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Abstract: Huangqi decoction (HD) is a prescription for the treatment of diabetes in traditional Chinese medicine.
The study was aimed to investigate the effect of HD on diabetic nephropathy. Male diabetic db/db mice which
develop diabetic nephropathy spontanously and non-diabetic db/m control mice were used in the current study,
and received the treatment of HD for 14 consecutive weeks. HD treatment dose-dependently decreased the body
weight, urine volume, water intake and food intake, improved glucose tolerance and insulin resistance, and lowered
blood glucose, serum glycosylated hemoglobin, insulin and insulin resistance index in db/db mice. The db/db mice
also showed low levels of serum creatinine, blood urea nitrogen and urine albumin, and improved renal functions
such as glomerular filtration rate after HD treatment. Histological examination showed that HD treatment prevented
the deterioration of basement membrane of glomerular capillary, mesangial matrix and renal tubular lumen in the
db/db mice. Through examining the cell signaling pathways which might be involved in the pathology of diabetic
nephropathy, we found that HD treatment activated phospho-IR"*3¢1, phospho-IRS1'8%, phospho-PI3K, and inhibited
phospho-IRS1563¢/63° phospho-AKT™% and phospho-AKTS*73, HD treatment abolished the change in the expression
of glucose transporters in the diabetic kidney with an increase in GLUT4 but decrease in GLUT1 expression in the
kidney in a dose-dependent manner. Our study suggests that HD prevents the development of diabetes and im-
proves renal function in the db/db mice and HD regulation of the IRS1-PI3K-GLUT signaling pathway significantly
improves diabetic nephropathy.

Keywords: Astragalus, insulin receptor substratel, phosphatidylinositol 3 kinase, glucose transporter, db/db mice,
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Introduction

Diabetes is a metabolic disease which affects
8.3% of population worldwide and 11.6% of
Chinese in population [1]. People with diabetes
have a higher risk to develop serious health
problems such as heart disease, stroke, renal
failure and blindness. Diabetic nephropathy
(DN) [2] is one of the most common complica-
tions caused by uncontrolled high blood glu-
cose, leading to the life-threatening end-stage
renal disease. Therefore, it is very important
to prevent and treat diabetic nephropathy in
its early stage. Early treatment of diabetic
nephropathy mainly focuses on reducing the
blood pressure and blood glucose, which ma-
kes glucose transport a new therapeutic tar-
get [3]. With regulation of glucose transporta-

tion, the progression of diabetic nephropathy
can be delayed by improving high glucose-
induced oxidative stress, inflammation, and lipi-
doses [4, B].

Insulin resistance, a risk factor for hyperglyce-
mia, diabetes and early index of glucose toler-
ance, can result in the dysfunction of glucose
transportation and consumption [6]. Insulin
resistance is also an independent risk factor for
microalbuminuria, an early sign of kidney dam-
ages [7]. Animal studies in recent years have
showed that insulin resistance can lead to kid-
ney damages [8, 9]. However, the mechanism
of renal injury caused by insulin resistance is
still unclear.

Huangqi decoction (HD) is a prescription for
the treatment of diabetes in traditional Chine-
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se medicine. A medicinal recipe used for centu-
ries to treat thirsty disease, HD was first record-
ed by Yang Shiying in the therapeutic guide-
book, Renzhai Zhizhi Fanglun in 1264. HD is an
extract from 7 herbs such as astragalus, poria,
trichosanthes roots, ophiopogon, schisandra,
licorice and rehmannia. Modern pharmaceuti-
cal techniques have made it possible to unveil
the main composition of HD [10]. On the other
side, modern pharmacology has proved that
herbs composing of HD can be used individu-
ally for effective diabetes treatment. For exam-
ple, Astragaloside 1V, the active component of
astragalus and astragalus extracts could lower
blood glucose level, improve glomerular filtra-
tion rate, reduce urine protein, ameliorate the
mesangial thickening [11] and delay the pro-
gression of the chronic kidney disease in strep-
tozotocin-induced diabetes in rats [12-14].
Poria crude extract and its main chemical com-
ponent poria acid could be used for the treat-
ment of diabetic db/db mice and streptozoto-
cin-induced diabetic mice [15, 16]. Oligosac-
charide from ophiopogon could ameliorate the
symptoms of type Il diabetes in rats [17].
Schisandra extracts could inhibit renal intersti-
tial fibrosis in diabetic nephropathy mice [18],
maintain the integrity of podocytes [19], and
protect the drug-induced nephrotoxicity [20].
Rehmannia and its extracts could protect renal
functions in diabetic animals [21-23]. The ben-
eficial effects of HD might come from the com-
bination of the multiple components from the
different herbs. Nowadays HD is widely used in
clinical practice in China and shows efficiency
on diabetes therapy. However, the mechanism
of HD therapy especially how HD protects kid-
ney function is not well understood.

In this study, using db/db mice, a diabetic sp-
ontaneous model which develops diabetic ne-
phropathy, we investigated the effect of HD and
its protective mechanism on diabetic nephrop-
athy. After 14 consecutive weeks of treatment,
we found that HD can protect kidney from dia-
betic damages, which associates with the regu-
lation of IRS1-PI3K-GLUT signaling pathway.

Materials and methods
Preparation of HD

HD is made from astragalus, poria, trichosan-
thes roots, ophiopogon, schisandra, licorice
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and rehmannia. All the herbs used to produce
HD in the current study were provided by
Shanghai Hua Yu Chinese Herbs Co., LTD (Sh-
anghai, China). Radix astragali 2 kg (H2013-
031806), wolfiporia extensa 2 kg (H201208-
2001), fructus trichosanthis 2 kg (H201101-
1706), radix Ophiopogonis 2 kg (H20121016-
04), schisandra 1 kg (H2013050303), liquoric
root 1 kg (H2013052901), radix rehmanniae
3 kg (H2012091801) were powdered and mix-
ed thoroughly. 52 liter of ddH,0O in total were
added to extract the powdered herbs 3 times,
and the extract was concentrated under vacu-
um to thick decoction. Ethanol was added to
the concentrated decoction to make the final
concentration of ethanol in the decoction to
be 70%. After an overnight precipitation, the
supernatant was collected and dried in an oven
at 105°C for 48 h. A total 1730 g of dry de-
coction was obtained after the drying process
and used as HD for animal studies. The produc-
tion rate was 13.3%. HD was dispensed in 0.5%
sodium carboxymethyl cellulose in ddH,0 to
make a suspension at 0.108, 0.036 and 0.012
g/ml, respectively, for intragastric use in animal
study.

Animals

All animal protocols in this study were approv-
ed by the Ethics Committee of Putuo Hospital,
Shanghai University of Traditional Chinese Me-
dicine. The animal experiments were carried
out in accordance with the approved guidelin-
es for the use of experimental animals. Diabe-
tic db/db mice (weight 35 £+ 2 g) and non-dia-
betic db/m (23 * 2 g) control mice at the age
of 5 weeks were purchased from Nanjing In-
stitute of Biomedicine affiliated to Nanjing
University (Nanjing, China). Animals were hous-
ed in a specific-pathogen-free room at 12:12
h light-dark cycle and were allowed to access
to water and chow freely. After one week of
adaptive housing and feeding, mice were ran-
domly allocated into different groups for spe-
cific treatment. Diabetic db/db mice were divid-
ed into 4 groups (n = 10 each) which received
vehicle as control, HD at high dose (1.08 g/kg),
medium dose (0.36 g/kg) and low dose (0.12
g/kg), respectively. There are two groups (n =
10 each) for non-diabetic db/m control mice
which received vehicle and HD at high dose,
respectively. HD or vehicle was administered
to animals daily in the morning by gavage for 14
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Figure 1. HD prevented the development of diabetes in db/db mice. A-D.
Body weight, water intake, food intake and blood glucose, and were higher
in the db/db group than in the db/m group during the study, during the 14-
week observation period. **P < 0.001, compared with the db/m group; #P <
0.05, ##P < 0.001, compared with the db/db group (n = 10).

(Cambridge, MA). Glomerular
filtration rate (GFR) was ca-
Iculated based on the endog-
enous creatinine clearance
rate without the calibration of
surface area. The formula of
GFR (ml/min) = urinary creati-
nine (UM) x 24 h urinary vol-
ume (ml)/serum creatinine
(HM).

Histological examination

Paraffin-embedded renal tis-
sues were cut into 3 pym seri-
es slices and stained with
Periodic Acid-Schiff (PAS). The
stained slide was observed
under a microscope at 400 x

consecutive weeks. At the age of 6, 8, 12, 16,
20 weeks, blood glucose, body weight, urine
volume, water intake, food intake and blood
pressure were measured. Urine, water intake
and food intake were measured by placing ani-
mals in metabolic cages. Using a non-invasive
tail cuff method, the monitor of blood pressu-
re was performed on a blood pressure system
(ALC-NIBP) from Shanghai Alcott Biological
Technology Co Ltd (Shanghai, China).

At the last day of week 20, animals were sacri-
ficed to harvest tissues in the morning after
overnight fasting. The veil blood was collected
for blood glucose measurement and serum
separation. The left kidney was cut into 2 piec-
es from the sagittal plane with one half being
snap-frozen and the other half submerged into
10% formalin for fixation and the subsequent
pathological and immunohistochemical exami-
nations. The cortex of right kidney was isolated
and snap-frozen, and then stored at -80°C for
protein expression analysis.

Renal function evaluation

Serum creatinine (Scr) was measured by a
commercial creatinine colorimetric assay kit
from BioVision (Milpitas, San Francisco). Blood
urea nitrogen (BUN) was measured by BUN
colorimetric detection kit from Arbor Assays
(Ann Arbor, Michigan). Urinary albumin and uri-
nary creatinine were measured by albumin
mouse enzyme-linked immunosorbent assay
(ELISA) kit and creatinine assay kit from Abcam
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magnification. To determine
mesangial hyperplasia, glomerular area and
the surrounding mesangial (cell) were mea-
sured, and the relative mesangial hyperplasia
degree was evaluated as the ratio of the
mesangial area/glomerular area, according to
the method employed by Zhang et al. [24]. To
calculate the average glomerular cross section-
al area, twenty glomeruli which randomly shown
in the field were measured and averaged. The
measurement of areas in slides was performed
with Image J V1.50C.

Fasting blood glucose, oral glucose tolerance
test (OGTT), insulin tolerance test (IPITT)

Fasting blood glucose was measured at 6, 8,
12, 16, 20 week following dosing after 12 h
fasting using a blood glucose meter (OMRON
healthcare, Tokyo, Japan). OGTT and IPITT were
determined according to the methods used
previously in publication [25, 26].

Glycosylated hemoglobin, serum insulin and
Insulin resistance index

Glycosylated hemoglobin and serum insulin
were measured by ELISA kits according to the
manuals provided by Millipore (Billerica, MA).
Insulin resistance index (IR) was calculated
according to the following formula: HOMA-IR =
FBG x INS/22.51, in which FBG stands for the
level of fasting blood glucose in mmol/L, and
INS for the concentration of fasting insulin in
pu/mi [271].
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Figure 2. HD treatment inhibited insulin resistance and promoted the ultilization of blood glucose. A. Serum insulin;
B. Serum glycosylated hemoglobin; C. Insulin resistance index; D. OGTT (2 g/kg) and fasting blood glucose levels in
mice treated with or without HD for 14 weeks; E. IPITT (0.75 U/kg) and fasting blood glucose levels in mice treated
with or without HD for 14 weeks. F, G. Area under the curve of OGTT or IPITT. **P < 0.001, compared with db/m
group; #P < 0.05, ##P < 0.001, compared with db/db group (n = 10).

Western blot

Renal cortex was homogenized in RIPA lysis
buffer (Beyotime, Shanghai, China), and lysates
were collected after centrifugation for 10 min
at 12,000 g. The concentration of total protein
in the tissue lysates was determined using BCA
method kit (Pierce, Rockford, IL). A total of 60
ug lysate protein from each animal was subje-
cted to SDS-PAGE (8-12%) for separation and
transferred to PVDF membranes (Pierce), and
then immunoblotted to primary antibodies
against GLUT4, IRS1 (Santa Cruz, Santa Cruz,
CA), PI3K, p-PI3K, p-IRS1563¢/¢39 (Cell Signaling,
Danvers, MA), GLUT1, p-IRS1Y8% AKT, p-AKTS*73,
pP-AKTT3%8 p-IRY1361 (Abcam) after blocking in 5%
bovine serum albumin in TBST for 1 h. All pri-
mary antibodies were incubated at 4°C over-
night. All secondary antibodies were obtained
from Cell Signaling. Enhanced chemilumines-
cence (ECL) was performed with ECL reagents
from Millipore and a Bio-rad Gel Doc EZ imag-
ing system (BIO-RAD, Hercules, CA) was em-
ployed to visualize and capture the blot bands
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which were quantified by densitometry using
the Image J.

Statistical analysis

Experimental results were presented as mean
+ standard deviation (X + sd). Prism 5 (Gra-
phPad software Inc., San Diego, CA) was used
for statistical analysis. One-Way ANOVA fol-
lowed by the Turkey post test was used to de-
termine the statistical significance among gr-
oups. A P < 0.05 was considered statistically
significant.

Results

HD prevented the development of diabetes in
the db/db mice

The db/db mice were obese when they were
shipped to the lab as their baseline body weight
before HD treatment was much higher than the
db/m control mice (db/db: 37.00 + 1.60 g vs.
db/m: 22.61 + 1.51 g) and the level of blood
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glucose in the db/db mice was significantly
higher than the db/m mice (db/db: 18.13 *
3.60 vs. db/m: 6.66 + 1.52). The body weight
and blood glucose in the db/db mice continued
to grow and be significantly higher than those in
the non-diabetic db/m control mice (Figure 1A,
1D). The db/db mice also took more water and
food, and the levels of serum insulin and HbA1C
than the db/m mice (Figures 1B, 1C, 2A, 2C).
All these profiles of db/db mice are consistent
with the reports about this diabetic animal
model from other groups [28].

HD was administered to both db/db and db/m
mice for 14-week treatment. After administra-
tion of different dose of HD at 1.08, 0.36, 0.12
g/kg, starting at week 8 we found that high
dose of HD treatment (1.08 g/kg) significantly
dampened the increase in the body weight,
water and food intake and blood glucose over
time in the db/db mice (Figure 1A for body
weight: db/db-HDH: 39.58 + 4.84 g vs. db/db:
47.18 + 5.45 g; Figure 1B for water intake: db/
db-HDH: 11.33 + 0.58 ml vs. db/db: 14.00 +
0.45 ml; Figure 1C for food intake: db/db-HDH:
6.40 £ 0.17 g vs. db/db: 8.50 + 0.18 g; and
Figure 1D for blood glucose: db/db-HDH: 9.46
+ 3.61 vs. db/db: 30.45 + 4.08 mM), while low
and medium dose groups change these pa-
rameters in a dose-dependent manner except
water intake which was significantly decreas-
ed by high dose of HD. However, HD treatment
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1.08 0.36 0.12 (g/kg/d HD)db/m group; #P < 0.05, ##P < 0.001,
compared with db/db group (n = 10).

db mice, the elevation of
which was suppressed by HD
treatment in a dose-depen-
dent manner (Figure 2B), indicating an impro-
vement of insulin resistance. The level of Hb-
A1C, measured at week 20 was lowered by HD
treatment in a dose-dependent manner (Figure
2C) in the db/db groups compared to db/db
vehicle controls, indicated the enhanced glu-
cose consumption and improved insulin resis-
tance by HD.

Oral glucose (2 g/kg) was administered to mea-
sure OGTT and IPITT. In the OGTT test, the blood
glucose level in the db/db mice significantly
increased compared to that in the db/m mice
within 2 h after oral glucose (Figure 2D, 2F),
indicating that the glucose tolerance was
abnormal in the diabetic db/db mice. However,
HD treatment (1.08 g/kg) in the db/db mice
abolished the elevation in the blood glucose
level in OGTT (Figure 2D, 2F), implying the quick
clearance of blood glucose and improved glu-
cose tolerance after HD treatment. HD treat-
ment did not change blood glucose in OGTT in
the db/m mice. Though as not efficient as high
dose of HD, medium and low dose of HD treat-
ment also improved glucose tolerance.

In IPITT test, the blood glucose after insulin
injection in the db/db mice was significantly
increased at 30, 60, 90 and 120 min (Figure
2E), compared to the db/m mice, indicating
that the insulin sensitivity was compromised in
the diabetic db/db mice. The db/db mice treat-
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Figure 4. HD treatment attenutates the pathological changes in the diabetic kidney A. PAS stain; B. the average
sectional area of glomcrulus; C. mesangial expansion area; D. mesangial expansion percentage. a. b. c. d. e. f rep-
resented respectively as: db/m group, db/m with high-dose of HD (1.08 g/kg), db/db group, db/db with high-dose
of HD (1.08 g/kg); db/db with midium-dose of HD (0.36 g/kg); db/db with low-dose of HD (0.12 g/kg). **P < 0.001,
compared with db/m group; ##P < 0.001, #P < 0.05, compared with db/db group (n = 10).

ed with high dose and medium dose of HD
(1.08 g/kg) for 14 weeks have much lower
blood glucose at 30, 60, 90 and 120 min in
IPITT (Figure 2E, 2G), suggesting HD increase
the insulin tolerance in the db/db mice and
improve the insulin resistance.

HD treatment protected kidney function in the
diabetic mice

By measuring the total urine volume and urine
protein, the renal function of the diabetic db/db
mice was significantly impaired as early as at
the age of 8 weeks and deteriorated as the
time went on to week 20 compared to the non-
diabetic db/m mice (Figure 3A for total urine
volume: db/db: 1.93 + 0.29 vs. db/m: 1.00 *
0.12; Figure 3B for urine protein: db/db: 29.96
+ 1.01 vs. db/m 1.19 + 1.07). The damaged
renal function in the diabetic db/db mice was
also manifested by the elevation of BUN and
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serum creatinine (Figure 3C for BUN: db/db:
56.25 + 2.50 vs. db/m: 19.92 + 1.28 mg/dl;
Figure 3D: db/db: 0.27 + 0.03 vs. db/m: 0.07 +
0.03 mg/dl) and the decrease in GFR (Figure
3E, db/db: 0.29 + 0.06 vs. db/m: 0.52 + 0.13).
At week 12 and the following weeks after HD
administration, HD treatment reduced 24 h
urine alboumin and urine volume in the db/db
mice in a dose-dependent manner (Figure 3A,
3B). HD treatment of the db/db mice also dose-
dependently prevented the increase of serum
creatinine and BUN and rescued GFR (Figure
3C-E), indicating the improved renal function in
the db/db mice by HD treatment.

HD treatment attenuated the pathological
changes in the diabetic kidney

Examing the slides by the PAS staining, we

found that the basement membrane of glomer-
ular capillaries in the kidney from the db/db

Am J Transl Res 2018;10(8):2491-2501
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Figure 5. AD regulates IRS1-PI3K/AKT pathway to protect kidney function. Data are representative images for IRS1,
phospho-IRS1Y8%, phospho-IRY2¢1, phospho-IRS1563¢/639  PI3K, phospho-PI3K, AKT, phospho-AKT™%, phospho-
AKTS43, A, Effects of HD on the expression of IRS1, phospho-IRS1307IRS1Y896, phospho--IRY1361, phospho-
IRS1S636/639. B. Protein expression is shown relative to B-actin. C. Effect of HD on the expression of PI3K, phos-
pho-PI3K, AKT, phospho-AKT™%, phospho-AKTS#’3. D. Protein expression is shown relative to B-actin. **P < 0.001,
compared with db/m group; ##P < 0.001, #P < 0.05, compared with db/db group (n = 10).

mice became thicken, glycogen and mesangi-
al matrix increased in the mesangial region
and the mesangial area became widened
(Figure 4). In the kidney slides from HD treat-
ed db/db mice (high, medium and low dose
groups), less glycogen was deposited in the
mesangial region and glycogen disappeared in
the glomerular capsule as shown in Figure 4A,
implying that HD ameliorated the renal patho-
logical changes from kidney injuries in the dia-
betic db/db mice.

2497

HD regulated IRS1-PI3K/AKT pathway to pro-
tect kidney function

To illustrate which cell signals might be involv-
ed in the protective effects of HD on diabetic
renal pathology, Western blot was performed
to detect the expressions of IRS1, IRY, PI3K,
AKT in kidney tissue. Compared to the non-dia-
betic db/m mice, the expression of IRS1, PI3K
and AKT did not change in the kidney cortex in
the diabetic db/db mice, however, the phos-

Am J Transl Res 2018;10(8):2491-2501
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Figure 6. Influence of HD on the expression of GLUT1
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#P < 0.05, compared with db/db group (n = 10).

phorylation of these receptors and kinases
in the diabetic db/db mice were significantly
altered, with an increase in phosphorylation for
IRS15636/639 and AKT™% and AKTS4"® and de-
crease in phosphorylation for IRS1Y89 7 |RY1361
and PI3K (Figure 5). HD treatment of the dia-
betic db/db mice did not target the expres-
sion of the proteins mentioned above, inste-
ad, it regulated the phosphorylation activation
of these proteins. High, medium and low dos-
es of HD treatment significantly increased
p-IRY1361 phospho-IRS1Y8%, phospho-PI3K pro-
tein and decreased phospho-IRS15636/63° phos-
pho-AKT™%  phospho-AKTS4"® in a concentra-
tion-dependent manner (Figure 5).

HD abolished the change in the expression of
glucose transporters in the diabetic kidney

GLUTZ1, GLUT4 are two glucose transporters
rich in the kidney and function to reabsorb glu-
cose from the filtrate in the tubule lumen. We-
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stern blot was performed to detect the exp-
ression of GLUT1 and GLUT4 in the kidney and
showed that the expression of GLUT1 in the
db/db group was significantly higher than that
from the db/m group, while GLUT4 expression
was significantly lower than that of the db/m
group (Figure 6, P < 0.05). High, medium and
low doses of HD treatment of the db/db mice
dose-dependently decreased the expression of
GLUT1 and increased the expression of GLUT4
(Figure 6), indicating an improved glucose reup-
take in the kidney.

Discussion

In the current study, we used db/db mice, a
spontaneous type Il diabetes model, to investi-
gate the protective mechanism of HD on dia-
betes and diabetic nephropathy. We found that
HD treatment not only prevented the deterio-
ration of diabetes-related symptoms in the
db/db mice but also improved renal function
and nephropathy, which is associated with
the regulation of the IRS1-PI3K-GLUT signaling
pathway.

Peripheral insulin resistance and impaired
insulin secretion is one of the causes of type Il
diabetes, and the major clinical symptoms of
which are polydipsia, polyuria, polyphagia and
obesity [29]. Long-term glucose and lipid me-
tabolic disorders in diabetes can cause kidney
pathological changes and renal dysfunction
[30]. Our study of HD on the diabetic db/db
mice has shown that HD can be used for diabe-
tes treatment as it decreased the body weight,
urine volume, water intake and food intake, and
lowered the blood glucose and serum glycosyl-
ated hemoglobin and improved glucose toler-
ance and insulin resistance. All these data indi-
cate that HD suppressed the development of
diabetes in the db/db mice.

HD treatment dose-dependently reduced 24 h
urine albumin and urine volume in the db/db
mice and also prevented the increase of serum
creatinine and BUN and rescued GFR (Figure
3). In addition, HD treatment attenuated the
pathological changes in the diabetic kidney. All
of these beneficial effects showed that HD
treatment improved renal function and prevent-
ed diabetic nephropathy in the db/db mice. One
of the pathogenesis of diabetic nephropathy is
the disorder of intracellular glucose metabo-
lism. The protection of HD from diabetic dam-
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age in kidney may be secondary to the reduced
blood glucose from HD treatment. To exclude
the effect of lowering blood glucose on the alle-
viation of DN, previously, we conducted a vitro
study that on the condition of co-incubation
with 30 mM d-glucose, podocytes was injured
and HD rescued podocyte damage. Hence, the
reduction of glomerular damage by HD therapy
was related with the lowering of blood glucose.

IR/IRS-1/PI3K/GLUT signaling pathway which
is activated by insulin activation of insulin
receptor (IR) is the most important signal for
the regulation of blood glucose [31-34]. To
investigate if HD regulates glucose metaboli-
sm via this signal pathway in the kidney, we
detected signal proteins such as IRS1, IRY,
PI3K, AKT in kidney cortex. We found that HD
treatment do not change the expression levels
of these proteins but regulates their phosphor-
ylation status. HD treatment significantly in-
creased p-IR%%1 phospho-IRS1Y8%¢, phospho-
PI3K protein and decreased phospho-IRS1
$636/639 phospho-AKT™%8, phospho-AKT®*73 in a
concentration dependent manner (Figure 6),
implying that HD regulates signaling pathway
associated intracellular glucose metabolism.
GLUT1 and GLUT4 are two glucose transporters
rich in the kidney and function differently to
transport glucose. GLUT1 is the major gluco-
se transporter in the mesangial cells in the kid-
ney. Overexpression of GLUT1 in rat mesangial
cells induced an increase in extracellular glu-
cose, and up-regulation of GLUT1 expression
lead to less peripheral tissue glucose intake,
intracellular glucose metabolism disorders and
hyperglycemia [35]. GLUT-4 is the downstre-
am molecule of IR/IRS-1/PI3K/GLUT signaling
pathway. In the absence of insulin, GLUT4 is
mainly located in intracellular vesicles. The
activation of insulin of insulin receptor triggers
a series of cascade reactions and causes the
translocation of GLUT4 to cell outer membrane,
increasing its activity for transporting glucose.
GLUT4-mediated glucose transport is the rate-
limiting step of glucose utilization in peripheral
tissues. Under high extracellular glucose condi-
tion, GLUT-4 translocates excess extracellular
glucose to cell surface [36, 37]. The diabetic
db/db mice have higher GLUT1 and lower
GLUT4 examined by Western Blot, and HD treat
compared to the non-diabetic db/m mice.
However, HD treatment of the db/db mice do-
se-dependently decreased the expression of
GLUT1 and increased the expression of GLUT4
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(Figure 6), and rescued kidney function. These
data indicate that HD regulates the expres-
sion of glucose transporter in the kidney and
improved glucose reuptake prevents the devel-
opment of diabetic nephropathy.

Our study of the db/db mouse model showed
that the occurrence of insulin resistance symp-
toms measured appeared at a time the same
as the appearance of down-regulation of the
p-IRY1361 p-|RS1Y8%, p-PI3K and GLUT4 in the
kidney, indicating the association of IRS1-PI3K-
GLUT signaling with diabetic nephropathy. After
the type Il diabetic db/db mice were adminis-
tered HD for 14 weeks, phosphorylation of PI3K
in the kidney was increased (Figure 5), implying
elevated activity of PI3K by HD treatment. The
expression of GLUT4 in the kidney was sig-
nificantly increased, too, by HD (Figure 6), sug-
gesting an improved glucose transport in the
Kidney. In addition to ameliorate the renal pa-
thological changes from kidney injuries from
diabetes histologically (Figure 4), HD treatment
improved insulin signal transduction through
promoting the tyrosine phosphorylation of IRS1
in the kidney, which makes HD become a poten-
tial potent therapeutic reagent for diabetes and
diabetic nephropathy.

In conclusion, HD treatment not only have anti-
diabetic effects on the diabetic db/db mice
such as reducing blood glucose, promoting glu-
cose utilization and alleviating diabetic symp-
toms, but also suppressed the development of
diabetic nephropathy and improved renal func-
tion, which is associated with the regulation of
IRS1-PI3K-GLUT signaling pathway. Our study
provided solid support for the use of HD for the
treatment of diabetic nephropathy in clinical
practice.
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