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Chlorogenic acid inhibits forming of diabetes mellitus in rats induced
by high-fat high-sucrose and streptozotocin
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Abstract: To evaluate the inhibitory effect of chlorogenic acid on the forming of type 2 diabetes mellitus (T2DM), using
Sprague Dawley (SD) rats, a recognized T2DM model induced by high-fat high-sucrose diet (HFSD) and streptozotocin
(STZ). Thirty female SD rats were assigned equally to three groups randomly: normal control with standard commercial
(NC), chlorogenic acid treatment with HFSD and chlorogenic acid (90mg/kg, CA), and diabetes model with HFSD
(DM). Upon treatment with chlorogenic acid, suppression of the onset of diabetes, reduced serum glucose and insulin
concentrations, improved glucose tolerance and increased body weight and visceral fat weight were observed. Serum
triglyceride, total cholesterol, low density lipoprotein levels, and kidney and pancreas morphology were significantly
ameliorated. Chlorogenic acid also inhibited the mRNA levels of hepatic G-6-Pase and up-regulated the mRNA levels of
skeletal muscle GLUT4. Our results indicated that before the onset of diabetes, chlorogenic acid had an inhibitory effect
against the forming of T2DM induced by HFSD and STZ through regulating the glucose and lipid metabolism.

Keywords: Chlorogenic acid, Type 2 diabetes mellitus, high-fat high-sucrose diet, hepatic glucose-6-phosphatase,

skeletal muscle glucose transporter 4.

INTRODUCTION

Diabetes  mellitus, characterized by  chronic
hyperglycemia, polydipsia and polyuria, results in serious
complications on eyes, kidneys and nerves. Diabetes
mellitus is also a known cause for atherosclerosis and
cardiovascular diseases that significantly increase the
risks of human mortality (Cooper-DeHoff ef al., 2010). It
is a main cause on morbidity or mortality in human
populations. The overall prevalence of diabetes in China
was 11.6% in 2010, i.e. 114 million Chinese adults
(Chang et al., 2017; Hu et al., 2017). Based on the recent
data, the International Diabetes Federation declared that
there were 415 million people with diabetes in the world
across 2015 and the number will reach 642 million in
2040 (Ogurtsova et al., 2017).

Genetic and environmental factors or the complex gene-
environmental interplays can induce diabetes mellitus, but
all forms of diabetes mellitus (Type 1 and Type 2 diabetes)
are either the results of the decrease of insulin
concentration  (insulin  deficiency) or the lower
responsiveness to insulin (insulin resistance). Type 1
diabetes is an autoimmune condition characterized by the
destruction of pancreatic beta cells and absolute insulin
deficiency (Farooq ef al., 2018; Turton et al., 2018). Type
2 diabetes is a complicated disease that is primarily
characterized by insulin resistance and relative insulin

deficiency mediated by numerous organs (Chu and
Leung., 2009; Turner et al., 1992). Many factors
including lifestyle, physical activity, adiposity and diet
contribute to the forming of type 2 diabetes mellitus
(T2DM), accounting for nearly 90% of all diabetes cases
(Brito et al., 2009). Therefore, proper diabetes
management is essential to restore the carbohydrate
metabolism to its normal state, typically with oral
administration of anti-diabetic drugs, insulin intervention
therapy, or a combination of both. However, those drugs
have undesirable side effects. For example, glitazones,
drugs to improve insulin sensitivity and reduce hepatic
glucose production, show an increased risk of myocardial
infarction (Thompson and Davis., 2017). Many anti-
diabetic drugs may also increase the risk of cancer. In
recent years, researchers have been searching for new
drugs that can reduce blood glucose but cause no adverse
effects. Some other researchers are beginning to
investigate natural products from plants or employ dietary
intervention. Early studies supported that dietary
intervention can improve health conditions by reducing
critical risk factors such as obesity, dyslipidemia,
hyperglycemia, hypertension and insulin sensitivity
(Bazzano et al., 2005; Zarraga and Schwarz., 2006).
Natural compounds including folic acid, oleanolic acid,
and ursolic acid were isolated from plants which were
effective on regulating insulin signaling pathway and
cellular metabolism (Baumgartner et al., 2010; Paoli et
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al., 2015). Previous studies also revealed that p-coumaric
acid, caffeic acid and their derivatives could prevent
vascular complications, ameliorate hypercholesterolemia,
and regulate antioxidant property in diabetic rats (Amalan
etal.,2016; Yin et al., 2014).

Chlorogenic acid is a natural compound abundant in many
plants such as coffee bean and green tea (Del Rio et al.,
2010). Known as a free radical scavenger, chlorogenic
acid is an important active component in Chinese
medicine that improves the plasma glucose tolerance and
gastrointestinal hormone secretion in human (Johnston et
al., 2002). The intake of foods and drinks rich in
chlorogenic acid is directly associated with lower risks of
coronary disease and T2DM (Lin et al, 2011).
Chlorogenic acid was reported to inhibit the hepatic G-6-
Pase activity (Bassoli et al., 2008), increase mRNA and
protein levels of hepatic peroxisome proliferator-activated
receptor-o. (PPAR-0) in lipid metabolism (Zhang et al.,
2011), increase the production of glucagon-like peptide-1
(McCarty, 2005) and promote the mRNA levels of
skeletal muscle glucose transporter 4 (GLUT4)
(Prabhakar and Doble, 2009). Chlorogenic acid also
prevents the forming of the advanced glycation end
products induced by hyperglycemia (Kim et al., 2011).

However, no previous reported the modulating effects of
chlorogenic acid on the forming of T2DM. Hence, the
aims of the present study were to evaluate the inhibitory
effect of chlorogenic acid during the forming of T2DM
and to investigate the preventive role of chlorogenic acid
in diabetes treatment, using a rat model induced by high-
fat, high-sucrose diet (HFSD), and streptozotocin (STZ).

MATERIALS AND METHODS

Animals and diets

Thirty female SD rats (100-130 g) with certificate No.
HNASLKJ20101790 were purchased from Hunan Sileike
Jingda Co. (Changsha, China) and maintained under a 22
+ 2°C with 12h light-dark cycle. All animal procedures
and the protocol were followed according to the
Regulation on Management of Experimental Animals
(Hunan Province, No. 259, 2012).

Commercial standard pellets and HFSD were purchased
from the Hunan Sileike Jingda Co. (Changsha, China).
HFSD was composed of 68.5% commercial standard
pellets in 10% lard oil, 20% sucrose, 0.5% pig bile and
1% cholesterol (table 1).

Chemicals and drugs

Chlorogenic acid of 98% purity was purchased from
Changsha Xiangzi Biotechnology Co. (Changsha, China).
STZ and diethyl oxydiformate (DEPC) were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). Rat
ELISA kit was purchased from R&D Systems (Oxon,
UK). Reverse transcription kit was obtained from MBI
Fermentas Co. (Waltham, MA, USA). Tryglyceride (TG),

total cholesterol (TC), low density lipoprotein (LDL-C),
high density lipoprotein (HDL-C) and free fatty acid
(FFA) reagent kits were purchased from Shenzhen
Mindray Co. (Shenzhen, China). Trizol reagent was
obtained from Invitrogen Co. (Carlsbad, USA), and
SYBR green premix was obtained from Takara Bio Co.
(Shiga, Japan). All of the other chemicals were of
analytical grade.

Experimental design

During the experimental period all animals were
randomly assigned to three groups (n=10): (1) normal
control with commercial standard pellets (NC); (2)
diabetes model with HFSD (DM); (3) chlorogenic acid
treatment with HFSD and chlorogenic acid (90 mg/kg,
CA) continuously for eight weeks. Chlorogenic acid was
dissolved in sterile saline, and the chlorogenic acid
treatment group rats were individually treated with
chlorogenic acid by gavage needle one time in a day,
while the normal control and diabetes model groups were
simply conducted with sterile saline. The rats can enjoy
food and water with freedom, and their weight was
determined once a week. After fed with HFSD for four
weeks, chlorogenic acid treatment and diabetes model
groups were induced by intraperitoneal injection of
freshly prepared STZ (35 mg/kg b.w.) diluted in 0.1M
citrate buffer (pH 4.5) according to Jeszka-Skowron et al
(Jeszka-Skowron et al., 2014). Normal control group rats
were instilled with the same volume of citrate buffer.
After 72 h of injection, dynamic fasting blood glucose
concentration of diabetes model group and chlorogenic
acid treatment group were monitored for two weeks with
an Accu-Chek Advantage Meter glucometer (Roche
Diagnostics GmbH, Germany) using the blood drawn
from tail veins. T2DM was confirmed by glucose level
which was higher than 250 mg/dl from tail veins
(Karthikesan et al., 2010). After treated with chlorogenic
acid for eight weeks, each rat was used for oral glucose
tolerance test (OGTT). One week later, all rats were
anesthetized with pentobarbital sodium (35 mg/kg) and
the blood was exsanguinated and collected from eyes for
determination of the biochemical indexes. Liver and
skeletal muscle (soleus) were excised immediately,
washed with pre-cooled physiological saline, and stored at
-80°C until use. Visceral fat was excised and weighted,
and kidney and pancreas were removed to 10% of neutral
formalin solution for pathological detection.

Evaluation of fasting blood glucose and oral glucose
tolerance test

After STZ injection, fasting blood glucose (FBG) level
was monitored weekly with the blood collected from tail
veins. During the last week of the experimental period,
the rats had been fasted overnight firstly, and then OGTT
was conducted with the blood from tail veins collected at
0, 0.5, 1 and 2 h after the oral administration of glucose
(2.5 g/lkg b.w.) according to the procedure from de Sotillo
and Hadley (Rodriguez de Sotillo and Hadley, 2002).
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Determination of plasma insulin resistance and
sensitivity levels

Plasma insulin levels were determined with enzyme
linked immunosorbent assay (ELISA) method according
to the instruction from the manufacturer. Homeostasis
model assessment of insulin resistance index (HOMA-IR)
and insulin sensitivity index (ISI) were calculated using
FBG and fasting insulin levels (FINS) data according to
Li et al (Li et al., 2009) and Matthews et al (Matthews et
al., 1985) as the following formulae, respectively:

HOMA - IR = FBG(mmol/L) x FINS(mIU/L)/22.5 (1)

ISI = In(1/(FBG(mmol/L) x FINS(mIU/L))) (2)

Measurement of serum lipid and free fatty acid

To measure the levels of TG, TC, LDL-C, HDL-C, and
FFA, a BS-200 full automatic biochemical analyzer
(Shenzhen Mindray Co, Shenzhen, China) was applied
using their corresponding reagent kits according to Siedel
et al (Siedel et al., 1983).

RNA isolation and quantitative real-time PCR

Total RNA from the liver and skeletal muscle was
extracted with Trizol reagent in accordance with the
manufacturer’s instructions. To obtain cDNA, total RNA
(1png) was reversely transcribed using a Fermentas reverse
transcription kit with Oligo dT as primer. The mRNA
expression of G-6-Pase and GLUT4 were quantified by
quantitative real-time PCR (qRT-PCR), which was
performed with a Thermo Scientific PikoReal96 PCR
(MA, USA) using SYBR green premix following the
manufacturer’s instructions. Relative expressions of G-6-
Pase and GLUT4 were normalized with B-actin. Data
were analyzed using the 2 **“* method. The sequences of
the reverse and forward primers used in the study are
listed below.

G-6-Pase forward primer: 5’-CACCTTGACACTACACC
CTT-3’

G-6-Pase reverse primer: 5’-GTGGCTGTGAACACCT
CT-3

B-actin forward primer: 5° -GAAATCGTGCGTGACA
TTA-3’

B-actin reverse primer: 5’-ACTCATCGTACTCCTGCT
TG-3’

GLUT4 forward primer: 5’-GCCAGCCTACGCCACCA
TA-3’

GLUT4 reverse primer: 5’-ATGCCAACGATGAAGTTA
CAGG-3’

All primers were designed with Primer Premier 5.0
(Premier Biosoft, Palo Alto, USA), and synthesized by
Huada Gene Co (Shenzheng, China).

Histological assessment and immunohistochemical
analysis

Kidney and pancreas were fixed in 10% neutral formalin
solution one week for hematoxylin and eosin (HE)
staining and normal histological assessment. The section
slices were stained according to Fischer et al (Fischer et
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al., 2008) and Gu et al (2012) with modifications. In brief,
the sections were dehydrated with a serial alcohol
gradient, washed in xylene, and embedded in paraffin.
Before immunostaining, paraffin-embedded sections
(S5um thick each) were dewaxed in xylene, rehydrated
through different concentrations of ethanol, and washed in
0.1M phosphoric acid buffer (PBS, pH 7.4). And then, the
section slices were stained for 10 min with hematoxylin,
rinsed in PBS for 5 min, and stained with 1% eosin Y
solution for 5 min with agitation. Sections were
dehydrated through increasing concentrations of ethanol
and xylene after staining. Cytoplasm and extracellular
were stained pink, nuclei was stained deep purple, and
pancreatic islets was stained pale. Slices were observed
by an Eclipse TE2000U inverted microscope with a twin
CCD camera (Nikon, Japan). To evaluate the expression
of insulin in pancreas, immunohistochemical staining was
performed according to Shang et al (2013) with
modification. After deparaffinization, the serial sections
of the rat pancreas were washed in distilled water
consisting of 0.1% bovine serum albumin (BSA). Then
the endogenous peroxidase activity was quenched for 10
min by incubating the slides in 3% H,0,. After washed
for three times in distilled water, the samples were
incubated for 20 min at ambient temperature in 5% BSA,
and then reacted with the primary antibody at ambient
temperature for 3 h. Then the sections were cleaned in
PBS for three times, biotinylated anti-mouse IgG
(Birmingham, USA) conjugated secondary antibody was
put in, incubated at 25°C for 20 min, and rinsed with PBS.
The immunostaining was visualized using
diaminobenzidine tetrahydrochloride (DAB), and the
slides were counterstained with hematoxylin to facilitate
nuclear identification.

STATISTICAL ANALYSIS

All data were analyzed with SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA) and expressed as mean + SE or mean
+ SE, and statistical significance was assessed by the
Student’s t-test. ~and " indicated significances between
diabetes model group (DM) and normal control group
(NC) at 0.05 and 0.01 levels, respectively, whereas * and
A% indicated significances between diabetes model group
(DM) and chlorogenic acid treatment group (CA) at 0.05
and 0.01 levels, respectively.

RESULTS

Effects of chlorogenic acid on body weight, visceral fat
weight, and incidence of diabetes

During treated with chlorogenic acid for eight weeks, ten
rats developed into diabetes in model group and no
diabetes rat was found in the chlorogenic acid treatment
group (table 2). No differences of body weight were
observed during the initial three weeks (fig. 1A). On the
4th week and the 5th week, body weight of diabetes
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model group was remarkably higher than that of normal
control group (P<0.01). Body weights of diabetes model
group and chlorogenic acid treatment group started to
decrease on the 6th week probably due to the injection of
STZ at the beginning of the 5th week. On the 8th week,
body weight of chlorogenic acid treatment group showed
an increasing trend, whereas the weight of diabetes model
group continued to decline and the significant difference
of body weight between diabetes model group and
chlorogenic acid treatment group was observed (P<0.05).
On the 9th week, the weight of the rats of chlorogenic
acid treatment group was remarkably higher than weight
of rats in diabetes model group (P<0.01). Body weight of
normal control group showed a trend of increasing during
the whole experimental period. And at the end of the
experiment, visceral fat weight of chlorogenic acid
treatment group was remarkably higher than weight of
rats diabetes model group (P<0.01). Visceral fat weight of
diabetes model group was remarkably lower than that of
normal control group (P<0.01). Visceral fat weight of
chlorogenic acid treatment group was 65.03% lower than
that of normal control group (fig. 1B). These outcomes
support that chlorogenic acid significantly ameliorate the
weight that the rats lost both on body and visceral fat in
the diabetic rat model.

Table 1: Composition of commercial standard pellets

Ingredients Content (%)
Wheat starch 20
Rice starch 20
Corn starch 10
Soymeal 24
Fish meal 10
Wheat bran 10
Salt 1
Milk powder 2
Multiplex vitamin 1
Phosphorus and calcium (bone meal) 2

Effects of chlorogenic acid on blood glucose

FBG concentrations from diabetes model group showed
an increasing trend upon STZ treatment, and ten days
after the STZ injection, the increasing slowed down (fig.
2A). FBG concentrations from diabetic model group at
three time points (day 3, day 10 and day 17) were all
remarkably higher than that from normal control group
(P<0.01) (fig. 2A). However, FBG concentrations from
chlorogenic acid treatment group were remarkably
decreased than those from diabetic model group (day 3
P<0.01, day 10 P<0.05, and day 17 P<0.01 after STZ
injection).

The acute effect of chlorogenic acid was evaluated using
oral glucose tolerance test with overnight-fasted SD rats
(fig. 2B). The oral administration of glucose increased the
blood glucose concentrations in diabetic model group.
Although the blood glucose concentrations in chlorogenic

acid treatment group also increased after STZ injection,
its blood glucose concentrations were remarkably lower
than those of diabetic model group at Oh and 2h (P<0.01).
After 2 h of the oral administration of glucose, FBG
concentration from chlorogenic acid treatment group was
37.63% lower than that from diabetic model group. These
results showed that chlorogenic acid could improve
glycaemic control.

350

—-NC =DM -=-CA

Body weight(g)

B Time(week)
14

~ 12

2

E‘) 10

K

3

z 6 AA

]

£ 4

s}

B2

-« *
0

NC DM CA
Fig. 1: Effects of chlorogenic acid treatment for 8 weeks
on the body weight and visceral fat weight of HFSD and
STZ-induced diabetic rats. (A) Body weight. (B) Visceral
fat weight. Values were expressed as mean + SE, n=10.
“p<0.01 for DM versus NC. “p<0.05, “p<0.01, for CA
versus DM.

Effects of chlorogenic acid on insulin sensitivity

FIN levels (P<0.01) and HOMA-IR levels (P<0.05) in
diabetic model group was remarkably higher than those in
normal control group (fig. 3). And ISI levels (P<0.01) in
diabetic model group was remarkably lower than those in
normal control group (fig. 3). Chlorogenic acid treatment
reversed the effect that FIN levels in chlorogenic acid
treatment group significantly decreased (P<0.01), and
HOMA-IR levels in chlorogenic acid treatment group s
remarkably decreased (P<0.05), whereas ISI levels in
chlorogenic acid treatment group remarkably increased
(P<0.05) (comparing to diabetes model group). These
results indicated that chlorogenic acid could increase
insulin sensitivity through decreasing FINS and HOMA-
IR levels and increasing ISI levels.

Effects of chlorogenic acid on serum lipids and FFA
levels

Examining chlorogenic acid treatment and diabetes model
groups, we found that the concentrations of the serum TG,
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TC and LDL-C in chlorogenic acid treatment group
decreased (P<0.01), concentrations of the serum HDL-C
increased (P<0.05) (fig. 4A) even though concentrations
of serum FFA did not decrease (fig. 4B). Examining
normal control and diabetes model groups, we found that
concentrations of serum TG, TC, LDL-C, and HDL-C in
diabetes model group increased (P<0.01), and
concentrations of serum FFA also increased (P<0.01).
These results supported that chlorogenic acid could
protect against diabetic-induced hyperlipidemia.
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Fig. 2: Acute effect of chlorogenic acid on FBG
concentrations and OGTT in HFSD and STZ-induced
diabetic rats. (A) FBG levels. (B) OGTT. Blood samples
were collected to determine FBG concentrationson day 3,
10 and 17 after the STZ injection. During the last week of
the experimental period, blood samples were collected at
0 h, 0.5 h, 1 h and 2 h after imbuing 2.5g/kg glucose for
OGTT. Values are expressed as mean + SE, n=10.
"P<0.01 for DM versus NC. “P<0.05, **P<0.01 for CA
versus DM.

Effects of chlorogenic acid on hepatic G-6-pase and
skeletal muscle GLUT4 mRNA levels

While the expression of hepatic G-6-pase mRNA in
chlorogenic acid treatment group decreased (P<0.05) (fig.
5A), the expression of skeletal muscle GLUT4 mRNA
increased (P<0.05) (fig. 5B). In contrast, G-6-pase mRNA
in diabetes model group increased (P<0.05) (fig. 5A),

Yan Wang et al

whereas the mRNA levels of hepatic GLUT4 in diabetes
model group decreased (P<0.05) (fig. 5B). The results
suggested that chlorogenic acid inhibits glucose
production in liver and stimulate glucose uptake in
skeletal muscles.
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Fig. 3: Effects of chlorogenic acid treatment for 8 weeks
on the insulin sensitivity of HFSD and STZ-induced
diabetic rats. (A) Insulin concentrations. (B) HOMA-IR
index. (C) ISI index. Values are mean + SE, »n=10.
"P<0.05, "'P<0.01 for DM versus NC. *P<0.05, **P<0.01
for CA versus DM.
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Fig. 4: Effects of chlorogenic acid treatment for 8 weeks
on the serum lipids and FFA levels of HFSD and STZ-
induced diabetic rats. (A) Serum lipid levels. (B) serum
FFA levels. Values are mean + SE, n=10. " P<0.01 for
DM versus NC. P<0.05, AAP<().01 for CA versus DM.

Effects of chlorogenic acid on histopathologic changes
on kidney and pancreas

The diameters of glomeruli in diabetes model group were
increased (P<0.05), a sign of hypertrophy, and the
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vacuolar degeneration appeared in its pipe wall of distal
tubules and proximal tubules (fig. 6Aa, 6Ab, 6B). With
chlorogenic acid treatment, the diameters of glomeruli
were reduced (P<0.05), and the pipe wall of distal tubules
showed only a slight vacuolar degeneration (fig. 6Ab,
6Ac). Histopathologic analysis of the pancreas in diabetes
model group revealed a high frequency of degenerative
changes: decrease of insulin-positive granules, islet
atrophy, pancreas degeneration, and pancreas necrosis
(fig. 6Ad, 6Ae). Chlorogenic acid treatment reversed the
changes (fig. 6Af). Chlorogenic acid treatment also
normalized glomeruli diameter (P<0.05) (fig. 6B). These
findings suggested that chlorogenic acid had the potential
to ameliorate diabetic-induced kidney failure and
pancreas damage.
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Fig. 5: Effects of chlorogenic acid treatment for 8 weeks
on the hepatic G-6-pase and skeletal muscle GLUT4
expression of HFSD and STZ-induced diabetic rats. (A)
G-6-pase mRNA levels. (B) GLUT4 mRNA levels.
Values are mean = SE, n=10. *P<0.05 for DM versus NC.
4P<0.05 for CA versus DM.

Effects of chlorogenic acid on immunohistochemical
expression of insulin in pancreas

The immune-histochemical results of pancreas insulin of
SD rats were shown in fig 7. More B-cells were observed
in insulin islet in normal control group, and less B-cells in
insulin islet in diabetes model group (fig. 7a, 7b). When
treated with chlorogenic acid, more B-cells in insulin islet
were observed (CA vs DM, fig. 7b, 7c).

DISCUSSION

Diabetes mellitus and insulin resistance are results of
metabolic disorders of multiple etiologies. Early studies
revealed that the combination of controlled diet (with less

fat and energy intake) and proper physical activity could
decrease the risk of diabetes (Davis et al., 2013).
Chlorogenic acid, a special phenolic acid, has recently
been found to have anti-diabetic and anti-hyperlipidemia
effects in various animal models: db/db mice, high-fat
diet-induced-obese mice and rats, and STZ-induced non-
obese diabetic rats (Huang ef al., 2015; Jeszka-Skowron
et al, 2014; Kim et al., 2011; Liu et al, 2015).
Nevertheless, the mechanism of the preventive effect of
chlorogenic acid on T2DM remains elusive. In this study,
a rat model was prepared by feeding animals with HFSD,
and then injecting a low-dose STZ. This rat model closely
mimics the metabolic features of T2DM in human
(Rodriguez de Sotillo et al., 2006). Chlorogenic acid
along with HFSD was administrated to rats to assess the
effects of chlorogenic acid on T2DM. We evaluated body
weight, visceral fat weight, blood glucose and lipid
metabolism, insulin sensitivity, mRNA levels of hepatic
G-6-Pase and skeletal muscle GLUT4, histological
staining of kidney and pancreas, and
immunohistochemical test of insulin.

Our experiment showed that all of the rats of diabetes
model group developed into diabetes at the end of
experiment. On the contrary, when treated with
chlorogenic acid for eight weeks, no diabetes rat was
found in the chlorogenic acid treatment group. These
findings indicated that chlorogenic acid could inhibit of
the incidence of diabetes.

Early report supported that oral administration of
chlorogenic acid could reduce mice body weight and
visceral fat weight under normal fed conditions (Shimoda
et al., 2006) and chlorogenic acid failed to recover body
weight of diabetic rats (Stefanello et al., 2014). In our
study, eight-week chlorogenic acid preventive treatment
caused a notable body weight gain and visceral fat weight
gain in HFSD and STZ influenced rats This discrepancy
may be due to higher doses of the chlorogenic acid and
longer experiment period in our study, and the different
treatments between prevention and treatment. The above
results suggested that chlorogenic acid could ameliorate
health conditions of the diabetic.

Blood glucose, serum lipids, and FFA concentrations are
general indexes for diabetes. In this study, we showed that
chlorogenic acid decreased the concentrations of blood
glucose and serum lipids (serum TG, TC, and LDL-C).
These results strongly supports that chlorogenic acid
could effectively weaken the symptoms of hyperlipidemia
and hyperglycemia induced by HFSD and STZ. The
sugar-reducing effects and lipid-lowering effects were
consistent with those of the early reports (Li ef al., 2009;
Rodriguez de Sotillo and Hadley, 2002). A remarkable
increase in HDL-C was observed in chlorogenic acid
treatment group (fig. 4A). Consequently, the lower
TC/HDL-C ratio in chlorogenic acid treatment group
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could reduce atherosclerosis risk (Randy et al., 2016).
Besides, chlorogenic acid also ameliorated glucose
tolerance and reduced plasma glucose concentrations after
STZ injection (fig. 2), consistent with that of the early
studies with db/db mice or Zucker rat (Jeszka-Skowron et
al., 2014; Ong et al., 2012). Hyperglycemia in T2DM is
characterized by enhanced hepatic glucose production.
Inhibitors against hepatic glucose production can be used
clinically in glycemic control in the diabetic patients as
insulin sensitizers, for example, metformin, sitagliptin,
and exenatide (He ef al., 2009; Tokajuk et al., 2015). Our
experiment supported that fasting hyperinsulinemia
observed in diabetic rats induced by HFSD and STZ was
associated with hyperglycemia and insulin resistance. The
treatment with chlorogenic acid could ameliorate the
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symptom of hyperinsulinemia and increase insulin
sensitivity. As insulin sensitivity increased, the response
of insulin secretion in the pancreas was reduced, which
could improve glucose tolerance and reduce plasma
glucose rate. Furthermore, our observation of the trend of
decreasing expression of G-6-Pase in liver also suggested
that chlorogenic acid inhibited the hepatic glucose
production. Our results are in agreement with early
reports of the suppression of chlorogenic acid on G-6-
Pase expression in lepr®® mice (Ong et al., 2013) and
albino wistar rats (Bassoli et al., 2008). We believe that
chlorogenic acid effectively inhibit  hepatic
gluconeogenesis.

GLUT4, a glucose transporter mainly expressed in

NC

CA

Fig. 6: Hematoxylin & Eosin staining of kidney and pancreas of HFSD and STZ-induced diabetic rats. (A)
Hematoxylin and eosin staining of kidney of rats from NC (a), DM (b) and CA (c). Light microscope of pancreas
sections from NC (d), DM (e) and CA (f). (B) The calculated glomeruli diameter size. Original magnification
x400.Values are mean = SE, n=10. *P<0.05 for DM versus NC.2P<0.05 for CA versus DM.

Table 2: Chlorogenic acid on incidence of diabetes in HFSD and STZ-induced diabetic rats

Groups At 3 days after the STZ injection At the end of experiment
Normal control group 0 0
Diabetes model group 8 10
Chlorogenic acid treatment group 1 0
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skeletal muscles and adipocytes (Sivitz et al, 1989)
controls glucose uptake in those tissues. Chlorogenic acid
stimulated glucose uptake acutely by increasing
expression and translocation of GLUT4 in skeletal
muscles (Ong et al., 2013; Prabhakar and Doble., 2009;
Shimoda et al, 2006). Our study also showed that
chlorogenic acid treatment increased GLUT4 mRNA
expression. The result illustrated that chlorogenic acid
was anti-hyperglycemic in the preventive treatment of
diabetes mellitus.

ay "

I e Do e AN TEY B FET LY
Fig. 7: Effects of chlorogenic acid on the expression of
insulin in pancreas of HFSD and STZ-induced diabetic
rats. Anti-insulin antibody immunostaining from NC (a),
DM (b) and CA (c). Original magnificationx400.

Metabolic syndromes accompanied by diabetes mellitus
cause many pathological changes. Besides liver and
skeletal muscle, diabetes mellitus also causes notable
pathological changes inside pancreas and kidney. The
early reports indicated that the islet B-cells were impaired
in T2DM (Saisho, 2015). In the impaired islet B-cells the
insulin-signaling pathway is blocked. Other studies
showed that the insulin resistance was related to diabetic
nephropathy in kidney: glomerular hypertrophy and the
damages of renal tubules and interstitial tubules (Wu et
al., 2016). Diabetic nephropathy is characterized by
glomerulosclerosis, tubular matrix deposition as well as
kidney hypertrophy (Ahn et al., 2014). Without proper
treatment, T2DM patients with diabetic nephropathy will
most likely lead to end-stage renal failure. Our study
showed that chlorogenic acid protects from renal damages
in HFSD and STZ induced diabetic rats by reducing the
glomerular expansion and improving the vacuolar
degeneration. Moreover, chlorogenic acid increased more
intense insulin staining and fewer vacuoles emerged in
insulin islets. These findings indicated that chlorogenic
acid exhibited a good efficacy on the HFSD and STZ-
induced beta cell destroy during the forming of diabetes
mellitus that was related to a lower blood glucose and an
higher insulin sensitivity. Previous studies in rodent islets
showed that glucagon-like peptide-1(GLP-1) acted
directly to regulate the insulin gene and enhanced insulin
signaling as well as prevented degradation of IRS-1 and
IRS-2 by suppressing ubiquitin-proteasome pathway
(Drucker et al., 1987; Wang et al, 2014). We also
believed that GLP-1 was probably an important aspect of
the improved B-cell function in those animals.

CONCLUSION

The present study showed that chlorogenic acid has an
inhibitory effect against the forming of T2DM induced by

HFSD and STZ through regulating the glucose and lipid
metabolism. Chlorogenic acid inhibited the hepatic
mRNA expressions of G-6-Pase and up-regulated the
skeletal muscle GLUT4 mRNA expression, to ameliorate
glucose tolerance, insulin sensitivity, dyslipidemia,
glomerular expansion and B-cell function. In conclusion,
chlorogenic acid can have preventive effect on the
forming of T2DM.
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