Rich SS, et al. (2002) Cellular basis

of diabetic nephropathy II. The transforming growth factor-b system and

diabetic nephropathy lesions in type 1 diabetes. Diabetes 51: 3577–3581.

8. Belghith M, Bluestone JA, Barriot S, Mégret J, Bach JF, et al. (2003) TGF-b-
dependent mechanisms mediate restoration of self-tolerance induced by

antibodies to CD3 in overt autoimmune diabetes. Nat Med 9: 1202–1208.

9. Derynck R, Zhang YE (2003) Smad-dependent and Smad-independent

pathways in TGF-b family signalling. Nature 425: 577–584.

10. Hayashi H, Abdollah S, Qiu Y, Cai J, Xu YY, et al. (1997) The MAD-related

protein Smad7 associates with the TGFb receptor and functions as an antagonist

of TGFb signaling. Cell 89: 1165–1173.

11. Chen HY, Huang XR, Wang W, Li JH, Heuchel RL, et al. (2011) The

protective role of Smad7 in diabetic kidney disease: mechanism and therapeutic

potential. Diabetes 60: 590–601.

12. Verrecchia F, Vindevoghel L, Lechleider RJ, Uitto J, Roberts AB, et al. (2001)

Smad3/AP-1 interactions control transcriptional responses to TGF-b in a

promoter-specific manner. Oncogene 20: 3332–3340.

13. Vindevoghel L, Lechleider RJ, Kon A, De Caestecker MP, Uitto J, et al. (1998)

SMAD3/4-dependent transcriptional activation of the human type VII collagen

gene (COL7A1) promoter by transforming growth factor b. Proc Natl Aca Sci

USA 95: 14769–14774.

14. Chen S-J, Yuan W, Mori Y, Levenson A, Trojanowska M, et al. (1999)

Stimulation of type I collagen transcription in human skin fibroblasts by TGF-b:
involvement of Smad 3. J Invest Dermatol 112: 49–57.

15. Wang W, Koka V, Lan HY (2005) Transforming growth factor-b and Smad

signalling in kidney diseases. Nephrology 10: 48–56.

16. Zhong X, Chung AC, Chen HY, Meng XM, Lan HY (2011) Smad3-mediated

upregulation of miR-21 promotes renal fibrosis. J Am Soc Nephrol 22: 1668–

1681.

17. Zarjou A, Yang S, Abraham E, Agarwal A, Liu G (2011) Identification of a

microRNA signature in renal fibrosis: role of miR-21. Am J Physiol-Renal 301:

F793–F801.

18. Zhong X, Chung AC, Chen HY, Dong Y, Meng XM, et al. (2013) miR-21 is a

key therapeutic target for renal injury in a mouse model of type 2 diabetes.

Diabetologia 56: 663–674.

CHYS Inhibits Diabetic Kidney Disease

PLOS ONE | www.plosone.org 9 March 2014 | Volume 9 | Issue 3 | e90807



19. Wen X, Zeng Y, Liu L, Zhang H, Xu W, et al. (2012) Zhenqing recipe alleviates

diabetic nephropathy in experimental type 2 diabetic rats through suppression of
SREBP-1c. J Ethnopharmacol 142: 144–150.

20. Critchley JA, Zhao HL, Tomlinson B, Leung W, Thomas GN, et al. (2002)

Management of nephropathy in patients with type 2 diabetes. Chin Med J (Engl)
115: 129–135.

21. Zhang H, Li P, Burczynski FJ, Gong Y, Choy P, et al. (2011) Attenuation of
diabetic nephropathy in Otsuka Long-Evans Tokushima Fatty (OLETF) rats

with a combination of Chinese herbs (Tangshen Formula). Evid Based

Complement Alte rnat Med doi: 10.1155/2011/613737.
22. Li P, Yan J, Sun Y, Burczynski FJ, Gong Y (2007) Chinese herbal formula

Qilong- Lishui granule improves puromycin aminonucleoside-induced renal
injury through regulation of bone morphogenetic proteins. Nephrology 12: 466–

473.
23. Zhao T, Zhang H, Zhao T, Zhang X, Lu J, et al. (2012) Intrarenal

metabolomics reveals the association of local organic toxins with the progression

of diabetic kidney disease. J Pharm Biomed Anal doi: 10.1016/
j.jpba.2011.11.010.

24. Meng XM, Huang XR, Xiao J, Chen H, Zhong X, et al. (2012) Diverse roles of
TGF-b receptor II in renal fibrosis and inflammation in vivo and in vitro.

J Pathol 227: 175–188.

25. Lan HY, Mu W, Nikolic-Paterson DJ, Atkins RC (1995) A novel, simple,
reliable, and sensitive method for multiple immunoenzyme staining: use of

microwave oven heating to block antibody crossreactivity and retrieve antigens.
J Histochem Cytochem 43: 97–102.

26. Huang XR, Chung AC, Zhou L, Wang XJ, Lan HY (2008) Latent TGF-b1
protects against crescentic glomerulonephritis. J Am Soc Nephrol 19: 233–242.

27. Hou CC, Wang W, Huang XR, Fu P, Chen TH, et al. (2005) Ultrasound-

microbubble-mediated gene transfer of inducible Smad7 blocks transforming
growth factor-b signaling and fibrosis in rat remnant kidney. Am J Pathol 166:

761–771.

28. Lan HY (2011) Diverse roles of TGF-b/Smads in renal fibrosis and

inflammation. Int J Biol Sci 7: 1056–1067.
29. Kavsak P, Rasmussen RK, Causing CG, Bonni S, Zhu H, et al. (2000) Smad7

binds to Smurf2 to form an E3 ubiquitin ligase that targets the TGFb receptor

for degradation. Mol Cell 6: 1365–1375.
30. Hong SW, Isono M, Chen S, Iglesias-De La Cruz MC, Han DC, et al. (2001)

Increased glomerular and tubular expression of transforming growth factor-b1,
its type II receptor, and activation of the Smad signaling pathway in the db/db

mouse. Am J Pathol 158: 1653–1663.

31. Li JH, Huang XR, Zhu HJ, Oldfield M, Cooper M, et al. (2004) Advanced
glycation end products activate Smad signaling via TGF-beta-dependent and

independent mechanisms: implications for diabetic renal and vascular disease.
FASEB J 18: 176–178.

32. Fujimoto M, Maezawa Y, Yokote K, Joh K, Kobayashi K, et al. (2003) Mice
lacking Smad3 are protected against streptozotocin-induced diabetic glomeru-

lopathy. Biochem Biophys Res Commun 305: 1002–1007.

33. Wang A, Ziyadeh FN, Lee EY, Pyagay PE, Sung SH, et al. (2007) Interference
with TGF-b signaling by Smad3-knockout in mice limits diabetic glomerulo-

sclerosis without affecting albuminuria. Am J Physiol Renal Physiol 293: F1657–
F1665.

34. Wang W, Huang XR, Canlas E, Oka K, Truong LD, et al. (2006) Essential role

of Smad3 in angiotensin II-induced vascular fibrosis. Circ Res 98: 1032–1039.
35. Yang F, Huang XR, Chung ACK, Hou C-C, Lai KN, et al. (2010) Essential role

for Smad3 in angiotensin II-induced tubular epithelial-mesenchymal transition.
J Pathol 221: 390–401.

36. Kantharidis P, Wang B, Carew RM, Lan HY (2011) Diabetes complications: the
microRNA perspective. Diabetes 60: 1832–1837.

37. Chung AC, Yu X, Lan HY (2013) MicroRNA and nephropathy: emerging

concepts. Int J Nephrol Renovasc Dis 6: 169–179.
38. Patel V, Noureddine L (2012) MicroRNAs and fibrosis. Curr Opin Nephrol

Hypertens 21: 410–416.

CHYS Inhibits Diabetic Kidney Disease

PLOS ONE | www.plosone.org 10 March 2014 | Volume 9 | Issue 3 | e90807


