Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

Dove

ORIGINAL RESEARCH

Quercetin improves lipid metabolism via
SCAP-SREBP2-LDLr signaling pathway in early
stage diabetic nephropathy

Xiyuan Jiang'?
Jiangyi Yu?
Xin Wang®
Jing Ge?

Nan Li'

'"The First Clinical Medical School,
Nanjing University of Chinese Medicine,
Jiangsu 210029, People’s Republic of
China; 2Eodocrinology Department,
KunShan Affiliated Hospital of Nanjing
University of Chinese Medicine, Jiangsu,
215300, People’s Republic of China;
3Eodocrinology Department, Affiliated
Hospital of Nanjing University of Chinese
Medicine, Jiangsu 213003, People’s
Republic of China

Correspondence: Jiangyi Yu
Eodocrinology Department, Affiliated
Hospital of Nanjing University of Chinese
Medicine, Jiangsu 213003, People’s
Republic of China

Email yujiangyi2007@163.com

This article was published in the following Dove Press journal:
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

Purpose: Quercetin, the most widely distributed flavonoid, has been shown to have multiple
properties and beneficial effects on various metabolic diseases. Thus, our aim was to investigate
the underlying mechanism whereby quercetin regulates renal lipid accumulation and ameliorates
early diabetic renal injuries in Lepr®®/Lepr® (db/db) mice, a model of type 2 diabetes.
Methods: db/db mice were administered either 50 mg/kg or 100 mg/kg quercetin by oral gavage
once a day to evaluate its effects on early stage diabetic nephropathy; mice were sacrificed at the end
of the 10th week after intervention; a similar number of db/db and db/m mice were used as controls.
During the experimental study, the general status of the animals was observed daily; body weight
and blood glucose concentrations were measured at bi-weekly intervals. Biochemical parameters of
lipid metabolism were measured by automatic biochemical analyzer. Renal function parameters
were performed using commercial kits. Early renal histological changes and lipid accumulation
were demonstrated by H&E staining and Oil-Red-O staining, respectively. Moreover, the expres-
sion of key proteins in the low-density lipoprotein receptors (LDLr)-SREBP-2-SREBP ¢SCAP
signaling pathway in the kidneys of diabetic mice was detected by Western blot assay.

Results: Compared with diabetic controls, quercetin not only ameliorated albuminuria and
urinary albumin-to-creatinine ratio, but also decreased blood urea nitrogen and glucose,
serum cholesterol, triglycerides, and low-density lipoprotein cholesterol, whereas it had no
remarkable effect on the high-density lipoprotein cholesterol in diabetic db/db mice.
Additionally, the evidently down regulated expression of LDLr, HMGCR, SREBP-2, and
SCAP subsequently attenuated the renal lipid profile change and lipid droplet accumulation,
resulting in the alleviation of renal injury of db/db mice.

Conclusion: Quercetin safely and efficiently alleviates early diabetic renal injuries, possibly
through improving the lipid metabolism via SCAP-SREBP2-LDLr signaling pathway.
Keywords: quercetin, diabetic nephropathy, lipid metabolism, renal function, low density
lipoprotein receptor

Introduction

Prevalence of diabetes mellitus (DM) is growing world-wide and it is expected to
affect almost 600 million people by 2035.' DM and its complications are a leading
cause of incapacity and death world-wide. Diabetic nephropathy (DN), one of the
most serious microvascular complications of DM, develops in more than 40% of
type 1 and 2 diabetic patients, and it has become a mounting global menace.’
Previous studies have shown that genetic susceptibility is an important factor in
DN, and exposure of renal tissues to chronic hyperglycemia seems to be the
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initiating factor,’ acting through multiple pathogenic path-
ways including the formation of advanced glycation end
products,* hemodynamic and metabolic alterations, oxida-
tive stress, and activation of the renin-angiotensin
system.>® More recently, there has been growing evidence
that abnormal lipid metabolism and renal lipid accumula-
tion play a role in the pathogenesis of DN.” Additionally,
numerous studies on diabetic animal models and patients
have found that ectopic lipid accumulation in the fatty
kidney is associated with obesity-related DN.*? Clearly,
there is a need for more studies in mice and other animal
models with relevance for diabetic kidney changes in
patients with DM. The db/db mouse is a rodent model
with genetic DM that may be used to study diabetic
dyslipidemia and kidney changes in DM, it is character-
ized by being overweight, having dyslipidemia and the
risk to develop diabetic complications.lo However, so far,
relatively little progress has been made in the treatment of
early stage DN.!' Therefore, it is necessary to understand
the mechanism of pathophysiology of DN, so that we can
develop new therapies to help patients with DM.'?
Cholesterol biosynthesis and uptake are important
pathways that are required for cell maintenance, because
cholesterol is an essential lipid that is important for main-
taining membrane fluidity and raft formation, as well as
steroid and bile acid syntheses.'® It is well-known that
HMGCR is the key enzyme for cholesterol synthesis'*
and low density lipoprotein receptor (LDLr) is the media-
tor of cholesterol uptake,'” the two key proteins which are
predominantly regulated by SREBP-2. When cells lack or
contain excess cholesterol relative to that required for their
physiological needs, the up- or down-regulation of
HMGCR and LDLr is mediated via a negative feedback
mechanism that is tightly controlled by the other two
proteins, SREBP-2 and SREBP SCAP,® which are impor-
tant for keeping a balance of cholesterol at cell and sys-
temic level. Notably, once the tight SCAP-SREBP2-LDLr
negative feedback system is disrupted by damage factors,
the increasing HMGCR-mediated cholesterol synthesis
and LDLr-mediated cholesterol uptake may exacerbate
cholesterol accumulation in kidneys,'® subsequently caus-
ing renal injuries mediated by lipids. Accordingly, target-
ing the activation of SCAP-SREBP2-LDLr signaling
pathway and the expression of HMGCR in the kidneys,
could be therapeutic mechanisms for ameliorating early
stage DN. In China, traditional Chinese medicine (TCM)
has been widely used in the treatment of DM and its
complications for a long time, it possesses a lot of

advantages compared to conventional medical approaches
in the prevention of diabetic complications due to less
toxicity and/or side effects.'”'® As a well-known TCM,
the
widely distributed flavonoid, is ubiquitously present in

quercetin  (3,3',4',5,7-pentahydroxyflavone), most

regular diets and exhibits a range of biological properties

and health-promoting effects,'® 2

which are closely asso-
ciated with its beneficial actions against various metabolic
diseases including glucose and lipid metabolism disorder
and insulin resistance.?® Jeong et al reported that quercetin
could be effective in improving hyperglycemia, dyslipide-
mia, and antioxidant status in type 2 DM.** Despite phar-
macological interest in quercetin and its possible
nutritional benefits, up to present, the molecular mechan-
isms underlying its chemopreventive activity remain
poorly understood and the precise effect of quercetin on
diabetic renal lipid accumulation has not been previously
reported. Considering that lipid metabolism disorder is one
of the leading causes of DM-related complications, we
aimed to explore the protective effect of quercetin on
early stage DN using a type 2 diabetic mouse model and
to further clarify the underlying molecular mechanisms,
especially those associated with SCAP-SREBP2-LDLr

signaling pathway.

Methods

Chemicals and reagents

Quercetin (purity >95%, high performance liquid chromato-
graphy) purchased from Sigma-Aldrich Co. (St Louis, MO,
USA) was dissolved in DMSO and the dosages of quercetin
chosen were based on previous reports.”**>*® Commercial
kits for urine albumin, urine creatinine, blood urea nitrogen,
and serum creatinine were purchased from Jiancheng
Biotechnology Company (Nanjing, China). Total cholesterol,
triglycerides, low-density lipoprotein cholesterol (LDL-C),
and high-density lipoprotein cholesterol (HDL-C) kits were
purchased from Shanghai Roche (Shanghai, China). Total
protein extraction kit and bicinchoninic acid protein assay kit
were provided by Jiangsu KeyGEN BioTECH Corp., Ltd.
(Nanjing, China). Antibodies including HMGCR, LDLr,
SREBP-2, SCAP, and B-actin were purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). Other chemicals
were of analytical grade and supplied by local reagent retailer.

Animals and experimental design
Six-week-old Lepr®™/Lepr®™ (db/db) male mice (C57BL/KsJ
background) and their age-matched non-diabetic db/m mice
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were obtained from Nanjing Biomedical Research Institute of
Nanjing University (Nanjing, China). Animals were housed in
polypropylene cages and permitted access to food and water ad
libitum at a temperature range of 20°C—23°C on a 12/12-hour
light-dark cycle. All protocols carried out were approved by
the Animal Research Ethics Committee of Nanjing University
of Chinese Medicine, Jiangsu, China (ethics no: ACU170404).
The study was conducted according to the regulations for
animal experimentation issued by Animal Research Ethics
Committee of Nanjing University of Chinese Medicine.

After 1 week of adaptation, the db/db mice were divided
into three groups (n=8 for each group): diabetic control: mice
were administered only placebo (saline) (50 mg/kg/day); low
dose quercetin: mice were administered quercetin at 50 mg/kg/
day; and high dose quercetin: mice were administered quer-
cetin at 100 mg/kg/day. The mice were treated with quercetin
(approximately 0.2 mL in volume) by oral gavage once a day
at 9:00-10:00 am. Meanwhile, the db/m mice were used as
non-diabetic controls. After administration for 10 weeks, the
mice were housed in metabolic cages (Fengshi Inc., Suzhou,
JS, China) for urine and blood collection. Thereafter, the mice
were sacrificed and kidneys were immediately excised and
weighed. Part of the renal tissue was fixed in 4% paraformal-
dehyde and the remaining tissues were stored at —80°C for
later analysis.

General status and biochemical

parameters

General status including the spirit, eating, drinking, fur
colour, and activities of mice were observed daily, and
body weight and blood glucose concentrations were mea-
sured at bi-weekly intervals for all animals.

Renal function parameters including urine albumin and
creatinine in 24-hour urine samples, as well as blood urea
nitrogen and serum creatinine were measured using com-
mercial kits (Jiancheng Biotechnology Company, Nanjing,
China) according to the manufacturer’s instructions. The
24-hour urine total protein (UTP) was calculated as urine
protein concentration (ug/mL) multiplied by 24-hour urine
volume (mL), and urinary albumin-to-creatinine ratio
(UACR) (ug/mg) was calculated as urine albumin concen-
tration divided by the corresponding spot urine creatinine
concentration, as per our previous study.’’ The kidney
index (mg/g) was calculated as the ratio of two kidneys'
weight and the body weight of each mouse.

Biochemical parameters of lipid metabolism including
LDL-C, and HDL-C

serum cholesterol, triglycerides,

concentration were measured by automatic biochemical ana-
lyzer in the Department of Laboratory Medicine, Affiliated
Hospital of Nanjing University of Traditional Chinese
Medicine.*®

Renal histopathological analysis

Renal tissues from mice fixed in 4% paraformaldehyde
were dehydrated with a graded series of alcohol and then
embedded in paraffin. Sections of 5 pm were deparaffi-
nized, rehydrated, and stained with H&E solution.

To directly observe the renal lipid accumulation, Oil-
Red-O staining was performed according to our previously
study.'® Briefly, frozen sections were cut at 10 pm thick, air
dried for 1 hour, and fixed in 4% paraformaldehyde for 1
minute. The sections were rinsed with distilled water and
stained in the Oil-Red-O working solution (Sigma-Aldrich
Co.) for 30 minutes, then rinsed again for 1 minute in 4%
paraformaldehyde and returned to distilled water.
Thereafter, samples were counter-stained with hematoxylin,
and lipid droplets in cells and tissues appeared as red spots.
One hundred photographs of non-overlapping sections were
randomly selected and all these data were calculated with

Image-Pro Plus 6.0 software (Media Cybernetic).

Western blot assay

Frozen half kidneys were homogenized and sonicated in lysis
buffer as previously described.”’ After separation, lysate
proteins were separated on 7.5% (wt/vol) SDS-PAGE gel
and subsequently electroblotted to PVDF membrane. After
blocking of non-specific binding sites with 5% non-fat milk,
the blotted membranes were washed and then incubated
separately with primary rabbit polyclonal antibodies against
HMGCR (1:2,000), LDLr (1:1,000), SREBP-2 (1:1,000),
SCAP (1:1,000), and B-actin (1:2,000) overnight at 4°C.
After washing, the membranes were incubated at room tem-
perature for 30 minutes with appropriate secondary antibo-
dies. Signal was quantified by chemiluminescence detection
using the LabWorks software (UVP Laboratory Products,
Upland, CA, USA), and normalized to internal loading con-
trol (B-actin) density.

Statistical analysis

Data were presented as means + SEM. Statistical differences
between groups were detected using Student’s #-test or
ANOVA followed by Tukey’s test with Statistical Package
for Social Science (version 18.0; SPSS, Inc., Chicago, IL,
USA). P-value less than 0.05 was considered statistically
significant.
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Results

Effect of quercetin on general status

During the whole experiment period, administration of either
50 mg/kg or 100 mg/kg quercetin daily to mice did not cause
any clinical symptoms of toxicity. Food intake and liquid
consumption of db/db mice were significantly increased as
compared with db/m mice (P<0.01, Figure 1A and B), but
there was no significant difference in db/db mice treated with
or without quercetin (Figure 1A and B), indicating that quer-
cetin did not exert a marked effect on food and liquid con-
sumption of db/db mice. Additionally, all mice displayed
a sustained increase in body weight during the course of the
study, the body weight of db/db mice was obviously higher
compared with db/m mice (P<0.01, Figure 1C), and the body
weight of db/db mice was slightly lower upon quercetin sup-
plementation compared with that of db/db controls, but not to
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a significant extent (Figure 1C). Whereas the body weight
gains of db/db mice were obviously higher than those of db/
m mice at the end of study (P<0.05 or P<0.01, Figure 1D).
More importantly, the body weight gains of db/db mice were
lower in quercetin-treated group than those of db/db controls
(P<0.05, Figure 1D), but there was no significant difference
between low and high doses of quercetin-treated groups
(Figure 1D), suggesting the lowering effect of quercetin on
body weight gains in diabetic mice.

Effect of quercetin on blood glucose

concentration

Blood glucose concentration of non-diabetic control mice
remained fairly constant during the 10-week period
(Figure 2). The level of blood glucose increased in an age-
dependent manner in db/db control mice and the
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Figure | Effect of quercetin on food and water consumption and body weight of mice after administration for 10 weeks. (A) Daily food intake of mice; (B) daily water
intake of mice; (C) body weight of mice measured at bi-weekly intervals; (D) body weight gains of mice. *P<0.05 or **P<0.01, compared with non-diabetic control group;

#P<0.05, compared with diabetic control groups.

Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin; NS, no significant comparison; ctrl, control.
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Figure 2 Effect of quercetin on the blood glucose concentration of mice after
administration for 10 weeks. ***P<0.01 or #P<0.05, compared with non-diabetic
control group; "P<0.05 or #P<0.01, compared with diabetic control groups;
#P<0.05, compared with LD-quercetin group.

Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quer-
cetin; ctrl, control.

hyperglycemia was maintained throughout the 10-week
period. The increase of blood glucose was significantly
attenuated in db/db mice treated with either low or high
doses of quercetin compared with db/db control mice, but
the glucose levels were still significantly higher than those
observed in non-diabetic controls (P<0.05, Figure 2), con-
firming that quercetin shows a very significant effect on
lowering blood glucose level.

Effect of quercetin on the serum

creatinine and blood urea nitrogen

The levels of serum creatinine and blood urea nitrogen in
diabetic mice were obviously higher than those in non-
diabetic controls (P<0.01, Figure 3), and the higher levels
of serum creatinine and blood urea nitrogen decreased
dramatically in diabetic mice treated with high dose quer-
cetin as compared with either low dose quercetin or dia-
betic control groups (P<0.05, Figure 3), indicating that
quercetin shows a remarkable amelioration of renal dys-
function in diabetic mice.

Effect of quercetin on urinary albumin

excretion

Early stage DN is characterized by hyperfiltration and micro-
albuminuria. Thus, the effect of quercetin on the UTP and
UACR were evaluated in DN mice. It was indicated that the
DM-related increases of UTP and UACR were attenuated in
diabetic mice with an increasing dose of quercetin, as com-
pared with diabetic controls (P<0.01, Figure 4A and B), but the

Figure 3 Effects of quercetin on serum creatinine and blood urea nitrogen after
administration for 10 weeks. **P<0.01, compared with non-diabetic control group;
#p<0.05, compared with either LD-quercetin or diabetic control groups.
Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quer-
cetin; ctrl, control.

levels of UTP and UACR were still significantly higher than
those observed in non-diabetic controls at the end of study,
indicating that quercetin reduces glomerular hyperfiltration
and ameliorates the functional abnormality of diabetic mice.

Effect of quercetin on kidney weight and
kidney index

The kidney weights were significantly heavier and the
kidney index was lower in db/db mice as compared with
db/m mice (P<0.05, Figure 5A and B). In comparison with
diabetic controls, the quercetin not only decreased the
kidney weights but also improved the kidney index
(P<0.05, Figure 5A and B), suggesting that quercetin has
a remarkable effect on kidney index levels.

Effect of quercetin on the serum lipid

profile

Serum lipids in db/db and db/m mice during the same
time-span were measured at the end of the study. It was
indicated that average levels of serum cholesterol, trigly-
cerides, and LDL-C were significantly higher in the db/db
mice in comparison with the db/m mice (P<0.01, Table 1),
and the enhancement was dramatically blunted in those
receiving low dose quercetin (P<0.05, Table 1). Notably,
further declined with an
increased dose of quercetin. In contrast, a lower level of
HDL-C was detected in the db/db mice compared with the
db/m mice (P<0.05, Table 1), but the level of HDL-C in
high dose quercetin group was not remarkably different

the corresponding values
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Figure 4 Effects of quercetin on hyperfiltration and microalbuminuria after administration for 10 weeks. (A) 24-hour UTP; (B) UACR. **P<0.01, compared with non-

diabetic control group; #P<0.05, compared with either LD-quercetin group or diabetic control group.
Abbreviations: UTP, urine total protein; UACR, urinary albumin-to-creatinine ratio; LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin; ctrl, control.
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Figure 5 Effect of quercetin on the kidneys of mice after administration for 10 weeks. (A) The kidney weight of mice; (B) the kidney index of mice. *P<0.05, compared with

non-diabetic control group; #P<0.05, compared with diabetic control group.

Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin; NS, no significant comparison; ctrl, control.

Table | Effect of quercetin on the blood lipid profile after administration for 10 weeks

Parameters Dbim Dbl/db Db/db+ LD-quercetin Dbl/db+ HD-quercetin
TC (mmol/L) 1.51£0.20 4.48+].|8%* 2.53+0.56" 1.61£0.49%%#

TG (mmol/L) 0.67+0.22 3.04£0.45%* 1.27£0.41% 0.810.34%##

LDL-C (mmol/L) 0.4240.13 2.84+0.25%* 0.87+0.34% 0.46:+0.28%##

HDL-C (mmol/L) 0.98+0.27 0.58+0.19* 0.63+0.25 0.69+0.31

Notes: **P<0.01 or *P<0.05, compared with non-diabetic control group; **P<0.01, compared with diabetic control group; *P<0.05, compared with LD-quercetin groups.
Abbreviations: TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LD-quercetin, low dose

quercetin; HD-quercetin, high dose quercetin.

from that in both diabetic control and low dose quercetin
groups (P>0.05, Table 1). Collectively, quercetin alleviates
the impairment of lipid metabolism in diabetic mice.

Effect of quercetin on histological

alteration in renal tissue

H&E-stained sections from all groups showed histological
changes with varying degrees of intensity. It depicted normal
architectures (intact and clear glomerular basement membrane

and tubules) and open glomerular capillary loops without any
lesions in the normal non-diabetic db/m mice (Figure 6A).
Whereas renal tissue from diabetic control mice showed hyper-
trophic glomerular form, increased glomerular volume and
glomerular basement membrane thickening, and mild mesan-
gial matrix expansion (Figure 6B). All of the early glomerular
pathological changes mentioned in the diabetic control group
were obviously ameliorated in mice treated with high dose
quercetin (Figure 6D), whereas the improvement was slightly
smaller in low dose quercetin group (Figure 6C), as compared
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Figure 6 Effect of quercetin on renal structural alterations after administration for 10 weeks. Representative photomicrographs of H&E staining in kidney sections (bar =50
pm in the field). (A) db/m mice; (B) db/db control mice; (C) LD-quercetin treated db/db mice; (D) HD-quercetin treated db/db mice.
Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin.

with diabetic controls. Collectively, quercetin improves the
early glomerular pathological features and attenuates the pro-
gression of DN in db/db mice.

Effect of quercetin on lipid accumulation

in the kidneys of mice

Oil-Red-O staining was performed to help reveal cellular
fat deposits. It was indicated that the presence of neutral
lipids was observed in the renal tissue section of db/db
mice, not obviously in db/m mice. There were excessive
amounts of fat droplets of different sizes in the renal
section from untreated db/db mice, and the administration
of quercetin reversed these changes in renal tissues of db/
db mice with an increasing dose of quercetin (P<0.05,
Figure 7), suggesting that quercetin attenuates renal lipid
accumulation in the kidneys of diabetic mice.

Effect of quercetin on the SCAP-SREBP2-

LDLr signaling pathway
The expression of LDLr, SREBP2, and SCAP in renal
tissues was dramatically higher in diabetic control group

than those in non-diabetic control group after administra-
tion for 10 weeks, and the differences were statistically
significant (Figure 8A). Compared with diabetic controls,
the expression level of LDLr, SREBP2, and SCAP pro-
teins in the renal tissue of db/db mice was significantly
down-regulated after treatment with quercetin for 10
weeks, and the differences were statistically significant
(P<0.01 or P<0.05, Figure 8B), confirming the down-
regulated effect of quercetin on the relative expression of
key proteins in the SCAP-SREBP2-LDLr signaling path-
way. Consistent with the down-regulation of renal LDLr,
SREBP2, and SCAP expression, the renal expression of
HMGCR protein was down-regulated with an increasing
dose of quercetin in db/db mice as compared with diabetic
controls after treatment for 10 weeks, and the differences
were statistically significant (P<0.05, Figure 8B).

Discussion

Although there are many novel drugs for DM, there are
no specific curative treatments yet for DN. The use of
natural substances for therapeutic purposes is currently
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Figure 7 Effect of quercetin on the lipid accumulation in renal sections after administration for 10 weeks. Representative photomicrographs of Oil-Red-O staining (bar =50
pm in the field) in frozen kidney sections from db/m mice (A), db/db control mice (B), LD-quercetin treated db/db mice (C), and HD-quercetin treated db/db mice (D); (E)
average gray value in different groups. The data obtained from three independent experimental studies are presented as the mean #* SD. ***P<0.001, compared with both

non-diabetic groups; #P<0.05 or #P<0.01, compared with diabetic control group.

Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin; ctrl, control.

showing an increasing trend in human medicine, specifi-
cally, natural dietary compounds have received increasing
attention for their ability to prevent or delay the develop-
ment of pathogenesis during the early clinical manifesta-
tions of DM. Indeed, patients with diabetic kidney
diseases in China have been widely receiving Chinese
herbal medicine therapy.'” Notably, quercetin, as a chief
member of flavonoids in TCM, has a potential ability to
prevent the pathogenesis of DM in a dose-dependent

manner to some extent. A previous study has already
indicated that dietary quercetin significantly reduced
body weight gain in high-fat diet-fed mice.*® In this
study, quercetin did not exert a marked influence on
body weight, food and liquid consumption, but it lowered
the body weight gains in db/db mice. Of note, the lack of
obvious side effects of quercetin in our study is in line
with the published observation that oral administration of
quercetin to rats at doses up to 2,000 mg/kg/day is
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Figure 8 Effect of quercetin on the expression of key proteins in the SCAP-SREBP2-LDLr signaling pathway. (A) Diabetic db/db and non-diabetic db/m mice were administered
either quercetin or saline for |0 weeks, and then the expression of key proteins was detected using Western blot analysis. Images shown are representative profiles from three
technical replicates. (B) Relative expression of key proteins in renal tissues. The data obtained from three independent experimental studies are presented as the mean * SEM. If
the error bar is not present, it is smaller than the thickness of graph line. *P<0.05 or **P<0.01, compared with non-diabetic control group; #P<0.05 or #P<0.01, compared with
diabetic control group. Line |, 2, 3, and 4 represent non-diabetic control, diabetic control, LD-quercetin, and HD-quercetin groups, respectively.

Abbreviations: LD-quercetin, low dose quercetin; HD-quercetin, high dose quercetin; ctrl, control.

considered to be safe.>' As is known, high level of blood
sugar in diabetic patients causes severe lesions in the
renal blood vessels due to too much stress on kidneys,
causing development of acute and chronic kidney diseases
and ultimately leading to kidney failure.? In our present
study, the mouse model not only had stable blood glucose
in the range of 17.3~21.5 mmol/L, but also had typical
pathological features of early stage DN at 16 weeks of
age. Thus, it is necessary to control blood sugar in dia-
betic patients or mouse models to prevent or attenuate
DM-related early stage nephropathy. Using diabetic db/db
mice in our present study, the continuously increased
blood glucose concentration was attenuated by quercetin
as compared with control groups. In agreement with our
results, a previous report by Jeong et al suggested that
quercetin offered at 0.04% of the diet was enough to
lower the level of blood glucose in db/db mice relative
to the control group.”* Considering these findings, quer-
cetin by itself appears to be of great potential interest for
preventing and treating DM-induced nephropathy.
Clinical characteristics of DN are progressive albumi-
nuria and gradual decline of renal function.*> As demon-
strated in a recent study, diabetic rats showed a significant
decline in renal function and severe renal fibrosis under
persistent diabetic conditions for 14 weeks, and administra-
tion with quercetin, although showing no remarkable effects
on kidney index levels, dramatically alleviated the decline in
the renal function of diabetic rats.** In contrast to the pre-
vious findings, ours presented that kidney weights were sig-
nificantly heavier and the kidney index was lower in db/db

mice, and administration of quercetin not only decreased
kidney weights but also improved kidney index in compar-
ison with diabetic controls. Notably, quercetin remarkably
improved the signals of renal damage and dysfunction that
were reflected by a reduction in serum creatinine, blood urea
nitrogen, 24-hour urine protein, and UACR in diabetic mice.
These concepts are supported by a previous study that simi-
larly showed a remarkable effect of quercetin on improving
the
Collectively, these observations demonstrate that the low-

renal function in diabetic nephropathic rats.*
ering effect of quercetin on glomerular hyperfiltration may
improve renal function and diabetic kidney injury.
Dyslipidemia is one of the most serious and frequently
occurring complications in patients with DM and is greatly
associated with DN. Being prone to developing dyslipide-
mia, the mice with uncontrolled lipid profile abnormalities
are at the highest risk to develop DN.?° It has been demon-
strated that dyslipidemia, a major risk factor in type 2 DM, is
one of the most serious and frequently occurring complica-
tions characterized by abnormal levels of HDL-C, LDL-C,
cholesterol, and triglycerides.>” Despite the lack of effect on
body weight, the average level of serum cholesterol, trigly-
cerides, and LDL-C in our current study was significantly
higher in the diabetic mice in comparison with db/m mice.
More importantly, the enhancement was dramatically
blunted in db/db mice after administration of quercetin. In
contrast, a lower level of HDL-C was detected in db/db mice
compared with db/m mice, and the level of HDL-C in low
dose quercetin group was not remarkably different from that
in either diabetic control or high dose quercetin groups. In
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agreement with our results, Nekohashi et al indicated that
quercetin significantly decreased the total-, free-, and LDL-C
levels in the serum of Wistar rats.*® Conversely, it has been
reported that either low or high doses of quercetin (52 or
105 mg/kg/day, respectively) improved hypertriglyceride-
mia, whereas only high dose of quercetin alleviated hyperch-
olesterolemia and elevated HDL-C.>* The reasons for these
differences might reflect species-specific responses to the
quercetin. As a matter of fact, almost all patients with DM
seem to develop lipid profile abnormalities, ultimately lead-
ing to build up dyslipidemia characterized by high serum
levels of cholesterol, triglycerides and LDL-C and a reduced
level of HDL-C.*® Therefore, it seems reasonable to assume
that quercetin may be a lipid-lowering strategy to retard the
progression of renal in diabetic mice.

Early stage DN is characterized histologically by glo-
merular hypertrophy, gradual thickening of glomerular
basement membrane, and mild mesangial expansion,***'
in which the enlarged glomeruli can increase the total sur-
face area for filtration. Our results suggested that adminis-
tration of quercetin to db/db mice attenuated enlarged
glomeruli and thickening of glomerular basement mem-
brane, contributing to the decreased albuminuria in db/db
mice. Moreover, increasing cholesterol uptake and synthesis
can result in lipid deposition in the kidneys. This can, in
turn, cause cytotoxicity to glomerular and tubular cells,
finally contributing to the progression of renal disease. In
previous studies, ectopic lipid accumulation in the kidney
has also been proposed to play a role in the pathogenesis of
DN.*? Of note, there is a growing body of evidence show-
ing the fact that quercetin alleviated kidney lipid accumula-
tion in streptozotocin-induced DN rats,23 fructose-fed rats,42
and obese Zucker rats.** These results are mostly consistent
with the findings in animal models of diabetic kidney dis-
ease, in which accumulation of lipids, lipotoxicity, and lipid
metabolism dysregulation are associated with renal
damage.** Our present study found that there were exces-
sive amounts of lipid droplets of different sizes in the
kidney cortex of diabetic db/db mice, as demonstrated by
Oil-Red-O staining, and the lipid accumulation in both
glomeruli and tubular cells of the kidneys could be effec-
tively reversed by quercetin. Consistent with the Oil-Red-O
staining, our results also demonstrated that the higher serum
cholesterol and triglyceride content were significantly
decreased in db/db mice by quercetin. All these alternations
correspond to the dramatically elevated cholesterol and
triglyceride content of the kidney. Additionally, it is an
indisputable and yet remarkable fact that despite persistent

hyperglycemia, mesangial matrix expansion was prevented
and the glomerular filtration rate was preserved in diabetic
mice, as assessed by blood urea nitrogen, serum creatinine,
and the UACR. All these findings imply that overt nephro-
pathy was prevented in our study. Notably, quercetin pro-
tected the animal models of diabetic kidney disease without
causing any noticeable systemic side effects. Therefore, our
data and other strongly provided convincing evidence that
quercetin may play an unexpected role in regulating lipid
metabolism and attenuating the early pathological glomer-
ular changes.

Despite the increased knowledge of the benefits of quer-
cetin, the mechanisms underlying the protective effect of
quercetin on diabetic kidney disease might be complicated.
Recently, a growing body of evidence has demonstrated that
quercetin effectively affected various glucose and lipid meta-
bolism disorders through multi-pathway mechanisms includ-
ing Akt signaling and SIRT1,” PI3K/AKT pathway," and
endoplasmic reticulum stress pathway.*® It has also been
demonstrated that increasing HMGCR-mediated cholesterol
synthesis and LDLr-mediated cholesterol uptake possibly
resulted in renal cholesterol accumulation in diabetic rats.'®
Except for oxidative process of quercetin, another hypothesis
has also been provided: that the deleterious effect of LDL-C
and VLDL-C could be prevented by decreasing HMGCA.*’
The decrease of renal HMGCR expression paralleled the
significant lowering of serum triglycerides, cholesterol, and
LDL-C levels in db/db mice after treatment with quercetin
for 10 weeks, as compared with diabetic controls in our
current study. These data are consistent with the reduction
in renal lipid accumulation observed in Oil-red-O staining.
Clinical studies have indicated that the inhibition of choles-
terol biosynthesis to reduce de novo synthesis of cholesterol
by HMGCA reductase inhibitors (statins), protected against
diabetic and non-diabetic renal disease.*®*’ Thus, decreasing
HMGCR-mediated cholesterol synthesis is conductive to the
renal cholesterol accumulation in diabetic mice. In addition,
animal and clinical studies have reported the roles of LDLr-
SREBP2-SCAP signaling pathway in early stage DN, and
the blockade of these pathways slows the progression and
development of DN. For example, using type 2 diabetic db/
db mice and cell culture model of podocytes, Zhang et al
found that, through the disruption of LDLr pathway, lipid
accumulation in kidneys and in podocytes was increased
under high glucose stimulation.® Similarly, Sun et al found
significant lipid accumulation and up-regulation of LDLr,
SCAP, and SREBP-2 expressions in the kidneys of diabetic
rats.'® Our present results confirmed that the renal expression
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of key proteins, such as LDLr, SREBP2, and SCAP, was
dramatically higher in diabetic control group compared with
non-diabetic control group, and the higher level of corre-
sponding values was significantly down-regulated in diabetic
mice after administration for 10 weeks as compared with
diabetic controls. These concepts are consistent with the
findings of other studies that dysregulation of cholesterol
metabolism has been linked to lipotoxicity and lipid accu-
mulation in early stage DM through the disruption of LDLr
pathway.®'® Additionally, a previous study has demonstrated
that SCAP/SREBP pathway is also essential for developing
diabetic fatty liver disease in animals.>® Thus, whether quer-
cetin improves lipid metabolism disorder in the liver via
SCAP/SREBP pathway should be further studied in the
future.

In summary, the findings of the current study confirm
the protective effect of quercetin against the initiation and
progression of DN in diabetic mice by improving the renal
that
a renoprotective effect of quercetin is, at least in part,
mediated through SCAP-SREBP2-LDLr signaling path-
way, resulting in the alleviation of DM-associated renal

injury.

accumulation of lipid bodies. It also seems
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