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ABSTRACT Diabetic nephropathy (DN) is an important diabetic complication, and podocyte apoptosis plays a critical role

in the development of DN. In the present study, we examined the preventive effect of the total flavone glycosides of Flos

Abelmoschus manihot (TFA) on urinary microalbumin and glomerular podocyte apoptosis in experimental DN rats. The

preliminary oral administration of TFA (200 mg/kg/day) for 24 weeks significantly decreased the urinary microalbumin to

creatinine ratio and 24-h urinary total protein in streptozotocin-induced DN rats. Terminal deoxynucleotidyl transferase-

mediated dUTP nick end-labeling assay indicated glomerular cell apoptosis in DN rats was significantly improved by

pretreatment with TFA. Furthermore, fluorescence-activated cell sorting and Hoechst 33342 staining suggested preincubation

with hyperoside (50 and 200 lg/mL), the major active constituent of TFA, could significantly mitigate cultured podocyte

apoptosis induced by the advanced glycation end-products (AGEs). Western blot analysis showed that increased caspase-3 and

caspase-8 expressions induced by AGEs were also inhibited by pretreatment with hyperoside at both doses. Our results

demonstrate that TFA pretreatment can decrease urinary albumin excretion in early-stage DN, which might be accomplished

by preventing renal damage and podocyte apoptosis.
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INTRODUCTION

D iabetic nephropathy (DN) is the major microvascu-
lar complication of diabetes worldwide.1 The clinical

characteristics of DN are progressive albuminuria and
gradual decline of renal function, which results from the
multiple pathophysiologic dysfunctions of diabetes.2 The
appearance of microalbuminuria is regarded as the hallmark
of DN onset at its early stage, and the continuous existence
of albuminuria plays a pivotal role in the damage of both renal
structure and function.3 Although the treatment and under-
standing of DN are progressing, the level of albuminuria
and renal damage in some DN patients continues advancing in
a seemingly irreversible pattern.4 The novel underlying
mechanisms and therapeutic measures remain to be explored.

The increased urinary albumin excretion is due to the
dysfunction of the glomerular barrier, which is accepted to
be a key target for prevention and treatment of DN. Among
the elementary ingredients of glomeruli structure, the po-
docyte and its foot process play the pivotal role in mainte-
nance of permselective function of the glomerular barrier.5

The loss of glomerular podocytes and decreased podocyte
density are early pathological manifestations and predict the
onset of DN.6,7 Podocyte loss precedes the development of
comprehensive renal dysfunction and albuminuria in dia-
betic patients and animal models.8,9 Podocyte loss resulting
from apoptosis has played an important role in the onset of
albuminuria and the pathogenesis of DN.10 Recent studies
demonstrate that preventing podocyte apoptosis could
ameliorate renal injury and decreases proteinuria in DN.11,12

As a well-known traditional Chinese medicine, Flos
Abelmoschus manihot L. Medic has been used as the neu-
roprotective drug for cerebral ischemic reperfusion injury in
recent studies.13,14 Total flavone glycosides of Flos A.
manihot (TFA) contain seven chemically identified flavone
glycosides15 and have therapeutic effects on cerebral is-
chemic reperfusion and postmenopausal osteoporosis.13,16
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Our previous clinical studies showed for the first time that
TFA can improve proteinuria and renal function impair-
ments in early-stage 2 DN,17 but the underlying mechanisms
remain unknown. In this study, we aimed to investigate the
preventive effect of TFA on microalbuminuria and apo-
ptosis of glomerular cells in experimental early-stage DN
rats. Furthermore, the protective effect of the major active
constituent of TFA, hyperoside, on cultured podocyte apo-
ptosis was explored to elucidate the underlying molecular
pharmacologic mechanism.

MATERIALS AND METHODS

Reagents

TFA (content of flavone glycosides over 99%) was ex-
tracted from Flos A. manihot L. Medic by the Department of
Chinese Materia Medica, Nanjing University of Chinese
Medicine, Nanjing, China. All of the seven flavone glyco-
sides in TFA were characterized by high-performance liquid
chromatography, and their chemical structures were identi-
fied. The profile compositions of TFA are hyperoside
(43.2%), hibifolin (27.1%), isoquercetin (13.7%), quercetin-
30-O-glucoside (8.8%), quercetin-3-O-robinobioside (3.8%),
myricetin (3.2%), and quercetin (0.2%). The hyperoside
contents in different preparations were measured for qual-
ity control. TFA was suspended in 1% carboxymethyl
cellulose solution at different concentrations for oral
administration.

DN model

Male Sprague–Dawley rats 7–8 weeks old weighing 180–
200 g were purchased from the Experimental Animal Center,
Nanjing University of Chinese Medicine. Diabetes was in-
duced in rats by a single intravenous injection of streptozo-
tocin (STZ) (Sigma, St. Louis, MO, USA) (70 mg/kg of body
weight) dissolved in 10 mmol/L sodium citrate (pH 5.5). The
nondiabetic rats that received the same volume of citrate
buffer served as the control group. Seven days after STZ
injection, rats with high blood glucose levels in the range of
13.9–22.2 mmol/L were considered as rats with successfully
established diabetes mellitus (DM). The urinary proteins were
screened every 8 weeks, and a urinary microalbumin to cre-
atinine (mAlb/Cr) ratio of > 30–300 mg/g was taken as the
screening standard for DN. According to previous stud-
ies,18,19 the DM rats could develop into early-stage DN
models in about 16–24 weeks. The STZ-induced rats received
continuous oral administration of TFA solution right after the
establishment of DM models. The DM rats were randomly
divided into three groups: DM rats treated with carbox-
ymethyl cellulose solution (DN group) or a low or high dose
of TFA (50 and 200 mg/kg/day TFA, respectively). In our
preliminary experiments, oral administration of TFA
(200 mg/kg/day) for 8 weeks could significantly decrease the
urinary microalbumin excretion and glomerular hyperfiltra-
tion in STZ-induced DN mice. Each of the four groups had
eight rats. All rats were fed a standard pellet laboratory diet
and were provided with water ad libitum.

Experimental protocols

The experimental protocols were approved by the Animal
Ethics Committee of Jiangsu Province (Nanjing). Blood glu-
cose levels of DM rats were monitored every week using a
Bayer glucose monitor (Bayer Co., Bergkamen, Germany).
The DM rats were given supportive regular insulin treatment
(Wanbang Biopharmaceuticals, Xuzhou, China) at a dose
of 1 IU/kg of body weight (three times every week) when
necessary to maintain blood glucose in the range of 13.9–
22.2 mmol/L for preventing apparent exhaustion or ketosis
during the experiment. The rats with blood glucose in the
range of 13.9–22.2 mmol/L did not receive insulin treatment
to avoid the possible synergistic effect or interaction of insulin
and TFA. Every 8 weeks after drug administration, individual
24-h urine sample collections were performed using metabolic
cages. All the animals were prevented from drinking for 24 h
during the urine sample collection to avoid systemic error.

Urinary albumin concentrations were measured by Exo-
cell (Philadelphia, PA, USA) kits using anti-rat albumin
antibody. The urinary creatinine levels were measured by
the enzymatic colorimetric method. Results of urinary al-
bumin were normalized to creatinine levels and expressed as
the urinary mAlb/Cr ratio. All animals were sacrificed after
24 weeks of treatment, and fresh kidney cortices were ex-
cised and stored at - 80�C until further analysis.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling assay and Hoechst 33342 staining

To observe the glomerular apoptotic cells, apoptosis-
related molecules were measured in glomeruli by terminal
deoxynucleotidyl transferase-mediated dUTP nick end-
labeling (TUNEL) using a commercially available kit
(Chemicon International, Temecula, CA, USA) according to
a previous study.20 The presence of TUNEL-positive glo-
merular cells in formalin-fixed renal tissue were identified
by examining 30 glomeruli in each rat (· 400 magnifica-
tion). Moreover, the changes of apoptosis in podocytes
cultured on coverslips were also investigated by Hoechst
33342 (Beyotime Institute of Biotechnology, Haimen,
China) staining. Apoptosis was expressed by the percentage
of podocytes with nuclear condensation nuclear cells at least
200 cells per condition.

Western blot

Cultured podocytes were harvested from the plates and
lysed with a buffer containing 1% Nonidet P-40, a protease
inhibitor cocktail. After determination of protein concen-
trations, cell lysates were subjected to 8% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis before transfer
to polyvinylidene difluoride membranes. The membranes
were blocked with 5% defatted milk powder in 1 · Tris-
buffered saline containing 0.1% Tween-20 for 30 min and
incubated overnight with polyclonal rabbit anti-rat caspase-
3 or caspase-8 primary antibody (Bioworld Technology,
St. Louis Park, MN, USA) at 4�C. After phosphate-buffered
saline (PBS) washing (10 min · 3) and incubation with
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alkaline phosphatase–labeled secondary antibodies for
60 min, signals were detected with an enhanced 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium color
development kit (Beyotime Institute of Biotechnology).
Membranes were incubated with rabbit polyclonal anti-b-
actin antibodies (Zhongshan Goldenbridge Biotechnology,
Beijing, China) to serve as the control for equal loading. The
density of each band was determined using NIH Image
software and expressed as a relative value to the density of
the corresponding band b-actin immunoblot.

Cell culture

Conditionally immortalized murine podocytes were culti-
vated in RPMI 1640 medium containing 10% fetal bovine
serum, 100 U/mL penicillin, 100 mg/mL streptomycin, and
2 mM l-glutamine. To permit immortalized growth, the cul-
ture medium was supplemented with 10 U/mL recombinant
mouse c-interferon to induce the expression of T antigen, and
cells were cultured at 33�C (permissive conditions) as in a
previous study.21 To induce differentiation, cells were cul-
tured on type I or collagen IV at 37�C without c-interferon for
at least 7 days. We confirmed the podocytes differentiation
under nonpermissive condition (37�C) by immunofluores-
cence staining for podocyte marker nephrin and WT-1. Only
the differentiated podocytes were used in the study.

Determination of podocyte apoptosis
by fluorescence-activated cell sorting

Podocytes were cultivated on six-well culture plates
coated with collagen IV in RPMI 1640 medium with 10%
fetal bovine serum for 12 h. Cells were washed with PBS
and then exposed to 500 lg/mL PBS containing bovine se-
rum albumin (BSA) (the control) or advanced glycation end-
products (AGEs) with BSA for overnight in RPMI 1640
medium with 1% fetal bovine serum. In the hyperoside
pretreatment group, a low or high concentration of hy-
peroside (50 or 200 lg/mL, respectively) was added to the
RPMI 1640 medium 1 h before AGE-BSA exposure. Each
experimental condition was performed in triplicate. After a
24-h incubation, cell culture medium was collected and
stored. PBS used for washing (5 min · 3) was combined with
the saved culture medium. The concentration of detached
cells was determined using a hemocytometer, and each
sample was counted three times. The percentages of apo-
ptosis and necrosis in the adherent-cell fraction were de-
termined by fluorescence-activated cell sorting (FACS) after
annexin V–fluorescein isothiocyanate and propidium iodide
labeling. The numbers of apoptotic and necrotic cells were
calculated by multiplying the percentages of apoptosis and
necrosis as determined by FACS by the total number of
adherent cells. The total number of cells was defined as the
number of detached cells plus the number of adherent cells.

Statistical analysis

All results were expressed as mean – SD values, and
differences were analyzed by SPSS version 16.0 software

(SPSS, Chicago, IL, USA). One-way analysis of variance
with a one-tailed Student’s t test was used to identify sig-
nificant differences in multiple comparisons. The post hoc
comparisons using the Student–Newman–Keuls test were
used for intergroup comparisons of multiple variables.
P < .05 was considered statistically significant.

RESULTS

Effect of TFA on urinary albumin excretion of DN rats

The effect of TFA on urinary albumin in early-stage DN
rats was evaluated by measuring urinary mAlb/Cr and 24-h
urinary total protein (UTP) (Fig. 1). DN rats induced by STZ
for 24 weeks showed significant (P < .05) elevations of uri-
nary mAlb/Cr and 24-h UTP (128.1 – 17.6 mg/g and
75.6 – 12.5 mg/24 h, respectively) compared with the control
group (17.6 – 2.8 mg/g and 14.1 – 3.6 mg/24 h, respectively),
demonstrating that we successfully established the early-
stage DN animal model. Pretreatment with TFA (50 mg/kg/
day) had no significant influence, whereas a higher dose of
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FIG. 1. Effect of pretreatment with total flavone glycosides of Flos
A. manihot (TFA) for 24 weeks on urinary microalbumin of rats with
diabetic nephropathy (DN) induced by streptozotocin (n = 8 per
group): control group (nondiabetic normal rats), DN group (diabetes
mellitus rats treated with vehicle carboxymethylcellulose solution),
and LTFA and HTFA groups (diabetes mellitus rats treated with 50
[low-dose] or 200 [high-dose] mg/kg/day TFA, respectively). The
urinary microalbumin to creatinine (mAlb/Cr) ratio, measured 24
weeks after treatment, was expressed in milligrams/gram, and the
24-h urinary total protein (UTP) was expressed in milligrams/24 h.
Data are mean – SD values. P < .05 is statistically significant.
aSignificantly different compared with the control group. bSignifi-
cantly different compared with the DN group.
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TFA (200 mg/kg/day) decreased urinary mAlb/Cr and 24-h
UTP (71.6 – 17.9 mg/g and 43.9 – 9.8 mg/24 h, respectively;
P < .05) in DN rats 24 weeks after the initiation. The albu-
minuria of the DN rats was significantly decreased by pre-
treatment with TFA at the dose of 200 mg/kg/day.

Effect of TFA on glucose and lipid metabolic
parameters of DN rats

DN rats also showed significant increases in glucose and
glycosylated hemoglobin (HbA1c) levels (21.6 – 5.7 mmol/
L and 10.8 – 3.2%, respectively) compared with the control
group (5.2 – 1.8 mmol/L and 6.4 – 1.6%, respectively). DN
rats also had higher serum carboxymethyllysine (CML)

levels (76.5 – 12.4 ng/mL) in comparison with the nondia-
betic rats (22.8 – 8.2 ng/mL). Pretreatment with TFA (50
and 200 mg/kg/day) for 24 weeks did not affect plasma
glucose, HbA1c, and CML levels compared with DN rats
treated with the vehicle (Table 1). There was no significant
difference in glucose and lipid metabolic factors among the
DN group and low- and high-dose TFA-treated groups at the
end of the experiment.

Effect of TFA on apoptosis of glomerular
cells in DN rats

As shown in the TUNEL assay (Fig. 2), the number of
glomerular apoptotic cells was significantly increased in DN
rats (9.6 – 1.5%) compared with the normal control rats
(1.8 – 0.3%, P < .05). The increased apoptotic cells within
glomeruli were significantly abrogated by pretreatment with
TFA. TFA at a dose of 50 mg/kg/day had a lesser and
nonsignificant effect on glomerular cell apoptosis.

Effect of hyperoside on podocyte apotosis
and necrosis induced by AGE-BSA

FACS was undertaken to test whether apoptosis and ne-
crosis in cultured podocytes induced by AGEs could be
alleviated by hyperoside (Fig. 3). Pretreatment with both
doses of hyperoside (50 and 200 lg/mL) significantly dose-
dependently decreased AGE-BSA-induced apoptosis and
necrosis. In addition, the effect of hyperoside on cultured
podocyte apoptosis induced by AGE-BSA was determined by
Hoechst 33342 staining (Fig. 4). Apoptotic cells were sig-
nificantly increased in podocytes stimulated by 500 lg/mL
AGE-BSA (10.5 – 2.2%) compared with those incubated with
equal concentration of PBS-BSA (2.3 – 0.4%) (P < .05).
These increases were significantly attenuated by preincuba-
tion for 1 h with 50 or 200 lg/mL hyperoside.

Table 1. Effect of Pretreatment with Total Flavone

Glycosides of Flos A. manihot for 24 Weeks on Glucose

and Lipid Metabolic Parameters of Streptozotocin-Induced

Diabetic Nephropathy Rats

Group (n = 8)

Control DN LTFA HTFA

Blood glucose
(mmol/L)

5.2 – 1.8 21.6 – 5.7a 18.3 – 4.2a 19.8 – 3.4a

HbA1c (%) 6.4 – 1.6 10.8 – 3.2a 10.1 – 2.5a 9.6 – 2.8a

TC (mmol/L) 4.6 – 1.1 5.1 – 1.2 4.8 – 0.8 4.6 – 0.9
TG (mmol/L) 1.4 – 0.6 2.3 – 0.9a 1.9 – 0.4a 2.1 – 0.6a

HDL (mmol/L) 1.8 – 0.4 1.5 – 0.6 1.5 – 0.4 1.4 – 0.3
LDL (mmol/L) 2.8 – 0.9 3.6 – 0.8a 3.4 – 0.8a 3.2 – 0.6a

CML (ng/mL) 22.8 – 8.2 76.5 – 12.4a 72.9 – 10.8a 65.4 – 11.5a

Data are mean – SD values.
aSignificantly different compared with the control group, P < .05.

CML, carboxymethyllysine; HbA1c, glycosylated hemoglobin; HDL, high-

density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; TG,

triglycerides.

FIG. 2. Effect of pretreatment with TFA for 24 weeks on glomerular cells apoptosis in DN rats by terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling assay (n = 6 per group): (A) control group, (B) DN group, (C) LTFA group, and (D) HTFA group. · 400
magnification. Positive glomerular cells in formalin-fixed renal slices were determined by examining at least 30 glomeruli in each rat. (E) The bar
graph represents the mean percentages of apoptotic cells. Data are mean – SD values. P < .05 is statistically significant. aSignificantly different
compared with the control group. bSignificantly different compared with the DN group. Color images available online at www.liebertonline.com/jmf
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Effect of hyperoside on activation of caspase
pathways in podocytes induced by AGE-BSA

To verify that inactivation of the pro-apoptotic caspase
pathway was responsible for the effect of hyperoside on

podocyte apoptosis, we further measured the caspase-8
and caspase-3 protein expressions by western blot anal-
ysis during the observation. Pretreatment with 50 or
200 lg/mL hyperoside significantly decreased caspase-3
(Fig. 5) and caspase-8 (Fig. 6) overexpression in cultured

FIG. 3. Effect of hyperoside preincubation on podocyte apoptosis and necrosis induced by advanced glycation end-product (AGE)–bovine serum
albumin (BSA) exposure: control group (500 lg/mL phosphate-buffered saline–BSA incubation for 24 h), AGE-BSA group (500 lg/mL AGE-BSA
incubation for 24 h), and low-dose and high-dose hyperoside (LHPS and HHPS, respectively; 50 or 200 lg/mL, respectively, hyperoside pre-
incubation for 1 h followed by AGE-BSA exposure) groups. (A) Apoptosis was quantified by fluorescence-activated cell sorting after annexin
V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) labeling. The abscissa and ordinate are representative fluorescence-activated cell
sorting data of the fluorescence intensity of annexin V-FITC and propidium iodide (PI), respectively. (B) The bar graphs represent the mean
percentages of apoptotic podocytes. Data are mean – SD values. P < .05 is statistically significant. aSignificantly different compared with the control
group. bSignificantly different compared with the AGE-BSA group. Color images available online at www.liebertonline.com/jmf

FIG. 4. Effect of hyperoside preincubation on cultured podocyte apoptosis after AGE-BSA exposure: (A) control group, (B) AGE-BSA group,
and (C) LHPS and (D) HHPS groups. Apoptosis was assessed by Hoechst 33342 staining. (E) The percentage of podocytes with nuclear
condensation was determined by examining at least 200 cells per condition ( · 400 magnifications), and representative data are shown in the four
columns of the bar graph. Data are mean – SD values. P < .05 is statistically significant. aSignificantly different compared with the control group.
bSignificantly different compared with the AGE-BSA group. Color images available online at www.liebertonline.com/jmf
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podocytes induced by 500 lg/mL AGE-BSA in a dose-
related manner.

DISCUSSION

A. manihot L. Medic is recorded as Huangshu Kuihua in
ancient literature of Chinese traditional herbs, and TFA is
considered to be the major pharmacologically active con-
stituent of A. manihot L. Medic.15,22 TFA has been found
to have therapeutic effect on cerebral ischemic reperfusion
injury and poststroke depression in the corresponding an-
imal models.13,23 The chemical constituents of TFA have
been isolated, and their structures have been identified by
spectroscopic analysis. TFA contains seven flavone gly-
cosides that were identified as quercetin-3-O-robinobioside,
hyperoside, isoquercetin, hibifolin, myricetin, quercetin-
30-O-glucoside, and quercetin.15 Our previous clinical
studies demonstrated that oral administrations of TFA for
8 weeks significantly reduced proteinuria and improved
renal function in early stage DN of type 2 diabetes
patients.17

The appearance of microalbuminuria is regarded as not
only an early clinical hallmark of DN, but also an established
independent risk factor for diabetic cardiovascular diseases.3

Our present study indicated that preliminary oral administra-
tion of TFA at the dose of 200 mg/kg/day for 24 weeks could
significantly decrease the urinary albumin excretion (urinary
mAlb/Cr and 24-h UTP) in STZ-induced DN rats. There were
no significant changes among DN groups in glucose and lipid

metabolic parameters such as the levels of blood glucose, total
cholesterol, triglycerides, low-density lipoprotein, high-den-
sity lipoprotein, HbA1c, and CML. This protective effect of
TFA was probably not due to the metabolic improvement
during the investigation. Although our previous unpublished
data also showed that oral administration of 200 mg/kg/day
TFA for 8 weeks had no significant influence on mean arterial
blood pressure of DN mice, we still could not completely
exclude the possibility of changes in hemodynamic factors.

The loss of glomerular resident cells resulting from apo-
ptosis has been regarded as a notable sign in STZ-induced
diabetic rats, and it occurred mainly in 6 months after the
induction.12,24 Our TUNEL assay showed that 200 mg/kg/
day TFA pretreatment for 24 weeks could significantly
prevent glomerular cell apoptosis in STZ-induced DN rats.
Although it was not clear about the cellular type of apoptosis
due to the methodical limitations, we could make sure that
TFA had an anti-apoptotic effect on glomerular cells in
STZ-induced DN rats. The results of previous studies
showed that enhanced oxidative stress in conjunction with
activated inflammatory markers plays the key role in path-
ogenesis and progression of apoptosis in chronic hypergly-
cemia in diabetic nephropathy.25,26 A recent study showed
that NADPH oxidase-mediated superoxide production can
contribute to glomerular podocyte damage and apoptosis in
salt-induced hypertensive renal failure.27 Methylglyoxal-
induced oxidative stress caused apoptosis of renal podocytes

FIG. 5. Effect of hyperoside preincubation on caspase-3 expression
in podocytes induced by AGE-BSA. (Top) Expression of activated
caspase-3 protein was detected by western blot analysis, and each
band was scanned and subjected to densitometry. (Bottom) The col-
umns in the bar graph show the intensities of their protein relative to
b-actin. Results are expressed relative to those of the control group,
which were arbitrarily assigned a value of 1. Data are mean – SD
values. P < .05 is statistically significant. aSignificantly different
compared with the control group. bSignificantly different compared
with the AGE-BSA group.

FIG. 6. Effect of hyperoside preincubation on caspase-8 expression
in podocytes induced by AGE-BSA. (Top) Expression of caspase-8
protein was detected by western blot analysis, and each band was
scanned and subjected to densitometry. (Bottom) The columns in the
bar graph show the intensities of their protein relative to b-actin.
Results are expressed relative to those of the control group, which
were arbitrarily assigned a value of 1. Data are mean – SD values.
P < .05 is statistically significant. aSignificantly different compared
with the control group. bSignificantly different compared with the
AGE-BSA group.
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in Zucker diabetic fatty rats.28 Many flavones or flavonoids
found in natural plants have antioxidant activity based on
their chemical structure. The mechanism is like to due to
direct scavenging or quenching of oxygen free radicals or
excited oxygen species as well as inhibition of oxidative
enzymes that generate these reactive oxygen species.29

Some of them are used as dietary foods for medical pur-
poses.30,31 Our next studies will further elucidate the pos-
sible role of oxidative stress and inflammation in the anti-
apoptotic effect of TFA.

A recent pharmacokinetic study simultaneously identified
the components in blood and kidney dialysis fluid after oral
administration of TFA.32 These results showed that unbound
constituents of TFA in rat blood circulation and kidney are
hyperoside and isoquercetin, which might be the potential
active components of TFA. Hyperoside was identified as one
of the most abundant ingredients chemically characterized in
TFA in a previous study.15 To elucidate the protective effect
of TFA on diabetes-related glomerular cell apoptosis, we
further investigated the pharmacologic effect of pretreatment
with hyperoside on cultured podocyte apoptosis.

Diabetes is characterized by AGE accumulation, which is
regarded as the chief cause for diabetic complications, es-
pecially DN.33 A recent in vitro study on cultured podocytes
demonstrated that AGEs lead to to podocyte apoptosis
through the receptor for AGEs.34 Therefore, the apoptosis of
cultured podocytes induced by AGEs could be adopted as a
cellular model for screening of drugs. It is interesting that
our in vitro study demonstrated that preincubation with
hyperoside at a concentration of 50 or 200 lg/mL could
significantly reduce AGE-BSA-induced apoptosis and ne-
crosis in cultured podocytes in a dose-related manner. Pre-
treatment with 200 lg/mL hyperoside could also abate
podocyte detachment (data not shown). This might be in-
volved in the molecular mechanisms underlying the thera-
peutic effect of TFA.

The caspase family of cysteine proteases plays a key role
in apoptosis.35 With inductions of some endogenous or ex-
ogenous signals, the activated caspase mediates apoptosis
by proteolysis of specific substrates.36 There are two classes
of caspases involved in apoptosis: initiators (activation by
cellular receptor) and effectors (activation by mitochondrial
permeability transition). Pro-apoptotic signals autocatalyti-
cally activate initiator caspases such as caspase-8, which in
turn activate the process effector caspases such as caspase-3,
leading to cell collapse.37 Caspase activation functions as
the key intracellular pathway, the evoking caspase-like ef-
fect, resulting in triggering of cellular apoptosis.38 A recent
in vitro study suggested that attenuating the deleterious
crosstalk between AGEs and RAGE could inhibit apoptotic
cell death and activated caspase-3 activity induced by AGEs
in glomerular tubular cells.39

Our data further showed that hyperoside significantly
decreased the elevation of activated caspase-3 and caspase-8
expression induced by AGE-BSA, suggesting that its
alleviating effect on apoptosis was mediated by a caspase-
dependent pathway. This is direct evidence for the protec-
tive effect of TFA on podocyte injury in diabetic status, and

this mechanism might be a persuasive explanation for the
antiproteinuric effect of TFA on DN rats. Because the de-
creased number induced by apoptosis is the chief manifes-
tation of podocyte damage in DN,5,31 we could deduce that it
is likely that TFA reduced urinary protein excretion in DN
rats partly by ameliorating podocyte apoptosis. The point
should be clarified in our in vivo experiment that the in-
creased serum levels of the clearly identified AGE CML in
DN rats were not improved by pretreatment of TFA. It is
probable that TFA had an influence on the interaction be-
tween AGEs and the receptor for AGEs, and this hypothesis
needs further supportive findings.

In summary, our data demonstrates that TFA pretreatment
could decrease urinary albumin excretion and findings of
renal damage in STZ-induced DN rats at the condition’s
early stage, which might be accomplished by ameliorating
podocyte apoptosis. Our results provided evidence for the
potential use of TFA as a novel therapeutic agent for albu-
minuria of DN at the early stage.
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