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Introduction

Aristolochic acid nephropathy (AAN) is a devastating 
disease leading to chronic renal failure and urothelial 
cancers (1 – 3). Many patients have to undergo long-term 
hemodialysis and kidney transplantation due to rapid and 
irreparable kidney impairment. Although aristolochic 
acid (AA) in several traditional herbal preparations has 
been shown to cause progressive renal failure, many 
people in Asian countries such as China and Japan (4 – 6) 
still used these preparations without a doctor’s prescrip-
tion or guidance. Therefore, further studies are needed  

to investigate AA’s potential pathogenesis and effective 
cures to avoid progressive kidney damage.

Clinically, the histopathology of AAN features inter-
stitial matrix deposition in association with inflammatory 
cells, tubular cell loss, fibroblast accumulation, and  
rarefaction of the peritubular microvasculature (7). As to 
kidney tissues, the persistent injury of AA will markedly 
alter the micro-environment and induce the infiltration  
of inflammatory cells, cellular apoptosis and necrosis, 
the transition from epithelial cells to mesenchymal cells 
(EMT), and nonparenchymal cell proliferation, gradually 
damaging the normal structure of the kidney. As a result, 
the functional nephrons are markedly reduced and  
injured tubular epithelial cells (RTECs) will be replaced 
by proliferating fibroblast cells, extracellular matrix 
(ECM) deposition, and inflammatory cells. Major epithe-
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lial mechanisms contributing to interstitial fibrosis after 
AA injury are G2/M cell cycle arrest, cellular apoptosis, 
and EMT-forming fibroblasts (8 – 10). G2/M arrest  
activates c-jun NH2-terminal kinase signaling, resulting 
in up-regulated expression of profibrotic gene trans
forming growth factor-b1 (TGF-b1) in vitro and collagen 
production in vivo. In addition, in AA-treated RTECs, 
enhanced TGF-b1 expression promotes EMT, which  
is reversed by bone morphogenic protein-7 (BMP-7)  
(11, 12). Furthermore, during interstitial fibrosis, many 
chemokines (e.g., monocyte chemoattractant protein-1, 
MCP-1) and pro-inflammatory cytokines (e.g., macro-
phage migration inhibitory factor, MIF) expressed in 
RTECs are involved in the inflammatory reaction by 
activating the nuclear factor-kappa B (NF-kB) pathway 
(13 – 15). Thus, effective therapeutic cures should in-
clude reduction of the inflammatory reaction, inhibition 
of EMT, and deposition of ECM.

Sedum sarmentosum Bunge (SSB) is a perennial herb 
widely distributed on the mountain slopes in Asian 
countries and traditionally used for the treatment of some 
inflammatory diseases (16 – 18). SSB contains multiple 
active chemical components, including tricin-7-O-b-d-
glucoside, isorhamnetin, quercetin, and kaempferide 
(19 – 21). Isorhamnetin is an O-methylated flavonol, a 
type of chemical compound that has biological activity 
such as anti-oxidant, anti-cancer, and improvement of 
cardiovascular function (22). Quercetin is a plant-derived 
flavonoid that has the potential antiviral (23), anti-cancer 
(24, 25), and anti-inflammatory properties (26). These 
active components endow SSB with many kinds of 
pharmacological activity, including anti-inflammatory 
action. Considering that inflammation and oxidation are 
critical pathogenic factors in fibrogenesis, it is hypo
thesized that SSB is capable of anti-renal fibrosis action.

However, a study on the role of the anti-fibrosis effect 
of SSB in AAN has not been performed. Therefore,  
for the first time, we investigated the effects of SSB on  
AA-induced RTECs injury in vitro by evaluating cellular 
proliferation and apoptosis, EMT, and the accumulation 
of ECM components. Furthermore, we also examined the 
expression levels of chemokines and pro-inflammatory 
cytokines in cultured RTECs, evaluating the involvement 
of the NF-kB signaling pathway.

Materials and Methods

Cell culture and treatment
The normal rat kidney tubule epithelium (NRK-52E) 

cell line was obtained from the Cell Bank of Chinese 
Academy of Sciences (Shanghai, China). NRK-52E cells 
were maintained in Dulbecco’s Modified Eagle Medium 
(Invitrogen, Carlsbad, CA, USA) supplemented with 5% 

fetal bovine serum (FBS, Invitrogen), 100 U/ml penicillin, 
and 100 mg/ml streptomycin (Invitrogen). The NRK-52E 
cells were seeded on six-well culture plates to approxi-
mately 70% confluence in the complete medium contain-
ing 5% FBS for 24 h and then changed to serum-free 
medium for 24 h before the treatment with aristolochic 
acid I (lot No. A5512; Sigma-Aldrich, St. Louis, MO, 
USA) or Sedum sarmentosum Bunge (SSB, lot No. 
20101017, Xuancheng Baicao Plant Industry and Trade 
Co., Ltd., Anhui, China). The extraction protocol of SSB 
is shown in Fig. 1.

Cell viability assay
Viability of NRK-52E cells treated with AA alone or 

in combination with SSB was measured using the Water 
Soluble Tetrazolium Salt (WST-1) Cell Proliferation  
and Cytotoxicity Assay kit (Beyotime Biotechnology,  
Jiangsu, China) according to the manufacturer’s instruc-
tions. At the indicated time points, 10 ml of this reagent 
at different concentrations was added to each well  
containing 100 ml of cell suspension (5 × 103 cells) and 
incubated for an additional 1 h. The absorbance at  
450 nm was monitored and the reference wavelength was 

Fig. 1.  The extraction protocol of Sedum sarmentosum Bunge.
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set to 690 nm. The percent viability of cells was calcu-
lated by comparison to that of untreated control cells.

Apoptosis assay
Cells treated with AA and/or SSB were seeded for  

24 h on sterile cover glasses placed in the six-well plates 
and then fixed, washed twice with phosphate-buffered 
saline (PBS), and stained with Hoechst 33258 and  
Propidium staining solution in accordance with the 
manufacturer’s instructions (Beyotime Biotechnology). 
Stained nuclei were observed and pictures were taken 
using a DM4000 B LED Microscope System (Leica 
Microsystems, Wetzlar, Germany) and DFC 420 C 5M 
Digital Microscope Camera (Leica).

Immunofluorescence staining
NRK-52E cells were cultured with AA and/or SSB on 

six-well plates containing glass slides,washed in PBS, 
and then fixed in 4% paraformaldehyde (Sigma-Aldrich) 
at 4°C for 30 min. After permeabilization in 0.1% Triton 
X-100 for 10 min, specimens were washed in PBS,  
and then treated with 10% FBS prior to incubation  
with the primary antibody to eliminate the nonspecific 
fluorescence. Immunofluorescence staining was per-
formed using anti-type III collagen (1:100; Biogot 
Technology, Shanghai, China), a-SMA (1:200; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), MIF (1:200, 
Santa Cruz), MCP-1 (1:100, Biogot), macrophage colony 
stimulating factor (M-CSF) (1:100, Biogot), and E- 
cadherin (1:200; Abcam, Cambridge, MA, USA) as the 
primary antibody at 4°C overnight. After washing in  
PBS 3 times, the cell preparations were incubated with 
DyLight 488 (Green)/594 (Red)-labeled secondary anti-
bodies (Sigma-Aldrich) for 1 h at room temperature. 
After washing them with PBS, the cell preparations were 
dropped in appropriate acacia and covered with a slide. 
Immunocytochemical studies were semiquantitatively or 
quantitatively assessed by 2 independent investigators  
in a blinded manner.

Flow cytometry analysis
Cells treated with AA and/or SSB were seeded for  

24 h and then were collected by centrifugation. Resus-
pended cells were incubated with Annexin V-FITC and 
propidium iodide (PI) at room temperature for 5 min in 
the dark. Analysis of Annexin V-FITC binding by flow 
cytometery (Ex = 488 nm; Em = 530 nm) was accom-
plished using FITC signal detector and PI staining by the 
phycoerythrin emission signal detector.

ELISA assay
Cells treated with AA and/or SSB were seeded for 24 

h, and the culture supernatant fluid was collected. Avidin-

biotin-complex–enzyme-linked immunoabsorbent assay 
(ABC-ELISA) was used according to the manufacturer’s 
protocol to determine MIF levels. ELISA kits were pur-
chased from Xitang Biotechnology (Shanghai, China). 
All experiments were repeated at least 3 times.

LDH activity assay
Cell culture supernatant fluid was collected and LDH 

activities were measured by an autobiochemistry instru-
ment (Hitachi 7600-020, Tokyo).

Reverse Transcriptase–PCR
Total RNA was extracted from NRK-52E cells using 

TRIzol reagent (Invitrogen), reverse-transcribed to 
cDNA templates using a ReverTra Ace qPCR RT Kit 
(Toyobo, Osaka). Quantitative RT-PCR was performed 
using a SYBR Green Realtime PCR Master Mix Plus 
(Toyobo). Quality was analyzed on agarose gels, and 
quantities were measured using Varioskan Flash (Thermo 
Fisher Scientific, Waltham, MA, USA). Sequence- 
specific primers of Col1a1, Col3a1, TP53, c-Myc,  
ZO-1, E-cadherin, vimentin, BMP-7, MMP-2, TIMP-2, 
MCP-1, M-CSF, and a-SMA, all listed in Table 1, were 
synthesized by Invitrogen, and b-actin was used as an 
endogenous reference gene. Samples were analyzed in 
triplicate. The melting curve was examined to verify that 
a single product was amplified. For quantitative analysis, 
all samples were analyzed using the DDCT value method.

Western blotting analysis
Whole proteins from NRK-52E cells were collected 

and protein concentrations were determined using a 
bicinchoninic acid protein assay kit (Beyotime Biotech-
nology). Whole proteins (20 mg) from each sample were 
separated by SDS-PAGE and transferred to a polyvinyli-
dene difluoride membrane (Solarbio, Beijing, China). 
After treatment with 5% skim milk at 4°C overnight, 
membranes were incubated with various antibodies for  
1 h and then incubated with the appropriate horseradish 
peroxidase–conjugated secondary antibody (Beyotime 
Biotechnology). Bound antibodies were visualized using 
chemiluminescence detection on autoradiographic film. 
Primary antibodies were as follows: polyclonal anti-bcl-2 
(1:400, Beyotime Biotechnology), bax (1:400, Beyotime 
Biotechnology), NF-kB p65 (1:500; Cell Signaling 
Technology, Beverly, MA, USA), p53 (1:500, Biogot 
Technology), and c-Myc (1:500, Biogot Technology). 
Quantification was performed by measuring the intensity 
of signals using Image-Pro Plus (version 6.0) and  
normalized to that for the GAPDH (1:10000, Cell  
Signaling Technology) or b-actin antibody (1:3000, Biogot 
Technology).
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Statistical analyses
Data are presented as the mean ± S.E.M. All statistical 

analyses were performed using a Statistical Package  
for Social Sciences (version 16.0). A two-sided Student’s 
t-test was used to analyze differences between the two 
groups. One-way analysis of variance was used when 
more than two groups were present. A P-value of < 0.05 
was considered statistically significant.

Results

Apoptosis and feedback proliferation occurs in RTECs 
after AA injury

Evidence from phase contrast microscope showed  
that the injury of rat NRK-52E cells induced by AA was 
aggravated significantly, and cell number decreased  
(Fig. 2A). The viability of NRK-52E cells that were  
incubated for 24 h gradually decreased when the dose of 
AA gradually increased in a dose-dependent manner 
(r = 0.817, P = 0.047, Fig. 2B). In the same circum-
stances of drug concentration, the cell viability also  

decreased dramatically along with the elongation of 
culture time, but the correlation was poor (r = 0.877, 
P = 0.123).

AA at different concentrations caused different types 
of injury. As shown in Fig. 2C, Hoechst 33258 staining 
revealed that AA induced apoptosis with nuclear  
chromatin condensation and fragmentation as well as  
cell shrinkage and the formation of apoptotic bodies.  
In addition, AA induced cellular apoptosis at lower 
concentrations (1, 10 mg/ml), whereas the higher concen-
trates (100 mg/ml) of AA induced cell necrosis. Further-
more, injury was aggravated as cultured time lengthened. 
In the process of injury, enhanced expression of bcl-2 
and decreased expression of bax were observed in  
AA-treated cells (Fig. 2D), revealing that cell apoptosis 
induced by AA is partly mediated by the mitochondrial 
pathway. However, interestingly, the mRNA expression 
of TP53 and c-Myc genes in NRK-52E cells was mark-
edly increased (Fig. 2E), especially when the concentra-
tion of AA was 10 mg/ml. Elevated mRNA expression of 
c-Myc was considered to be related to cell proliferation 

Table 1.  Real-time RT-PCR primers in this study for analysis

Gene Sequence (5′→3′) GenBank accession Product size (bp)

Col1a1 GATCCTGCCGATGTCGCTAT (F)
GGAGGTCTTGGTGGTTTTGTATTC (R)

NM_053304.1 276

Col3a1 AAGGCTGAAGGAAATAG (F)
AATGTCATAGGGTGCGATA (R)

NM_032085.1 147

MMP-2 CGGTTTATTTGGCGGACAG (F)
TGGTCAGTGGCTTGGGGTAT (R)

NM_031054.2 202

TIMP-2 GTGAGCGAGAAGGAGGTGGAT (F)
CTGGGTGATGCTAAGCGTGTC (R)

NM_021989.2 273

ZO-1 AACAGAGCCGAGCAGTTAGCC (F)
CAACATCAGCAATCGGTCCA (R)

NM_001106266.1 238

E-cadherin GTGCCACCACCAAAGATA (F)
GGCTGAGACAACCCTAAT (R)

NM_031334.1 195

a-SMA GGCATCCACGAAACCACCT (F)
CCGCCGATCCAGACAGAAT (R)

NM_031004.2 212

BMP-7 GTGGTCAACCCTCGGCACA (F)
GGCGTCTTGGAGCGATTCTG (R)

NM_001191856.1 215

vimentin TGACCGCTTCGCCAACTAC (F)
CGCAACTCCCTCATCTCCTC (R)

NM_031140.1 141

c-Myc CCCACCACCAGCAGCGACTC (F)
GGGCTGTGAGGAGGTTTGCTGT (R)

NM_012603.2 146

TP53 TCACCATCATCACACTGGAAGACTC (F)
TTGGGCAGTGCTCGCTTAGT (R)

XM_003749209.1 175

MCP-1 TGTCCCAAAGAAGCTGTAGTATTTGT (F)
AGGTGGTTGTGGAAAAGAGAGTG (R)

NM_031530.1 232

M-CSF TCTTCAATGGGCACTAACTGG (F)
AAACTTCCTTTCCTGGGTCAA (R)

NM_023981.4 81

b-actin CCCATCTATGAGGGTTACGC (F)
TTTAATGTCACGCACGATTTC (R)

NM_031144.2 150
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(27). As a tumor suppressor protein, p53 encoded by the 
TP53 gene plays a role in apoptosis, genomic stability, 
and inhibition of angiogenesis. However, mutations  
that deactivate p53 usually occur in AA-treated RTECs, 
and loss of regulation of cell growth, apoptosis and DNA 
repair. Thus, TP53 gene is transformed into an oncogene 
and increases the ability of cell proliferation (28). In  
addition, evidence from western blotting also showed 
AA increased the protein expression of p53 and c-Myc 
(Fig. 3D). These results suggested that AA at lower 
concentrations (< 10 mg/ml) induced apoptosis, accom-
panied by RTECs proliferation. The proliferation of 
RTECs may be through a feedback manner in order to 
adapt to injury to the micro-environment.

SSB induced cellular early apoptosis and inhibited 
proliferation

As mentioned in the previous section, in injured  
micro-environments, apoptosis and feedback prolifera-
tion occurs in AA-treated RTECs. A previous study 
showed that SSB could induce apoptosis of hepatoma 
cells (29). However, whether SSB shows the same effect 
on AA-induced RTECs injury remains unknown. Thus, 
cell viability of AA (10 mg/ml) in combination with SSB 
(10, 100, 1000 mg/ml) was determined by the WST-1 
method, and cytotoxicity was detected by determining 
the activity of lactate dehydrogenase (LDH) in culture 
medium, and the apoptotic cells were examined by flow 
cytometry to detect labeled Annexin V-FITC/PI (Fig. 3). 
Our results showed that the viability of RTECs was not 

Fig. 2.  AA induced renal tubular epithelial cells injury. A) Morphological change of NRK-52E cells was observed with  
inverted/phase contrast microscopy (× 200; Olympus, Tokyo). In response to AA, tubular epithelial cells showed obvious injury, 
and the cell number markedly decreased. B) Viability of NRK-52E cells were measured by WST-1 assay. The spectrophotometric 
analysis was determined using a Thermo Scientific Varioskan Flash (Thermo Scientific). C) Apoptosis and necrosis of NRK-52E 
cells were determined by Hoechst 33258 staining (× 200). The cells were then observed using a DM4000 B LED Microscope 
(Leica). White arrows indicated cellular apoptosis. D) Western blotting analysis indicated enhanced expression of bcl-2 and bax, 
suggesting that the mitochondrial pathway is involved in cell apoptosis. E) Gene expression of TP53 and c-Myc were analyzed by 
real-time RT-PCR using an Applied Biosystems 7500 (Life Technologies, Grand Island, NY, USA). Data are presented as the 
mean ± S.E.M. from independent experiments. *P < 0.05, **P < 0.01, compared with the control.
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markedly decreased after SSB treatment, and SSB did 
not decrease AA-induced injury. In fact, SSB concentra-
tion-dependently increased early apoptotic cells and  
decreased late apoptotic and necrotic cells. Moreover, 
AA-induced up-regulated expression of p53 and c-Myc 
was suppressed by SSB. These results suggest that  
in vitro SSB induced early apoptosis and inhibited  
abnormal proliferation of RTECs.

SSB decreases ECM accumulation in AA-treated NRK-
52E cells

Extensive accumulation of ECM constituents, parti
cularly the presence of collagenous fibers, in the cortical 
interstitium is directly correlated to progression of renal 
disease. In fibrotic kidneys, the widened interstitial 
spaces fill with fibrillar material consisting of predomi-
nantly type I and III collagens (30). Thus, we examined 
the mRNA and protein expression of type I and III  
collagens by real-time RT-PCR and immunofluorescence 
staining (Fig. 4). In cultured NRK-52E cells, AA  

Fig. 3.  SSB induced cellular apoptosis and inhibited proliferation. A) Viability of NRK-52E cells were measured by WST-1 
assay. B) AA increased LDH activity but was not decreased by SSB treatment. C) Late apoptotic and necrotic cells determined by 
flow cytometery were significantly increased after AA injury. SSB treatment increased early apoptotic cells, not late apoptotic and 
necrotic cells. D) Western blotting demonstrated that AA increased protein expression of p53 and c-Myc, but was inhibited by SSB. 
*P < 0.05, compared with the control; #P < 0.05, compared with the AA10 group.
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increased the expression of type I and III collagens. In 
addition, up-regulated expression of matrix metallo
proteinase-2 (MMP-2) and down-regulated expression  
of tissue inhibitor of metalloproteinase-2 (TIMP-2)  
were also observed, resulting in excessive accumulation 
of ECM. In AA-treated cells, SSB treatment at concen-
trations of 10 – 100 mg/ml significantly decreased the 
expressions of MMP-2, type I collagen, and type III 
collagen and increased the expression of TIMP-2. These 
results suggest that SSB exerts an anti-fibrotic effect  
in AA-treated RTECs.

SSB inhibits AA-induced EMT in NRK-52E cells
EMT is a biologic process in which tubular cells lose 

their epithelial phenotype such as E-cadherin and zonula 
occluden-1 (ZO-1), and acquire new characteristic fea-
tures of mesenchymal proteins including a-smooth 
muscle actin (a-SMA) and vimentin (31). As shown in 
Fig. 5, in cultured NRK-52E cells, AA (1, 10 mg/ml) 

decreased the expression of E-cadherin and ZO-1 and 
increased the expression of a-SMA and vimentin. In 
addition, down-regulated expression of BMP-7, an EMT 
inhibitor, was also observed in AA-treated cells. These 
results suggested that AA induced EMT as expected. 
Treatment with SSB significantly inhibited the induction 
of EMT after AA injury and showed obviously concen-
tration-dependent effects.

SSB decreases expression of chemokines and pro-inflam-
matory cytokines

In AAN, the infiltration of inflammatory cells is  
involved in fibrogenesis. However, in vitro, the role of 
the inflammatory reaction in RTECs after AA injury  
and the effect of SSB need to be investigated more  
thoroughly. Thus, we examined the synthesis and release 
of many chemokines and cytokines, including monocyte 
chemoattractant protein-1 (MCP-1/CCL2), MIF, and 
M-CSF. Results from immunofluorescence staining, 

Fig. 4.  SSB decreased ECM accumulation in AA-treated NRK-52E cells. A) Immunofluorescence staining indicated up-regulated 
expression of type III collagen in NRK-52E cells after AA injury (× 200). B) SSB treatment down-regulated expression of type III 
collagen in AA-treated cells. C) Gene expression of Col1a1 and Col3a1 in NRK-52E cells with AA with or without SSB. D) Gene 
expression of MMP-2 and TIMP-2 in NRK-52E cells with AA with or without SSB. *P < 0.05, **P < 0.01, compared with the 
control; #P < 0.05, ##P < 0.01, compared with the AA10 group.
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Fig. 5.  SSB inhibited AA-induced EMT in NRK-52E cells. A) Immunofluorescence staining indicated that AA decreased  
expression of E-cadherin (an epithelial marker), and increased expression of a-SMA (a mesenchymal marker) in NRK-52E cells 
(× 200). B) SSB decreased expression of a-SMA and increased expression of E-cadherin in AA-treated cells, determined by  
immunofluorescence staining. C) Change in mRNA expression of E-cadherin, ZO-1, a-SMA, vimentin, and BMP-7 in NRK-52E 
cells treated with AA with or without SSB, detected by real-time RT-PCR. *P < 0.05, **P < 0.01, compared with the control; 
#P < 0.05, ##P < 0.01, compared with the AA10 group.

Fig. 6.  Expression of MIF, MCP-1, and M-CSF in NRK-52E cells with AA with or without SSB. Immunofluorescence staining 
indicated down-regulated expression of MIF, MCP-1, and M-CSF in NRK-52E cells treated with AA, and up-regulated expression 
in cells treated with AA and SSB (× 400).
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ELISA, and real-time RT-PCR show that AA increased 
the expression of MIF, MCP-1, and M-CSF in a concen-
tration-dependent manner (Figs. 6 and 7), but enhanced 
expression of these factors was suppressed by SSB  
treatment. These results suggest that AA induces an  
inflammatory response and macrophages might be  
involved in this process and renal fibrogenesis. Treat-
ment with SSB can inhibit the macrophage-mediated 
inflammatory response.

AA activated NF-kB signaling but was inhibited by SSB
NF-kB is a transcription factor that regulates the  

gene expression of chemokines and cytokines, which 
contribute to the recruitment of inflammatory cells in the 
kidney tissue (32). As shown in Fig. 7, AA increased 
NF-kB p65 activity in cultured NRK-52E cells compared 
with the control, as assessed by western blotting.  
However, increased expression of NF-kB p65 was  
inhibited by SSB treatment. Thus, SSB may inhibit the 
synthesis of inflammatory factors by blocking the NF-kB 
signaling pathway.

Discussion

Previous pharmacological studies revealed that SSB 
possess significant bioactivities on anti-inflammation, 
anti-tumor, and anti-viral infection (16 – 18). In this 
study, we identified the anti-fibrosis effect of SSB in 
RTECs after AA injury.

Firstly, we examined AA-induced injury of the cul-
tured NRK-52E cells. Our results showed that AA not 
only significantly decreased the viability and number of 
NRK-52E cells, but also increased the apoptosis rate, 
accompanied by up-regulated expression of bcl-2 and 
down-regulated expression of bax. These suggest that 
AA induces mitochondrial pathway–mediated cellular 
apoptosis. It is believed now that the reasons for RTEC 
apoptosis induced by AA exposure include intracellular 
calcium ion concentration (33, 34), the formation of 
specific AA-DNA adducts (35), and cell cycle arrest (9). 
The damage of AA to DNA or protein results in cellular 
apoptosis via p53-mediated signaling (36). AA induced 
subsequent activation of p53, and p53 inhibition or  

Fig. 7.  SSB decreased expression of chemokines and pro-inflammatory cytokines. A) ELISA demonstrated that AA increased 
MIF levels in a concentration-dependent manner. B) SSB decreased MIF levels in AA-treated cells. C) Gene expression of MCP-1 
and M-CSF in NRK-52E cells with AA with or without SSB. D) AA increased protein expression of NF-kB p65 and SSB treat-
ment decreased AA-induced over-expression of NF-kB p65. *P < 0.05, **P < 0.01, compared with the control; #P < 0.05, 
##P < 0.01, compared with the AA10 group.
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p53 knock-down with small interfering RNA attenuated 
AA-induced RTEC apoptosis. Our study also demon-
strated that AA significantly increased the mRNA and 
protein expression of p53. Moreover, the mRNA and 
protein expression of c-Myc was also increased in  
AA-treated NK-52E cells. Enhanced expression of  
c-Myc is involved in RTEC proliferation. We believed 
that there exist a feedback mechanism for cell prolifera-
tion, and the proliferation of RTECs is needed to adapt  
to injury within the micro-environment. However, the 
abnormal proliferation may lead to a bad denouement, 
including phenotypic transformation and ECM deposi-
tion. Treatment with SSB decreased the expression  
of p53 and c-Myc and increased apoptotic RTECs,  
especially for early apoptotic cells. Thus, SSB exerts 
inhibition on RTEC proliferation, accompanied by the 
induction of cellular apoptosis.

In vivo evidence from many studies showed that  
persistent injury of AA results in renal tubulointerstitial 
fibrosis (4, 9). In cultured RTECs, we observed that  
AA increased the expression of type I and III collagens. 
Moreover, AA increased MMP-2 expression and  
decreased TIMP-2 expression. MMP-2, which is regu-
lated by TIMP-2, is a member of the matrix metallo
proteinase family that is involved in the breakdown  
of ECM in normal physiological processes such as  
embryonic development and tissue remodeling (37).  
In fibrogenesis, up-regulation of MMP-2 expression  
and down-regulation of TIMP-2 expression may be  
responsible for a decrease in the degradation of ECM  
and increase in its synthesis, resulting in extensive  
accumulation of ECM constituents. Thus, these results 
suggested that AA promoted ECM production in vitro. 
ECM components in kidney are synthesized and secreted 
by myofibroblast cells, which originate from activated 
resident fibroblast and epithelial cells undergoing EMT 
(38). EMT may be an adaptive response of epithelial 
cells after injury and is increasingly recognized as an 
integral part of renal fibrogenesis (31). In this study, AA 
increased the expression of mesenchymal genes a-SMA 
and vimentin and decreased the expression of epithelial 
markers E-cadherin and ZO-1 in cultured RTECs. In 
addition, decreased expression of the EMT inhibitor 
BMP-7 was observed in AA-treated RTECs. Thus, AA 
promotes the transition of RTECs to ECM-producing 
cells. Compared to epithelial cells, ECM-producing cells 
(mesenchymal cells) possess stronger ability to adapt to 
injured micro-environment. This phenotypic transition 
may be an outcome of abnormal proliferation of RTECs. 
Treatment with SSB abolished the induction of EMT and 
reduced the deposition of ECM components, although 
the expression levels of all of the molecules did not return 
to normal levels. Thus, SSB exerts marked anti-renal  

fibrosis effects.
In fibrogenesis, the macrophage-mediated inflam

matory reaction plays an important role. Activated  
macrophages during an inflammatory reaction can  
release a variety of cytokines, such as TGF-b1 and 
platelet-derived growth factor (PDGF) (39), to exert 
profibrogenic effects. In AA-treated RTECs, injury did 
not induce the infiltration of inflammation cells, but 
could regulate the synthesis and release of inflammatory 
factors. In this study, the expression levels of MIF,  
MCP-1, and M-CSF were significantly increased in 
RTECs after AA injury. MIF is recognized as an impor-
tant immunoregulatory molecule expressed in various 
kinds of cells, including mononuclear macrophages  
and epithelial cells (13, 14) and arrests random immune 
cell movement (40). MIF participates in the immune and 
inflammatory responses of many tissues and organs. 
MCP-1 is primarily secreted by monocytes, macro-
phages, and epithelial cells and exhibits a chemotactic 
activity for monocytes (41). M-CSF is a hematopoietic 
growth factor that is involved in the proliferation,  
differentiation, and survival of monocytes and macro-
phages. Thus, change in expression of MIF, MCP-1, and 
M-CSF reflects the activity and function of monocytes 
and macrophages. Increased expression of these factors 
in our study demonstrates that activated macrophages  
are involved in the AA-induced inflammatory reaction. 
We found that treatment with SSB could decrease the 
expression levels of MIF, MCP-1, and M-CSF and  
thus inhibit the monocyte- and macrophage-mediated 
inflammatory reaction.

In addition, our study also showed that SSB could 
decrease the activity of NF-kB p65. The NF-kB signaling 
pathway is found in almost all animal cell types and 
plays a key role in regulating the immune response  
to infection. Activation of NF-kB signaling induces  
inflammation-related gene transcription, including MIF, 
MCP-1, and M-CSF (13 – 15). Thus, enhanced expres-
sion of MIF, MCP-1, and M-CSF in AA-treated RTECs 
is associated with up-regulated activity of NF-kB  
signaling. SSB inhibited the activation of NF-kB signal-
ing, down-regulated expression of MIF, MCP-1, and 
M-CSF, and resulted in reduction of monocyte and the 
macrophage-mediated inflammatory reaction.

In conclusion, our in vitro experiments clarified the 
injury and fibrosis mechanisms of AA on RTECs and 
preliminarily identified the anti-fibrosis effect of SSB. 
Our results suggest that SSB at certain concentration  
can induce cellular apoptosis, inhibit proliferation, inhibit 
the induction of EMT, and ECM accumulation. More-
over, SSB can inhibit the synthesis of monocyte-  
and macrophage-mediated inflammatory factors by  
the NF-kB signaling pathway. However, due to the 
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complexity of the chemical constituents of SSB, the  
underlying molecular mechanisms of SSB triggering  
the anti-fibrogenic response still need to be further  
studied in vivo. In addition, the dosage and safety of  
SSB needs to be clarified.
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