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Background: As an important factor causing end-stage renal disease, diabetic nephropathy is correlated with low-grade
chronic inflammation and immune system activation. This study aimed to investigate the protective function
of puerarin on the kidneys of diabetic rats.

Material/Methods: A cohort of healthy male SD rats (7 weeks old) were randomly divided into a control group, a model group,
and a puerarin treatment group with high (H), moderate (M), and low (L) dosage. After streptozotocin induc-
tion, puerarin was applied via intragastric administration for 8 consecutive weeks with dosages of 0.25, 0. 5
and 1.0 mg/(kg-d) for L, M, and H groups, respectively. Fasting blood glucose (BG), creatinine (Scr), urea nitro-
gen (BUN), and urine albumin excretion rate (UAER) were measured, along with morphological observation of
renal cells. The expression of intracellular adhesion molecule 1 (ICAM-1) and tumor necrosis factor o (TNF-a)
was determined using immunohistochemical (IHC) staining, while renal cortex cell apoptosis was assayed by
in situ end-labeling method.

Results: Model rats had significantly elevated levels of BG, Scr, BUN, and UAER compared to controls (p<0.05). All these
increases were partially but significantly suppressed by puerarin (p<0.05), which also caused marked improve-
ment of histopathological damages. Puerarin at each dosage significantly eliminated elevations of ICAM-1 and
TNF-a: levels in model rats (p<0.05), and decreased apoptotic indexes of renal cortex cells (p<0.05).

Conclusions: Early-stage renal damages can be significantly improved by puerarin, possibly via its suppression of ICAM-1
and TNF-a expression in diabetic rat kidneys.
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Background

ANIMAL STUDY

Material and Methods

As a common complication of diabetes, incidence of diabet-
ic nephropathy (DN) is increasing in China [1]. The pathogen-
esis of DN has not been clearly illustrated yet. Due to the
inherent complexity of metabolic disorders, treatment of end-
stage DN is more difficult compared to other renal diseases.
Therefore, interference at an early stage is critical for DN pa-
tients. Studies have shown that DN is related to various fac-
tors, including genetics, abnormal renal hemodynamics, met-
abolic disorders caused by hyperglycemia, hypertension, and
metabolic disorders of vasoactive substances [2-4]. Both in-
tracellular adhesion molecule 1 (ICAM-1) and tumor necrosis
factor o (TNF-o) are closely related with diabetes, as the for-
mer plays an important role in the development of diabetic
atherosclerosis while the latter factor can facilitate the secre-
tion of adhesion factors from endothelial cells. After exog-
enous stimuli such as inflammatory cytokines and glycosyl-
ation end-products, endothelial cells have an increased level of
ICAM-1 expression. Therefore, ICAM-1 works as an important
index reflecting early-stage pathological changes of diabetes
and participates in the pathogenesis of diabetic nephropathy.
TNF-a, on the other hand, can exert a synergistic effect with
glycosylation end-products to activate the adhesion between
endothelial cells and inflammatory cells. The elevation of ad-
hesion molecules and inflammatory factors such as ICAM-1,
TNF-a, and IL-1 in diabetic renal tissues can effectively facili-
tate the adhesion between neutrophils, monocytes, and endo-
thelial cells, which are further induced to release various cyto-
kines, further aggravating inflammatory response and related
renal damages [5-7]. Furthermore, oxidative stress and non-
enzymatic glycosylation also play critical roles in DN, whose
complications can be retarded by the suppression of oxidative
stress and non-enzymatic glycosylation [8,9].

Puerarin is the main effective component extracted from the
rhizome of Pueraria lobate (Willd.) and has been shown to
have multiple functions, including inhibition of aldose reduc-
tase activity or non-enzymatic glycosylation of proteins, im-
provement of microcircuits, and regulating systolic and dia-
stolic function of endothelial cells, as well as anti-free radicals
and clearance of free radicals produced by glycosylated reac-
tion and lipid peroxidation [10]. It has also been shown to in-
hibit the production of glycosylated protein, suppress glyco-
sylated low-density lipoprotein or hemoglobin, and elevate
ICAM-1 expression on the surface of vessel; therefore, can be
used in the treatment of cardiovascular disease and diabetic
nephropathy [10]. This study therefore aimed to investigate
the possible mechanism of puerarin in protecting kidneys via
the measurement of expressional profiles of ICAM-1 and TNF-a.
in diabetic rat kidneys.

Experimental animals

Healthy male SD rats (7 weeks old, body weight=200~250 g)
were provided by the Animal Experimental Center of Shandong
University. All rats were kept in an SPF grade animal house, with
food and water provided ad libitum. Animals were randomly
divided into 5 groups: a control group, a diabetic model group,
a high-dose puerarin (H) group, a moderate-dose puerarin (M)
group, and a low-dose puerarin (L) group (N=10 per group). All
procedures performed on living animals were pre-approved by
the Ethics Committee of Animal Study in our institute.

Rats were used for all experiments, and all procedures were ap-
proved by the Animal Ethics Committee of Shandong University.

Diabetic rat models and puerarin application

Twelve hours after fasting, 1% streptozotocin (Sigma, USA)
diluted in citric acid buffer was injected at a single dose of
60 mg/kg into intraperitoneal cavity of rats in model and all 3
treatment groups. Control animals received an equal volume of
citric acid buffers. The diabetic model was determined by the
fasting blood glucose level, which is higher than 16.7 mmol/L
at 72 h after the injection. Urine protein levels were quantified
from 24-h urine samples collected from the metabolic cages.

Puerarin (Jinnong Biotech, China) as brown powder was re-sus-
pended in 0.9% saline and was given by intra-gastric intuba-
tion at various concentrations (0.25 mg/(kg-d) for L group, 0.5
mg/(kg-d) for M group, and 1.0 mg/(kg-d) for H group) each day
for 8 consecutive days. An equal volume of saline was admin-
istered to control and model rats during the same time period.

Biochemical assays

General healthy conditions, including mental status, food and
water intake, and urine volume, were observed and record-
ed daily. Body weights of all animals were measured every 2
weeks and blood glucose level was quantified each month. At
the end of the experiment (8 weeks after the injection), 24-h
urine samples were collected from fasting rats for quantifi-
cation of 24-h urinary proteins. Blood samples were collect-
ed from peritoneal veins, centrifuged at 3500 rpm and ex-
tracted for serum. Fasting blood glucose (BG), creatinine (Scr),
and blood urea nitrogen (BUN) were measured using test kits
(Jiancheng Biotech, China) following the manual instructions.

Histopathological assays

All rats were then sacrificed to collect both kidneys. The kid-
ney weight index (KI) was calculated as (left kidney weight)/
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Figure 1. Effects of puerarin on body weights of diabetic
rats. Body weights of all rats were measured every
2 weeks and were averaged. The model animals
had significantly decreased body weight while the
application of puerarin significantly elevated body
weights. C, control group; B, model group; H, M&L,
high-, moderate-, and low-dose puerarin treatment
groups.

body weight. The renal cortex were removed and divided into
small tissue cubes, which were then fixed in 10% formalin. The
expression level of ICAM-1 and TNF-o was semi-quantified by
immunohistochemical (IHC) staining methods using rabbit anti-
rat ICAM-1 /TNF-o polyclonal antibodies and DAB chromogen-
ic substrates (Boster Biotech, China) followed by the measure-
ment of integral optical density (I0D) values of positive-staining
areas. Cell apoptosis was detected using TUNEL in situ end-la-
belling method by test kits (Boster Biotech, China). The apop-
totic index (Al) is calculated as: Al=number of apoptotic cells
in five 400x fields/total number of cells x100%.

Statistical analysis
All collected data were analyzed by SPSS 17.0 software pack-

age (IBM, USA). Measurement data are presented as mean
+ standard deviation (SD). The comparison among multiple
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groups was performed using analysis of variance (ANOVA)
test and further between-group comparison was done using
the LSD-t test. The correlation between parameters was iden-
tified using the Spearman test. A statistical significance was
defined as p<0.05.

Results

General conditions of animals

At the end of experiment, control rats had increased body
weights, glossy smooth fur, and sensitive response. Diabetic
rats in the model group, however, had significantly decreased
body weights (Figure 1) and energy, accompanied with polydip-
sia, polyuria, diminished response, and rough dull fur. Animals
with puerarin treatment (H, M and L groups) showed signif-
icantly elevated body weights, improved mental status, and
sensitive response when compared to model rats. These treat-
ed rats, however, still showed impairments to some extents
compared to control rats. The effect of puerarin on diabetic
rat body weights is illustrated in Figure 1.

The effect of puerarin on blood glucose and kidney
function of diabetic rats

Table 1 shows that diabetic rats had significantly elevated lev-
els of BG, Scr, BUN, UAER, and Kl (p<0.01 compared to control
rats), along with lower body weights (p<0.01). The application
of puerarin markedly rescued the higher blood diabetic indexes
and all biochemical indexes (p<0.05 compared to model rats),
although they were still higher than in control rats.

Histopathological observation of renal cells

We used H-E staining to check the morphology of renal cells
in all rats. As shown in Figure 2, the glomerulus in diabetic
rat kidneys was enlarged, and we found adhesions of cystic
walls and hyperplasia of glomerular mesangial cells, but these

Table 1. The effect of puerarin on blood glucose and kidney function indexes.

oy Dosage ?ody KI (x10) BG UAER BUN Scr
mg/(kg-d) weight (g) (mmol/L) (ng/24 h) (mmol/L) (umol/L)

C 0 366.45+15.66 2.43+0.32 5.29+0.85 123.214£5.97 2.88+0.28 65.12+3.54
B 0 206771112 4921027  2678:166" 16024512234  642:046" 90211432
' 100 3428BH1432%#  266:0.17°*% 10041046 20678+634"#  315:033%H  6655:2.17%%
"""" M 050  27856£13.20%% 3341021 18795087 31067:1143"H  382:044%H  6876£132%
C L 025 2455741231 376:025%  2165:076%% 38934r15.42%%  446:045%% 761413017

* p<0.05, ** p<0.01 compared to control group; #, p<0.05, #*, p<0.01 compared to model group. N=10 per group.
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Figure 2. Histopathological changes of diabetic rat kidneys. (A) control; (B) model; (C) high puerarin; (D) moderate puerarin; (E) low

puerarin.

were significantly improved in the puerarin treatment group
in a dose-dependent manner.

Protein expression of ICAM-1 and TNF-o in diabetic rat
kidneys

Further IHC staining was performed to check the expressional
profile of ICAM-1 and TNF-a. in diabetic rat kidneys. As shown
in Figure 2, model rats had significantly elevated expression
of both proteins (p<0.01), and levels were lowered by the ap-
plication of puerarin at any dose.

A further correlation analysis revealed that expression levels of
ICAM-1 and TNF-o. were positively correlated with each other
(r=0.914, p<0.05). ICAM-1 expression level was also positively
related to Scr and BUN (r=0.876, r=0.817, p<0.05 in both cas-
es), which were also positively correlated with TNF-o. expres-
sion level (r=0.879, r=0.847, p<0.05 in both cases).

Renal cortex cell apoptosis in diabetic rats

As shown in Table 2, diabetic model rats had significantly
more apoptotic cells (presented as Al) in the renal cortex. The

application of puerarin, however, decreased Al in a dose-de-
pendent manner.

Discussion

The pathogenesis of DN is not yet fully understood, although
studies have shown that inflammatory response plays an im-
portant role in the whole disease process. The pathological
basis of DN includes renal hyper-filtration, high perfusion,
hyperplasia of glomerular mesangial cells, thickening of bas-
al lamina, and hyperplasia of extracellular matrix, all of which
lead to granular or diffused sclerosis, further causing hyperten-
sion, proteinuria, or even kidney failure [11,12]. Kidney tissues
of both type 1 and type 2 diabetic nephropathy patients have
infiltration of mononuclear macrophages, which can cause re-
nal tissue damage by the production of free oxygen radicals
and inflammatory factors, further facilitating sclerosis of the
glomerulus. Renal cells can endogenously produce inflamma-
tory factors such as TNF-a. and NO, which can further cause in-
flammatory cascade reactions in paracrine or autocrine man-
ner [13,14]. All these studies establish the role of inflammatory
response in causing kidney damage in DN.
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Table 2. Effects of puerarin on apoptosis of renal cortical cells.

Group Dosage (mg/(kg-d)) Apoptotic index (Al)
Control 0 1.3310.11
Model o g67:055%
Highdose 100 311x021eess
 Moderate dose 050  s3ss0g7ees
Clowdose 025 685:062%¢

* p<0.05, ** p<0.01 compared to control group; * p<0.05, * p<0.01 compared to model group; & p<0.05 compared to low dose group;

$ p<0.05 compared to moderate group. N=10 per group.

As a common characteristic pathological change of all types
of diabetes, hyperglycemia can cause hyperinsulinemia and
increase the risk of diabetic angiopathy. Under hyperglycemic
condition, end-products of glycosylation and oxidative stress
can activate glomerular endothelial cells, which produce adhe-
sion molecules such as ICAM-1, further causing the adhesion,
infiltration across vascular walls, and transformation of mono-
cytes into macrophages [15-18]. Activated macrophages can
produce large amounts of cytokines, including TNF-o, which
facilitates glomerular sclerosis. Macrophages infiltrating into
renal interstitial tissues can lead to interstitial fibrosis and pro-
duce active oxygen species, TNF-o, and NO, causing further glo-
merular damage and higher local permeability. In UUO mod-
el study in neonatal mice, macrophages were shown to cause
irreversible interstitial fibrosis by the direct induction of glo-
merular cell apoptosis via TNF-a and NO production, or indi-
rectly through the down-regulation of VEGF [19]. In this study,
after destroying islet B cells by streptozotocin, model rats had
polydipsia, polyuria, hyperglycemia, and elevated urine protein,
BUN, and Scr levels, all of which are typical DN symptoms. All
these abnormalities were improved by the application of pu-
erarin, indicating that puerarin can decrease early-stage dia-
betic renal damage and improve kidney functions.

DN patients with significant proteinuria are likely to develop
end-stage renal dysfunctions, making it necessary to manage
DN at an early stage, although effective treatment has not been
developed yet [20]. Currently, the major treatments of DN in-
clude the strict control of blood glucose level, management
of blood pressure, reversing the insulin resistance, improving
hemodynamics, correcting metabolic disorders, and the ap-
plication of angiotensin Il receptor and ACEI to decrease pro-
teinuria. None of these methods, however, prevent the pro-
gression of disease. Animal and clinical studies have provided
evidence showing that anti-inflammatory treatment can post-
pone the development of DN. For example, diabetic mice gen-
erated on ICAM-1 gene knockout animals showed relieved
pathological damage, including renal macrophage infiltration,
enlarged glomerulus, elevated protein excretion rate, and pro-
liferation of mesangial matrix when compared to normal mice

[21,22]. Traditional Chinese medicines such as anti-inflamma-
tory herbs (e.g., astragalus and rhubarb) achieve satisfactory
effects in treating DN, with fewer adverse effects. Puerarin, a
flavonoid component extracted from the rhizome of Pueraria
lobate (Willd.), showed multiple effects, including lowering
blood glucose level, dilating micro-arteries, decreasing blood
viscosity, improving microcirculation, clearing free radicals af-
ter glycosylation, reducing end-products of glycosylation, and
relieving oxidative stress response [23]. Animal studies have
revealed that puerarin can suppress blood lipid level and ex-
pression of ICAM-1 in diabetic rat aorta, in addition to sup-
pressing ICAM-1 level in rat retinal tissues [23]. The present
study has shown significantly suppressed blood levels of BG,
Scr, BUN, and UAER in a dose-dependent manner when com-
pared with diabetic model rats (Table 1), suggesting the im-
provement of diabetes after puerarin treatment. The lower BG
level suggests that puerarin may relieve the kidney damage via
the reduction of over-deposition of end-products of glycosyl-
ation. Further histopathological studies showed improvement
of glomerular tissue damage by puerarin treatment (Figure 2).
The increase of both inflammatory factors and adhesion mol-
ecules can lead to the enlargement of glomerulus and filtra-
tion size, causing hyper-filtration and deposition of extracellu-
lar matrix, further leading to damage of the infiltration barrier
of glomerulus and proteinuria. The suppressed expression lev-
els of renal ICAM-1 and TNF-a protein in renal tissues after
puerarin treatment suggest that it can improve kidney func-
tion and relieve renal damages in early-stage diabetic rats,
possibly via its down-regulation of ICAM-1 and TNF-a. protein.

Persistent hyperglycemia can also facilitate the formation of
end-products of non-enzymatic glycosylation from glucose, lip-
id, protein, and DNA molecules. Such end-products can stim-
ulate DN via both the alteration of renal vascular structure
by formation of collagen molecule and induction of chronic
renal disease by synthesis of extracellular matrix, PDGF, and
MCP-1 from mesangial cells by the specific binding onto re-
ceptors on mesangial cells [15,19]. In DN patients, the abnor-
mal renal blood flow can cause increased pressure in glomer-
ular capillaries, leading to facilitated expression of ICAM-1
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Table 3. Effects of puerarin on ICAM-1 and TNF-o. expression levels in diabetic rat kidneys.

Group Dosage mg/(kg-d)
Control 0
CModel o
Highdose 00
Moderatedose o050
lowdose  oxs

ICAM-1 TNF-o
90.83+2.11 93.47+3.14
128.67+4.65* 131.76+3.12**

119.45+3.67**# 124.7343.19*%#

10D values of positive-staining areas in each group were calculated and compared. * p<0.05, ** p<0.01 compared to control group;
# p<0.05, # p<0.01 compared to model group; & p<0.05 compared to low dose group; * p<0.05 compared to moderate group. N=10 per

group.

by endothelial cells and chronic inflammation. TNF-a, on the
other hand, can facilitate the infiltration of inflammatory fac-
tors via the enhancement of adhesion of leucocytes onto en-
dothelial cells following elevated expression of ICAM-1. The
binding between ICAM-1 and its receptor can further aggra-
vate renal tissue damage by the aggregation of leucocytes ad-
jacent to renal endothelial cells, thereby blocking microcapil-
laries [14]. The major targeting cell of TNF-a is an endothelial
cell named TNF-R1, where endothelial cells are compromised,
causing thrombosis, focal blood stream obstruction, and stim-
ulating local inflammatory response, which can further acti-
vate vessel walls to over-express ICAM-1 to aggravate renal
tissue damages. Our study shows the protective role of puer-
arin against diabetic kidneys by the suppression of both ICAM-
1 and TNF-o expression (Table 3), inhibition of non-enzymatic
glycosylation of proteins, and relieving oxidative stress or in-
flammatory reaction damage.

The present study has also completed a correlation analysis
in which the expressions of ICAM-1 and TNF-o. were positive-
ly correlated with each other (r=0.914, p<0.05) while either
TNF-a or ICAM-1 were positively correlated with Scr and BUN
levels (p<0.05 in all cases). These data collectively suggest the
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