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Diabetic nephropathy characterized as mesangial fibrosis and glomerulosclerosis results in renal

failure and end-stage renal diseases. Enhanced expression and secretion of connective tissue

growth factor (CTGF) play an important role in the expansion of glomerular mesangial matrix mostly

composed of type IV collagen. Isoliquiritigenin can prevent various renal injuries via its anti-

inflammatory action. However, the effect of isoliquiritigenin on diabetic nephropathy has never been

explored. The present study was to investigate whether nontoxic isoliquiritigenin inhibited high

glucose (HG)-induced mesangial fibrosis by retarding formation of type IV collagen as well as CTGF

in human mesangial cells (HRMC). Serum starved cells were cultured in media containing 5.5 mM

glucose plus 27.5 mM mannitol as an osmotic control or 33 mM glucose for 3 days with and without

1-20 μM isoliquiritigenin. Exposure of cells to HG caused marked increases in collagen secretion

and CTGF expression, which was dose-dependently reversed by isoliquiritigenin at the transcrip-

tional levels. Additionally, isoliquiritigenin boosted HG-plummeted type matrix metalloproteinase-1

(MT-1 MMP) expression and dampened HG-elevated tissue inhibitor of MMP-2 (TIMP-2) expres-

sion, facilitating the degradation of mesangial matrix. Isoliquiritigenin inhibited HG-upregulated

CTGF and TIMP-2 expression via disturbing TGF-β1 signaling in HRMC, as evidenced by TGF-β
receptor I kinase (TGF-β RI) inhibitor. HG-activated SMAD2 through autocrine TGF-β signaling was

repealed by g10 μM isoliquiritigenin. HG induced SMAD4 expression of HRMC and obliterated

antagonistic SMAD7, whereas isoliquiritigenin suppressed induction of TGF-β RII and TGF-β RI with

blunting their downstream SMAD signaling. The results demonstrate that the bioactive isoliquiri-

tigenin in licorice diminished mesangial matrix accumulation in response to ambient HG through

retarding TGF-β1-SMAD signaling transduction. Therefore, isoliquiritigenin may be a potential

therapeutic agent for the prevention and treatment of mesangial fibrosis and glomerulosclerosis

leading to diabetic nephropathy due to longstanding diabetes mellitus.
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INTRODUCTION

Chronic hyperglycemia that persists even in fasting states is
most commonly caused by diabetes mellitus and is the defining
characteristic of the disease. Frequent or prolonged hypergly-
cemia results in damage to nerves, blood vessels and other body
organs such as kidney and eye (1, 2). Hyperglycemia causes
structural alterations including predominant extracellular matrix
(ECM) accumulation in diabetic nephropathy (3). Diabetic
nephropathy involves excessive amassing of mesangial matrix
and thickening of glomerular and tubular basement membranes
leading to glomerulosclerosis and tubulointerstitial fibrosis
(3, 4). The key factors responsible for the regulation of ECM in
diabetes are thought to be protease/antiprotease systems and

pro-sclerotic cytokines (3). Low enzymatic degradation of extra-
cellular matrix contributes to an excessive accumulation.

Growth factors play an important role in the pathogenesis
of diabetic nephropathy (2, 3). Hyperglycemia induced hemo-
dynamic alterations stimulate resident renal cells and produce
transforming growth factor (TGF)-β1, fibrogenic and inflamma-
tory cytokine (2). TGF-β1 is known to augment deposition of
ECM including collagen, laminin and fibronectin at the glomeru-
lar level (5). In addition, connective tissue growth factor (CTGF)
plays a pivotal role in the fibrosis in various tissues including the
kidney, promoting ECM accumulation on glomerular mesangial
cells and podocytes and the tubulointerstitium (3). CTGF often
described as an effector of TGF-β promotes TGF-β signaling
through several different mechanisms (6, 7). CTGF induces
the expression of chemokines which themselves have pharma-
cological actions on cells (6). However, advanced glycation
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end-products (AGE) augmented mesangial production of ECM
predominantly through a TGF-β1-independent pathway (8).
Furthermore, it has been reported that SMAD proteins play a
role in the transcriptional regulation of collagen and other ECM
gene expression and in the development of fibrosis (9).

Fewer agents like angiotensin converting enzyme inhibitors
and angiotensin receptor blockers are currently available to
improve the function of diabetic kidney to some extent in patients
with nephropathy. Thus, tremendous efforts are being made to
explore promising therapeutic agents to treat diabetic nephro-
pathy. Recently, pharmacotherapy with natural products has
been attempted by targeting potential sites involved in the
pathogenesis of diabetic nephropathy have been delineated.
(-)-Epigallocatechin 3-O-gallate diminished renal damage
caused by diabetic oxidative stress responsible for renal lesions
of diabetic nephropathy (10). Polyphenols ofHibiscus sabdariffa
Linnaeus retarded diabetic nephropathy in experimental type 1
diabetes (11). The flavone rutin effectively prevented experi-
mental renal damage in streptozotocin-treated rats (12). In
addition, the flavonoid astilbin ameliorated experimental diabetic
nephropathy by inhibiting CTGF (13).

Isoliquiritigenin (Figure 1A) with a chalcone structure has been
considered as a potent antioxidant with anti-inflammatory,
antiatherosclerotic and cancer-preventing properties (14, 15).
When administered to diabetic rats, isoliquiritigenin inhibited
sorbitol accumulationwith a compelling aldose reductase inhibit-
ing activity, whereby it may be effective in preventing diabetic
complications (16). To explore whether isoliquiritigenin dampens
excessive accumulation of mesangial matrix induced by high
ambient glucose, the present study examined alterations inCTGF
expression and collagen IV production in human glomerular
mesangial cells treated with isoliquiritigenin. Activity of matrix
metalloproteinases (MMP) responsible for enzymatic degrada-
tion of ECM was assessed to define a cardinal role of isoliquiri-
tigenin in inhibiting ECM amassing in diabetic nephro-
pathy. Furthermore, this study elucidated a potential role of

TGF-β1-SMADsignaling in thematrix remodeling andglomerulo-
sclerosis. Blockade of TGF-β1-SMAD signaling might be a novel
therapeutic strategy of isoliquiritigenin for the treatment of
diabetic renal injury and nephropathy.

MATERIALS AND METHODS

Chemicals and Materials. Fetal bovine serum (FBS), trypsin-
EDTA, and penicillin-streptomycin were obtained from BioWhittaker
(San Diego, CA). 3-(4,5-Dimethylthiazolyl)diphenyltetrazolium bromide
(MTT) was purchased fromDUCHEFABiochemie (Haarlem,Netherlands).
Dulbecco’s modified Eagle’s media (DMEM), Nutrient Mixture
F-12 Ham medium, mannitol, D-glucose, and isoliquiritigenin were
provided by Sigma Chemical (St. Louis, MO), as were all other reagents
unless specifically stated otherwise. Isoliquiritigenin was solubilized in
dimethyl sulfoxide; the final culture concentration was e0.5%. Antibody
of human connective tissue growth factor (CTGF) was purchased from
AbCam, Cambridge, U.K.). Antibodies of human collagen type IV and
membrane type-1 matrix metalloproteinase (MT1-MMP) were provided
by Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies of human
tissue inhibitor of matrix metalloproteinases-2 (TIMP-2) and SMAD7
were obtained from R&D Systems (Minneapolis, MN). Antibodies of
human TGF-β1, TGF-β receptor I kinase (TGF-βRI), TGF-β receptor II
kinase (TGF-β RII), phospho-SMAD2, SMAD2 and SMAD4 were
supplied by Cell Signaling Technology (Beverly, MA). Horseradish pero-
xidase-conjugated goat anti-rabbit IgG, goat anti-mouse and donkey anti-
goat IgG were provided by Jackson ImmunoResearch Laboratories (West
Grove, PA). Cyanine 3-conjugated goat anti-rabbit IgG was provided by
Rockland (Gilbertville, PA). TGF-β RI inhibitor (HTS 466284) was
supplied by Merck (Darmstadt, Germany). Reverse transcriptase and
Taq DNA polymerase were purchased from Promega (Madison, WI).

Culture of Mesangial Cells (MC). Human renal mesangial cells
(HRMC, Sciencell Research Laboratories, Carlsbad, CA) were incubated
at 37 �C in a humidified atmosphere of 5%CO2 in air. Routine culture of
HRMC was performed in DMEM plus F12 (7:1) media containing 10%
FBS, 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin.
Cells in passage of 6-10 were subcultured at 80% confluence and
employed for experiments.

To mimic hyperglycemia-induced glomerular sclerosis, HRMC
were incubated in 33 mM glucose-added DMEM containing 2% FBS

Figure 1. Chemical structure of isoliquiritigenin (A), and cell viability (B) and collagen type IV secretion (C) of human renal mesangial cells (HRMC)
challenged with 33 mM glucose in the absence and presence of isoliquiritigenin. HRMC were treated with 1-20 μM isoliquiritigenin for 3 days in the culture
media of 33mMglucose. Cells were also incubated with 5.5mMglucose and 27.5mMmannitol as osmotic controls. Values (B) aremeans(SEM (n = 5) and
expressed as percent cell survival relative to mannitol controls (cell viability = 100%). For the secretion of collagen type IV (C), culturemedia were subjected to
SDS-PAGE andWestern blot analysis with a primary antibody against collagen type IV. The bar graphs (means(SEM, n = 3) in the bottom panel represent
quantitative results obtained from a densitometer. Values not sharing a letter are different at P < 0.05.
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and 8 μg/mL insulin for 3 days in the absence and presence of submicro-
molar isoliquiritigenin. For osmotic control incubations, another set of
HRMC were cultured in DMEM plus 27.5 mM mannitol containing 2%
FBS (þ2 μg/mL insulin). The concentrations of isoliquiritigenin used for
3 day culture experiments were below 20 μM.

Cell Viability. After the 3 day incubation period under conditions of
HG and mannitol, the assay of 3-(4,5-dimethylthiazolyl)diphenyltetra-
zolium bromide (MTT, DUCHEFA Biochemie, Haarlem, Netherlands)
was carried out for measuring cell viability (17). HRMCwere cultured in a
fresh phenol red free DMEM containing 1 mg/mLMTT for 3 h at 37 �C.
After unconverted MTT was washed out, formazan products were
dissolved in 2-propanol with gentle shaking. Absorbance of formazan
dye was measured at λ = 570 nm with background subtraction using
λ = 690 nm.

Western Blot Analysis. Western blot analysis was executed using
whole cell lysates prepared fromHRMC and collected culture media (18).
HRMC lysates were prepared in a lysis buffer containing 1% β-mercap-
toethanol, 1 M β-glycerophosphate, 0.1 M Na3VO4, 0.5 M NaF and
protease inhibitor cocktail. Equal amounts of total lysate proteins or equal
volumes of culture medium were electrophoresed on 6% or 10%
SDS-PAGE gels and transferred onto a nitrocellulose membrane. Non-
specific binding was blocked by soaking the membrane in a TBS-T buffer
[50 mM Tris-HCl (pH 7.5), 150 mMNaCl, and 0.1% Tween 20] contain-
ing 3% bovine serum albumin for 3 h. The membrane was incubated with
anti-human rabbit polyclonal antibodies of cellular proteins to be tested
and thenwas incubated with a secondary antibody, a goat anti-rabbit IgG,
goat anti-mouse IgG, or donkey anti-goat IgG conjugated to horseradish
peroxidase. The protein levels were measured with Supersignal West Pico
Chemiluminescence detection reagents (Pierce Biotechnology, Rockford,
IL) and Konica X-ray film (Konica, Tokyo, Japan). Incubation with
polyclonal mouse anti-human β-actin antibody was performed for com-
parative control.

Immunocytochemistry. HRMC grown on glass slides were rinsed
with phosphate buffered saline containing 0.2% Tween 20 (PBS-T), fixed
with 4% ice-cold formaldehyde for 20min andmade permeable with 0.1%
Triton X-100 and 0.1% sodium citrate for 2 min on ice. For blocking any
nonspecific binding, cells were incubated 1 h with 20% FBS in PBS-T.
After being washed, fixed cells were incubated overnight with polyclonal
anti-human CTGF in PBS-T at 4 �C. Cyanine 3-conjugated anti-rabbit
IgG in PBS-T was added as a secondary antibody. Fluorescent images
were taken with an Axiomager Optical fluorescence microscope (Zeiss,
Germany).

Analyses of Reverse Transcriptase-Polymerase Chain Reaction

(RT-PCR). Following culture protocols, total RNA was isolated from 6
� 105 HRMC using a commercially available Trizol reagent kit
(Invitrogen, Carlsbad, CA). RNA (5 μg) was reversibly transcribed with
200 units of reverse transcriptase and 0.5 mg/mL oligo-(dT)15 primer
(Bioneer,Korea). The expression ofmRNA transcripts of human collagen
IV (forward primer 50-GGTGTTGCAGGAGTGCCAG-30, reverse pri-
mer 50-GCAAGTCGAAATAAAACTCACCAG-30, 100 bp), human
CTGF (forward primer 50-AACTATGATTAGAGCCAACTGCCTG-
30, reverse primer 50-TCATGCCATGTCTCCGTACATCTTC-30, 477
bp), human SMAD4 (forward primer 50-CCATTTCCAATCATCC-
TGCT-30, reverse primer 50-ACCTTTGCCTATGTGCAACC-30, 221
bp), β-actin (forward primer 50-GACTACCTCATGAAGATC-30, reverse
primer 50-GATCCACATCTGCTGGAA-30, 500 bp) and GAPDH
(forward primer 50-GAAGGTGAAGGTCGGAGTC-30, reverse primer
50-GAAGATGGTGATGGGATTTC-30, 100 bp) were determined by
RT-PCR. The PCR was performed in 25 μL of 10 mM Tris-HCl (pH
9.0) containing 25 mM MgCl2, 10 mM dNTP, 5 units of Taq DNA
polymerase and 10 μM of each primer, and started with 5 min denatura-
tion at 94 �C followed by 30 PCR cycles. Each cycle consisted of 60 s at
94 �C, 60 s at 55 �C, and 60 s at 72 �C, and the final extension was for
10 min at 72 �C. After themocycling, 15 μL of PCR products was
electrophoresed on 1% agarose-formaldehyde gel containing 0.5 μg/mL
ethidium bromide. The bands were visualized using a TFX-20 M model
UV transilluminator (Vilber-Lourmat, France), and gel photographs were
taken. The absence of contaminants was routinely checked by the RT-
PCR assay with negative control samples without addition of a primer.

Data Analysis. The data are presented as mean ( SEM. Statistical
analyses were conducted using Statistical Analysis Systems statistical

software package (SAS Institute, Cary, NC). Significance was deter-
mined by one-way ANOVA, followed by Duncan multiple range test
for multiple comparisons. Differences were considered significant at
P < 0.05.

RESULTS

Effect of Isoliquiritigenin on HG Induced Mesangial Cell Pro-

liferation. To determine whether HRMC proliferates and iso-
liquiritigenin has an antiproliferative effect under HG condition,
MTT assay was carried out. HRMC incubation with 33 mM
glucose for 3 days elevated cell viability by 20-30% increase
compared to mannitol controls. When 10 μM isoliquiritigenin
was treated with cells exposed to HG, HRMC proliferation was
suppressed (Figure 1B). Isoliquiritigenin per se was not cytotoxic
(data not shown), indicating that it has antiproliferative activity
in ambient HG-exposed mesangial cells.

Blockade of Production of Collagen and CTGF by Isoliquiriti-

genin. This study investigated inhibitory effects of isoliquiritigen-
in on HG-induced production of collagen IV and CTGF.
Western blot data showed that HG increased collagen IV secre-
tion (P < 0.05, Figure 1C). HG-enhanced collagen IV secretion
was encumbered by nontoxic isoliquiritigenin at 1-20 μM in a
dose-dependent manner (Figure 1C).

Cellular expression and secretion of CTGF were boosted in
HRMCexposed toHG(Figure 2A).However,CTGFproduction
was suppressed by g10 μM isoliquiritigenin, confirmed by
Western blot (Figure 2A). Immunocytochemical data for the
cellular CTGF expression were consistent withWestern blot data
(Figure 2B). While there was a heavy cytoplasmic staining inHG-
applied cells, the staining vanished in cells treated with g10 μM
isoliquiritigenin.Accordingly, the decline of collagen IV secretion
by isoliquiritigenin was most likely due to its diminution of
CTGF production.

There were weak signals for the basal mRNA expression of
collagen IV and CTGF inmannitol controls, whichwere elevated
in HG-exposed cells (Figures 3A and 3B). However, g10 μM
isoliquiritigenin disturbed HG-induced mRNA accumulation of
collagen IV and CTGF. The RT-PCR analysis revealed that HG
enhanced mesangial production of collagen IV and CTGF at
transcriptional levels.

Isoliquiritigenin Inhibition of MT-1 MMP and TIMP-2 Expres-

sion Upregulated by HG. This study attempted to determine
that HG influenced mesangial expression of MT-1 MMP and
TIMP-2, which was reversed by isoliquiritigenin. Exposure of
mesangial cells to HG retarded MT-1 MMP expression, which
was repealed byg10 μM isoliquiritigenin (Figure 4). In contrast,
TIMP-2 expression was augmented in HRMC exposed to HG
and the upregulated expression was abolished in g10 μM
isoliquiritigenin-pretreated cells.

Isoliquiritigenin Blockade of TGF-β1-SMAD2 Signaling Upre-

gulated by HG. TGF-β activates the receptor-regulated SMAD2,
thereby allowing them to associate with SMAD4 and to translo-
cate into the nucleus for gene expression (9). Western blot data
showed that HG enhanced cellular levels of TGF-β1 and acti-
vated SMAD2 at 24 h after stimulation (Figure 5A). When
HRMCwere treated with 1-20 μM isoliquiritigenin and exposed
to HG, isoliquiritigenin obliterated HG-enhanced TGF-β1
expression and SMAD2 phosphorylation in a dose-dependent
manner. Intracellular localization of SMAD2 was evaluated
by fluorescent microscopy using specific SMAD2 antibody
(Figure 5B). Cytoplasmic immunofluorescence staining was
observed in mannitol controls while an all-heavy nuclear staining
inHG-alone-exposedHRMCwas observed, indicative of nuclear
localization of activated SMAD2 at single cell level. However,
20 μM isoliquiritigenin-treated cells markedly diminished the
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staining level of nuclear SMAD2 enhanced by HG, as shown in
cells treated for 3 days with 10 μM type-I receptor serine/
threonine kinase (TGF-β RI) inhibitor (HTS 466284).

Suppression of HG-Induced TGF-β-Receptor Kinase by Iso-

liquiritigenin. To initiate a particular TGF-β response, dimeric
ligands of the TGF-β bind with high affinity to type-II receptor
kinase (TGF-β RII) and transphosphorylate TGF-β RI on the
cell surface.WhenHGwas solely applied toHRMC, it was found
that the cellular levels of TGF-β RI and TGF-β RII proteins
were sharply upregulated within 24 h after the HG stimulation
(Figure 6). HG may signal through heteromeric complexes
of TGF-β RII and TGF-β RI receptors, which activate the

downstream SMAD signal transduction pathway. When
HRMCwere treated with 1-20 μM isoliquiritigenin and exposed
to HG, isoliquiritigenin at g1 μM substantially diminished the
induction of TGF-β RII and TGF-β RI initiated by HG
(Figure 6).

As shown in Figures 2 and 4, cellular expression of CTGF
and TIMP-2 was boosted in HRMC exposed to HG. The
elevated expression of CTGF and TIMP-2 was remark-
ably suppressed by g20 μM isoliquiritigenin, as observed in
cells treated with 10 μM HTS 466284 (Figure 7). This indicates
that isoliquiritigenin inhibited the HG induction of CTGF and
TIMP-2 through dampening stimulation of TGF-β RI and
subsequent activation of the downstream SMAD signal trans-
duction pathway.

Expression Modulation of SMAD4 and SMAD7 by Isoliquiri-

tigenin. Co-mediator SMAD4 participates in signaling by diverse
TGF-β family members (19), where SMAD4 enters the nucleus
constitutively and is immediately exported back to the cytoplasm.
After TGF-β stimulation, SMAD4 first complexes with SMAD2
in order to become localized in the nucleus. There was relatively
weak expression of SMAD4 protein in mannitol control cells,
while HG enhanced cellular pool of SMAD4 at 24 h after stimu-
lation (Figure 8A). When HRMC were treated with 1-20 μM
isoliquiritigenin in presence of HG, g10 μM isoliquiritigenin
dampened HG-upregulated SMAD4 expression.

RT-PCR data showed that there was low basal mRNA
expression of SMAD4 in mannitol controls (Figure 8B). In
contrast, the SMAD4mRNAwas greatly increased inHG-stimu-
latedHRMC.However, theHG-instigatedmRNAaccumulation
of SMAD4 was greatly downregulated at doses of g10 μM in
isoliquiritigenin-treated cells (Figure 8B). This observation was
consistent with a substantial attenuation of cellular SMAD4

Figure 3. Reverse transcriptase-polymerase chain reaction analysis
showing the steady state mRNA transcriptional levels of collagen type IV
(A) and connective tissue growth factor (CTGF, B) in isoliquiritigenin-
treated and 33 mM glucose-stimulated human renal mesangial cells
(HRMC). Confluent cells were incubated with 1-20 μM isoliquiritigenin
for 3 days under conditions of high glucose. Also, HRMC were also
incubated with 5.5 mM glucose and 27.5 mMmannitol as osmotic controls.
β-Actin or GAPDH gene was used as an internal control for the
coamplification with collagen type IV or CTGF (3 separate experiments).

Figure 2. Inhibitory effects of isoliquiritigenin on levels of expression and secretion of connective tissue growth factor (CTGF) in high glucose (HG)-stimulated
human renal mesangial cells (HRMC). HRMC were challenged with 1-20 μM isoliquiritigenin for 3 days in the culture media of 33 mM glucose. In addition,
cells were incubated with 5.5 mM glucose and 27.5 mM mannitol as osmotic controls. After HRMC culture protocols, SDS-PAGE was performed with cell
extracts or culture media andWestern blot analysis with a primary antibody against CTGF (A). β-Actin protein was used as an internal control. The bar graphs
(means( SEM, n = 3) in the right panel represent quantitative results obtained from a densitometer. Respective values not sharing a letter are different at P <
0.05. Immunocytochemical analysis (B) showing cellular CTGF expression was carried out in cells treated with 1-20 μM isoliquiritigenin and exposed to HG.
Antibody localization was detected with Cyanine 3-conjugated anti-rabbit IgG using a fluorescence microscopy with rhodamine green filter (3 separate
experiments). Magnification: 200-fold.
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levels by isoliquiritigenin (Figure 8A). Accordingly, isoliquiriti-
genin may inhibit SMAD4 signaling through its transcriptional
modulation.

The antagonistic SMAD7 that negatively regulates TGF-β
pathways inhibits the recruitment and phosphorylation of the
receptor-regulated SMAD2 (19). Western blot analysis revealed
that SMAD7 levels were dropped in HG-exposed HRMC
(Figure 8A), demonstrating that HG inhibited markedly the
recruitment and phosphorylation of SMAD2. In contrast, iso-
liquiritigenin boosted HG-plummeted SMAD7 levels, being
near-completely restored at g10 μM isoliquiritigenin. Since
SMAD7 ubiquitinates the TGF-β receptors on the cell surface
or endosomal membranes, it is assumed that the isoliquiritigenin-
boosted SMAD7 may promote the ubiquitination of the TGF-β
receptors.

DISCUSSION

Long-standing hyperglycemia is known topromote glomerulo-
sclerosis and tubulo-interstitial fibrosis (2, 3). Excessive amas-
sing of matrix and thickening of glomerular and tubular
basement membranes build up in the early phase of diabetic
nephropathy (4). Conversion of normally quiescent mesangial
cells into extracellular matrix-overproducing myofibroblasts is
central to the pathogenesis of diabetic nephropathy. As expected,
3 day exposure of MC to ambient HG caused mesangial hyper-
plasia. In addition, HG promoted CTGF expression at the
transcriptional levels, elevating secretion of collagen IV, an
intrinsic component of mesangial matrix. The HG-MC culture

outcomes are thought to be mimetic to glomerular hypertrophy
and mesangial fibrosis instigated by hyperglycemia. Decreased
enzymatic degradation of mesangial matrix is responsible for its
excessive deposition in glomerulosclerosis and tubulo-interstitial
fibrosis (3). Abnormal expression of MMP and TIMP was
recognized in a model of diabetic renal fibrosis (20). This study
found that HG dampened MT-1 MMP expression and elevated
TIMP-2 expression in MC. Accordingly, there was an imbalance
between ECMproduction and degradation inHG-inflamedMC.
It was reported that the imbalance is an important factor in the
process of ECM expansion in renal diseases (20). The relation-
ship between CTGF, MT-1 MMP and TIMP-2 remains to be
elucidated.

Modulation of CTGF and MMP involved in the matrix
deposition is believed to prevent renal fibrosis (3). It becomes a
major point of concern to develop natural materials from plants
for preventing diabetic fibrosis and nephropathy. Ginkgo biloba
extract retarded ECMaccumulation by increasing levels ofMMP
and extracellular matrix metalloproteinase inducer and diminish-
ing levels of TIMP and plasminogen activator inhibitor-1 in HG-
inflamed rat MC (21). Natural salvianolic acid B inhibited HG-
stimulated mesangial cell proliferation and ECM production
through modulating cell-cycle progress and MMP activity (22).
Rhein, an anthraquinone compound isolated from rhubarb,
decreased the cellular hypertrophy and the ECM accumulation
by reversing overactivity of hexosamine pathways in MCGT1
cells (23). This study revealed that isoliquiritigenin, a licorice

Figure 4. Western blot data showing expression of membrane type 1
matrix metalloproteinase (MT-1MMP) and tissue inhibitor of MMP (TIMP)-2
in human renal mesangial cells (HRMC) treated with isoliquiritigenin
under high glucose conditions. Cells were challenged with 1-20 μM
isoliquiritigenin and then exposed to 33 mM glucose for 3 days.
Additionally, HRMC were also incubated for 3 days in 5.5 mM glucose
and 27.5 mMmannitol as osmotic controls. After HRMC culture protocols,
cell extracts were subjected to SDS-PAGE and Western blot analysis
with a primary antibody against MT-1 MMP or TIMP-2. β-Actin protein
was used as an internal control. The bar graphs (means( SEM, n = 3) in
the bottom panel represent quantitative results obtained from a densito-
meter. Values not sharing a letter are different at P < 0.05.

Figure 5. Inhibition of TGF-β1 expression and SMAD2 activation in
human renal mesangial cells (HRMC) treated with isoliquiritigenin under
high glucose (HG) conditions. HRMC were treated with 1-20 μM
isoliquiritigenin and then stimulated with 33 mM glucose for 3 days. Cells
were also incubatedwith 5.5mMglucose and 27.5mMmannitol as osmotic
controls. After HRMC culture protocols, cell extracts were subjected to
SDS-PAGE and Western blot analysis with a primary antibody against
TGF-β1, SMAD2 and phosphorylated SMAD2 (A). Respective blot data
were obtained from 3 independent experiments. β-Actin protein was used
as an internal control. Immunocytochemical analysis (B) showing nuclear
translocation of phospho-SMAD2 was carried out in cells treated for 3 days
with 10 μM TGF-β RI inhibitor (HTS 466284) or 20 μM isoliquiritigenin
under HG conditions. Antibody localization was detected with cyanine
3-conjugated anti-rabbit IgG using a fluorescence microscopy with rhoda-
mine green filter (3 separate experiments). Magnification: 200-fold.
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component, might be a novel agent for alternative medicinal uses
in diabetic nephropathy. Licorice has been used as a flavoring
agent in foods, beverages and alternative medicines for the taste
improvement (24). The chalcone isoliquiritigenin has been con-
sidered as a potent antioxidant with anti-inflammatory, anti-
atherosclerotic and cancer-preventing properties (14, 15). When
administered to diabetic rats, isoliquiritigenin inhibited sorbitol
accumulation by inhibiting aldose reductase activity, whereby it
may be effective in preventing diabetic complications (16). In
addition to these bioactive actions, submicromolar isoliquiriti-
genin resolved mesangial collagen IV deposition with blunting
CTGF production and boosting MT-1 MMP expression.
Accordingly, isoliquiritigenin may be a promising natural com-
pound that confers renoprotection against diabetic glomerulo-
sclerosis and fibrosis.

This study attempted to elucidate possible mechanism(s) by
which isoliquiritigenin suppressed mesangial proliferation and
fibrosis. TGF-β was expressed in excess in areas of progressive
ECM accumulation, and TGF-β blockade did not cause renal
sclerotic and fibrotic changes (5, 7). In this study, the cellular
levels of CTGF and TIMP-2 were retracted in the presence of
TGF-β RI inhibitor. TGF-β converges on the SMAD pathway
involving receptor-regulated SMAD2 and common-mediated
SMAD4 (19). SMAD2 inactivation or SMAD4 downregulation
will terminate TGF-β signaling. Accordingly, the interruption of
TGF-β-SMAD signalingmight be a novel therapeutic strategy of
isoliquiritigenin for the treatment of diabetic nephropathy. This
study showed that isoliquiritigenin effective in blunting collagen
amassing lowered HG-elevated cellular levels of TGF-β1 and
RI/RII receptor kinases. Isoliquiritigenin repressed SMAD2

activation and SMAD4 expression, and enhanced inhibitory
SMAD7 expression, proposing that isoliquiritigenin was a medi-
cinal compound capable of targeting SMAD signaling.

It has been reported that advanced glycation end products
(AGE) induced CTGF expression and promoted ECM accumu-
lation, predominantly through a TGF-β1-independent path-
way (25). Several studies have investigated different intra-
cellular signaling mechanisms modulating diabetic hypertrophy
and ECM accumulation in MC (26, 27). The ERK1/2 signaling
pathway was activated by AGE during ECM remodeling (26).
ThePI3K-PKCβ1-Akt signalingwas responsible forHG-induced
collagen I upregulation mediated by the transactivation of
epidermal growth factor receptor (27). Likewise, HG-triggered
mesangial proliferation may entail firing of PKCβ-Akt signaling,
and isoliquiritigenin may quench this flamed signaling. The
ERK1/2 signaling may be subsided by isoliquiritigenin possibly
through dampening AGE formation. This study did not examine
HG-induced formation of AGE that is known to modulate
matrix proteins and remodeling enzymes. Nevertheless, it is
deemed that isoliquiritigenin attenuates HG-triggered AGE for-
mation or inhibits AGE receptor interaction, interrupting TGF-
β-SMAD signaling pathways.

The close investigation on how isoliquiritigenin interrupted the
TGF-β-SMAD signaling is still obligatory. Accumulation of
intracellular sorbitol due to increased activity of aldose reductase
has been implicated in the development of various secondary
complications of diabetes. It was shown that aldose reductase
was one of the TGF-β1 responsive genes in cultured MC (28).
Thus, inhibition of aldose reductase by isoliquiritigenin may be
useful to prevent ECM deposition in diabetic nephropathy.

Figure 6. Inhibition of TGF-β receptor kinase RI and RII in human renal
mesangial cells (HRMC) treated with isoliquiritigenin under HG conditions.
HRMC were treated with 1-20 μM isoliquiritigenin and then stimulated
with 33 mM glucose for 3 days. Cells were also incubated with 5.5 mM
glucose and 27.5 mMmannitol for 3 days as osmotic controls. After HRMC
culture protocols, cell extracts were subjected to SDS-PAGE and
Western blot analysis with a primary antibody against TGF-β RI and
RII. Representative blot data were respectively obtained from 3 inde-
pendent experiments and β-actin protein was used as an internal
control.

Figure 7. Obstruction of expression of connective tissue growth factor
(CTGF) and tissue inhibitor of MMP (TIMP)-2 in human renal mesangial
cells (HRMC) treated with TGF-β RI inhibitor (HTS 466284) or isoliqui-
ritigenin in the presence of high glucose. Cells were challenged for 3 days
with 10 μMHTS 466284 or 20 μM isoliquiritigenin, and then exposed to 33
mM glucose for 3 days. Additionally, HRMC were incubated for 3 days in
5.5 mM glucose and 27.5 mM mannitol as osmotic controls. Western blot
analysis was carried out using cell extracts and a primary antibody against
CTGF, TIMP-2 or β-actin. The bar graphs (means ( SEM, n = 3) in the
bottompanel represent densitometric results and values not sharing a letter
are different at P < 0.05.
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Dietary curcumin suppressed aldose reductase and hence sorbitol
accumulation in human erythrocytes under HG conditions,
suggesting it as an agent to prevent or treat diabetic compli-
cations (29). Furthermore, it has been demonstrated that an
inflammatorymechanism including kidneymacrophage accumu-
lation contributes to the pathogenesis of diabetic nephropathy
(30, 31). It was found that kidney chemokine monocyte chemo-
attractant protein-1 (MCP-1) was a major promoter of renal
inflammation and fibrosis in diabetic nephropathy (31). Accord-
ingly, the renoprotection of isoliquiritigenin against MCP-1
and inflammation may be specific therapies of renal fibrosis.
Colchicine attenuated inflammatory cell infiltration via inhibition
of enhanced expression of MCP-1 and intracellular adhesion
molecule-1, and prevented ECM accumulation in diabetic
nephropathy (32). Unfortunately, this study did not consider
the specific anti-inflammatory actions of isoliquiritigenin for the
treatment of mesangial matrix expansion.

In summary, this study showed that isoliquiritigenin re-
tracted mesangial proliferation and matrix deposition leading
to mesangial fibrosis. The ability to block mesangial matrix
deposition argues for a therapeutic target of actions of iso-
liquiritigenin under pathological diabetic conditions. The HG
induction of mesangial CTGF and TIMP-2 appeared to be
mediated via TGF-β1-SMAD-responsive pathways that were
disturbed by isoliquiritigenin. In addition, the induction levels
of TGF-β RI/RII elevated by HG were downregulated by
isoliquiritigenin. Therefore, isoliquiritigenin therapy that dis-
rupted renal TGF-β1 activity may be promising in retarding
the progression of fibrosis to end-stage renal diseases. How-
ever, the possibility that HG-induced mesangial hypertrophy
and fibrosis are mediated via the TGF-β-independent ERK
signaling pathway or the PI3K-PKCβ1-Akt signaling pathway

cannot be ruled out. In addition, AGE formation and kidney
inflammation may be crucial factors to be targeted by
isoliquiritigenin

ABBREVIATIONS USED

AGE, advanced glycation end products; CTGF, connective
tissue growth factor; DMEM, Dulbecco’s modified Eagle’s
media; ECM, extracellular matrix; FBS, fetal bovine serum;
HG, high glucose; HRMC, human renal mesangial cells; MCP-
1, monocyte chemoattractant protein-1; MMP, matrix metallo-
proteinases; MT-1 MMP, membrane type-1 matrix metallo-
proteinase; MTT, 3-(4,5-dimetylthiazolyl)diphenyltetrazolium
bromide; PBS-T, phosphate buffered saline-Tween 20; ROS,
reactive oxygen species; RT-PCR, reverse transcriptase-poly-
merase chain reaction; TBS-T, Tris buffered saline-Tween 20;
TGF, transforming growth factor; TGF-β R, transforming
growth factor-β receptor kinase; TIMP, tissue inhibitor of matrix
metalloproteinases.
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