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Abstract

Quercetin and resveratrol are known to have beneficial effects on the diabetes and diabetic complication, however, the effects of
combined treatment of these compounds on diabetes are not fully revealed. Therefore, the present study was designed to inves-
tigate the combined antidiabetic action of quercetin (QE) and resveratrol (RS) in streptozotocin (STZ)-induced diabetic rats. To
test the effects of co-treated with these compounds on diabetes, serum glucose, insulin, lipid profiles, oxidative stress biomarkers,
and ions were determined. Additionally, the activities of hepatic glucose metabolic enzymes and histological analyses of pancre-
atic tissues were evaluated. 50 male Sprague-Dawley rats were divided into five groups; normal control, 50 mg/kg STZ-induced
diabetic, and three (30 mg/kg QE, 10 mg/kg RS, and combined) compound-treated diabetic groups. The elevated serum blood
glucose levels, insulin levels, and dyslipidemia in diabetic rats were significantly improved by QE, RS, and combined treatments.
Oxidative stress and tissue injury biomarkers were dramatically inhibited by these compounds. They also shown to improve the
hematological parameters which were shown to the hyperlactatemia and ketoacidosis as main causes of diabetic complications.
The compounds treatment maintained the activities of hepatic glucose metabolic enzymes and structure of pancreatic p-cells
from the diabetes, and it is noteworthy that cotreatment with QE and RS showed the most preventive effect on the diabetic rats.
Therefore, our study suggests that cotreatment with QE and RS has beneficial effects against diabetes. We further suggest that
cotreatment with QE and RS has the potential for use as an alternative therapeutic strategy for diabetes.
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INTRODUCTION have numerous limitations because of unwanted side effects
including hypoglycemia, cell death, and high rates of second-
Diabetes, the most common serious metabolic disorder and ary failure. Recently, emphasis has been placed on comple-
one of the five leading causes of death worldwide, is char- mentary and alternative treatments for diabetes focused on
acterized by persistent hyperglycemia associated with carbo- functional foods and their bioactive compounds (Tahrani et al.,
hydrate, protein, and lipid metabolism abnormalities (Ramesh 2010).
and Pugalendi, 2006; Go et al., 2015). Currently, 171 million Quercetin (QE) and resveratrol (RS), two structurally-re-
people are affected with diabetes and the number is expected lated flavonoids, are naturally occurring phenolic compounds
to rise to 366 million by 2030 (Wild et al., 2004). This disease that are widely distributed in plants and natural foods (such as
is caused by a decrease or deficiency in insulin secretion and fruits and vegetables) and have been reported to have many
increased cellular resistance coincident with the induction of beneficial effects including anti-inflammatory, anti-oxidative,
oxidative stress (Machha et al., 2007) and alterations in glu- anti-hypertensive, anticancer, antiviral, neuroprotective, hepa-
cose and lipid metabolism-regulating enzymes (Gupta et al., toprotective and anti-diabetic activities (ElAttar and Virji, 1999;
1999; Ramesh and Pugalendi, 2006). Therefore, controlling of Szkudelski and Szkudelska, 2011). In addition, both RS and
blood glucose level is essential for preventing diabetic compli- QE have been suggested to extend the lifespan of model or-
cations and improving the health of patients with diabetes (Ce- ganisms and reduce cell senescence of normal cells (Machha

riello, 2005). However, the currently available diabetic drugs et al., 2007; Zamin et al., 2009). QE supplementation has
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proven beneficial in normalizing blood glucose levels, aug-
menting liver glycogen content and enzymes, and reducing
serum cholesterol. Furthermore, it has shown to improve the
antioxidant status and prevent oxidative damage, therby pro-
moting the regeneration of pancreatic islets and increasing in-
sulin release in diabetes-induced rats (Vessal et al., 2003). RS
also has antidiabetic effects and decreases blood glucose by
increasing the intracellular transport of glucose and improving
insulin action. It has also been reported to attenuate oxidative
damage of the pancreatic tissue in an animal model of diabe-
tes (Palsamy and Subramanian, 2009, 2011).

Many research studies have reported the combinatory ef-
fects of cotreatment with RS and QE on several diseases.
In glioma cell lines, the combination of QE and RS coopera-
tively triggered apoptosis, inhibited cell proliferation and most
strikingly induced a senescence-like growth arrest, although
supplementation with QE alone had no anti-tumor effects on
these cancer cell lines (Vessal et al., 2003). The combination
of these drugs has shown antitumor effects on several types
of cancers, such as colon cancer, by repressing oncogenic
microRNA-27a (Del Follo-Martinez et al., 2013) and inhibiting
cell growth and DNA synthesis in oral squamous carcinoma
cells (ElAttar and Virji, 1999). They have also exhibited inhibi-
tory effects on angiogenesis in several cancer cells (Igura et
al., 2001).

To the best of our knowledge, there are no reports on the
combined effect of these two flavonoids on glycemic control
in STZ-induced diabetic rats. Therefore, the aim of this study
was to evaluate the effect of cotreatment with QE and RS on
blood glucose, plasma insulin, glycated hemoglobin (HbA1c),
C-peptides, antioxidant activities, carbohydrate and lipid me-
tabolism-regulating enzymes, metabolic acidosis, anionic gap,
and osmolality in STZ diabetic rats.

MATERIALS AND METHODS

Experimental animals

Male Sprague-Dawley rats weighing 200-250 g were pur-
chased from Koatech (Gyeonggi, Korea) and housed at 23
+ 2°C with 50 + 5% humidity and with a 12 h light/dark cycle.
The rats had free access to a standard rat pellet diet and tap
water. All experimental protocols were approved by the Com-
mittee on the Care of Laboratory Animal Resources, Chonbuk
National University (Approval number: CBNU2016-67) and
conducted in accordance with the Guide for the Care and Use
of Laboratory Animals published by the US National Institutes
of Health. All efforts were made to minimize suffering.

Induction of experimental diabetes mellitus and
experimental design

Diabetes was induced by intraperitoneally injecting the rats
with STZ (Sigma-Aldrich, St. Louis, MO, USA) at a dose of
50 mg/kg body weight (BW). The STZ was dissolved in 0.1
mL sodium citrate buffer (pH 4.5). On the day 3 after the STZ
injection, blood glucose levels from the non-fasted rats were
measured and rats with levels >350 mg/dL were considered to
have type 1-diabetes. After establishing the diabetic model, 50
rats were divided into five equal groups: normal control, STZ-
induced diabetes, diabetes with QE (Sigma-Aldrich) treat-
ment, diabetes with RS (Enzo Life Sciences Inc., Plymouth
Meeting, PA, USA) treatment, and diabetes with QE and RS

cotreatment (n=10 in each group). The dosages of QE (Ro-
slan et al., 2017) and RS (Yonamine et al., 2016) were used
as previously described. The compounds-treated groups were
daily administered intraperitoneal injections at doses of 30,
10, and 30+10 mg-kg™'-day~' for QE, RS, and the cotreatment,
which were dissolved in 0.3% dimethyl sulfoxide (DMSO), re-
spectively for 14 days from the 3rd day after STZ injection for
the establishment of diabetes. The normal control and STZ-
induced diabetic rats were treated with 0.3% DMSO. During
the experimental period, all animals were carefully monitored.

Measurement of blood glucose levels

To measure the glucose levels, fresh blood samples were
collected from the rat tail vein, and glucose levels were then
determined using a blood glucose meter (ACCU-CHEK® Ac-
tive, Roche Diagnostics, Mannheim, Germany) that uses test
strips to assess a glucose oxidoreductase mediated dye re-
action, according to the manufacturer’s instruction. The blood
glucose levels were measured on the day of 0, 7, 9, 12 and
14th.

Oral glucose tolerance test (OGGT)

The rats were orally administrated glucose (2 g/kg) after
overnight fasting for 12 h at 14th day after compounds treat-
ment. Blood samples were collected from the tail vein at 0,
30, 60, 90, 120 min after the administration of glucose. The
glucose levels were then determined using a blood glucose
meter (ACCU-CHEK® Active, Roche Diagnostics) according to
the manufacturer’s instruction.

Biochemical analysis

Blood was collected from the caudal vena cava after all
rats were euthanized. Blood collection, storage, and measure-
ment were performed as previously described (Rahman et
al., 2014). A Nova Stat Profiler pHOxr Ultra analyzer (NOVA
Biomedical Corp., Waltham, MA, USA) was used to measure
the lactate, pH, bicarbonate (HCOs), hemoglobin (Hb), he-
matocrit (Hct), Na*, and CI- ion levels in the freshly collected
whole blood. The anion gap values were calculated using the
formula (Na*-[CI"+HCO]). Serum was collected by centrifug-
ing the whole blood samples at 1,500 g for 15 min. A Hitachi
7020 system (Hitachi, Tokyo, Japan) was used to analyze
the serum alanine aminotransferase (ALT), aspartate amino-
transferase (AST), alkaline phosphatase (ALP), gamma glu-
tamyl transferase (GGT), lactate dehydrogenase (LDH), cre-
atinine kinase (CK), total cholesterol (TC), triglyceride (TG),
high-density lipoprotein (HDL), low density lipoprotein (LDL),
creatinine (CRE), and blood urea nitrogen (BUN) levels. The
very low-density lipoprotein (VLDL) was calculated using the
following formula: VLDL=TG/5, as previously described (Frie-
dewald et al., 1972). Finally, osmolality (Osm) values were cal-
culated using the following formula: 1.86xNa*+(Glucose/18)+
(BUN/2.8)+9, as previously described (Rahman et al., 2014).

Measurements of serum insulin, C-peptide, and HbA1c
Fasting serum insulin levels were measured using a rat in-
sulin enzyme-linked immunosorbent assay (ELISA) kit (ALP-
CO Diagnostics, Windham, NH, USA) according to the manu-
facturer’s protocol. Commercially available C-peptide enzyme
immune assay (EIA, Sigma-Aldrich) and HbA1c ELISA (Cusa-
bio Biotech Co., Ltd., Wuhan, China) kits were used to quantify
these parameters according to the manufacturers’ protocols.
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Measurements of hepatic glucose regulating enzymes

The rat livers were quickly rinsed and lysed in homogeniz-
ing buffer containing 0.25 M sucrose, 0.02 M triethanolamine
(pH 7.4), and 0.12 mM dithiothreitol. The cytosolic fractions
were then prepared by centrifugation at 100,000 g for 1 h,
and they were used for further enzyme assays. Glucose-
6-phosphate dehydrogenase (G6PD), Glucose-6-phospha-
tase (G6P), and malic enzyme (ME) levels were measured
using a spectrophotometer as previously described (Baquer et
al., 1976; Zak et al., 1977). glucokinase (GK) isozymes were
assayed as described by (Gumaa and McLean, 1972) using
the coupled enzymatic reaction system using nicotinamide
adenine dinucleotide phosphate (NADP) at 25°C. Phospho-
enolpyruvate carboxykinase (PEPCK) enzyme activity was
assayed at 25°C in the reverse direction, carboxylation of
phosphoenolpyruvate to form oxaloacetic acid in the presence
of NADH (Roslan et al., 2017).

Measurement of oxidative stress-related enzymes

The serum levels of malondialdehyde (MDA) were mea-
sured using an OXI-TEK thiobarbituric acid reactive sub-
stances (TBARS) kit (Enzo Life Sciences Inc.). The reaction
products were determined by measuring the absorbance of
the reaction solution at 532 nm using a SpectraMax M2 micro-
plate reader (Molecular Devices, Sunnyvale, CA, USA), ac-
cording to the manufacturer’s instructions. The serum levels
of superoxide dismutase (SOD) were measured using an SOD
activity kit (Enzo Life Sciences Inc.), which measures the ab-
sorbance of the reaction products at 450 nm. Total glutathione
(tGSH) and oxidized GSH (GSSG) were measured using a
GSH (total) detection kit (Enzo Life Sciences Inc.). The absor-
bances of the reaction products were measured at 405 nm.
The concentration of reduced GSH was calculated using the
following formula: GSH=(tGSH-GSSG). The redox ratio was
calculated using the following formula: GSH:GSSG=(tGSH-2
GSSG/GSSG), as previously described (Go et al., 2015).

Histological analysis of Pancreas tissues

The pancreas tissue samples were dissected, rinsed,
and fixed in 10% neutral-buffered formalin. After fixation, the
samples were embedded in paraffin, 5-um sections were cut,
stained with hematoxylin and eosin (H&E), and then examined
using light microscopy.

Statistical analysis

All the data are expressed as the mean + standard error
of the mean (SEM). Statistical significance was evaluated us-
ing an analysis of variance (ANOVA) with the Bonferroni post
hoc test (Prism 5.03, GraphPad Software Inc., San Diego, CA,
USA). A p<0.05 was considered statistically significant.

RESULTS

Effects of QE, RS, and cotreatments on body weight
changes and water intake

The diabetic rats showed the loss of body weight compared
with that in normal control group at the 14th day after start-
ing compounds treatment. Otherwise, it was inhibited in com-
pounds-treated groups, including QE, RS, and cotreated with
QE and RS compared with diabetic-induced group (Fig. 1A).
Water intake gradually increased, and remained stable from
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Fig. 1. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on body weight change and water consumption. (A)
Initial body weight and final body weight (at 14th day after com-
pounds treatment) of rats in all groups. (B) Average daily water in-
take during the experimental period. Rats were equally divided into
each group (n=10 per group). Data are means + standard error of
the mean (SEM). Groups: NC, normal control; STZ, streptozotocin-
treated diabetic; STZ+QE, QE-treated STZ-diabetic rats; STZ+RS,
RS-treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated
STZ-treated diabetic rats. *p<0.05, **p<0.01, and ***p<0.005 vs.
NC group; #p<0.05, #p<0.01, and **p<0.001 vs. STZ-treated
group.

the 8th day in diabetic group compared with that in normal
control group, however, the increases of water intake signifi-
cantly inhibited in compounds-treated groups compared with
that in diabetic group (Fig. 1B). Of particular, the cotreated
group showed the most effective in these parameters than
those in each individual treated group.

Effects of QE, RS, and cotreatments on glucose levels

Fig. 2A shows the changes of glucose levels during ex-
perimental period. The glucose level steadily increased in
the STZ-treated group compared with that in the normal con-
trol group while QE, RS, and cotreated groups showed sig-
nificantly decreased glucose levels, especially compounds
treated groups have shown to significant decreases of blood
glucose levels from the 7th day compared with that shown by
the STZ-treated group. On 14th day after compounds treat-
ment, the glucose level of the STZ-treated group significantly
increased compared with that in the normal control group. In
contrast, QE or RS treatment significantly decreased the glu-
cose levels compared with that in the STZ-treated group. No-
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Fig. 2. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on blood glucose levels. The blood glucose levels dur-
ing the experimental period (A) and oral glucose tolerance test
(OGTT) conducted at 14th day after compounds treatment (B).
The Rats were equally divided into each group (n=10 per group).
Data are means + standard error of the mean (SEM). Groups: NC,
normal control; STZ, streptozotocin-treated diabetic; STZ+QE,
QE-treated STZ-diabetic rats; STZ+RS, RS-treated STZ diabetic
rats; STZ+QE+RS, QE and RS-cotreated STZ-treated diabetic
rats. *p<0.05, **p<0.01, and ***p<0.001 vs. NC group; *p<0.05,
#p<0.01, and *p<0.001 vs. STZ-treated group.

tably, the cotreated group showed the lowest glucose level of
all the treated groups (Fig. 2A). In addition, the OGTT showed
that glucose tolerance was impaired in diabetic rats, while this
impairment was improved in compounds-treated diabetic rats
(Fig. 2B).

Effects of QE, RS, and cotreatment on serum insulin,
C-peptide, HbA1¢, Hb, and Hct levels

In the STZ-treated group, the serum insulin, C-peptide,
blood Hct and Hb levels significantly decreased compared
with those in the normal control group. In contrast, QE, RS, or
combined treatments restored these hematological parame-
ters in diabetic rats compared with the levels in the STZ-treat-
ed group. Conversely, the HbAlc was significantly elevated in
the STZ-induced diabetic rats, while the levels were nearly
normal in the QE, RS, and cotreated groups (Fig. 3).
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Fig. 3. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on serum levels of (A) Insulin, (B) C-peptide, (C) glycat-
ed hemoglobin (HbA1c), (D) hemoglobin (Hb) and (E) hematocrit
(Hct). Rats were equally divided into each group (n=10 per group).
Data are means + standard error of the mean (SEM). Groups: NC,
normal control; STZ, streptozotocin-treated diabetic; STZ+QE, QE-
treated STZ-diabetic rats; STZ+RS, RS-treated STZ diabetic rats;
STZ+QE+RS, QE and RS-cotreated STZ-treated diabetic rats.
Significance was measured using one-way analysis of variance
(ANOVA) followed by Bonferroni’s post-hoc test. *p<0.05, **p<0.01,
and ***p<0.005 vs. NC group; #p<0.05, #p<0.01, and *p<0.001
vs. STZ-treated group. HbA1c, glycated hemoglobin; Hb, hemoglo-
bin; Hct, hematocrit.

Effects of QE, RS, and cotreatment on serum lipid profiles

To investigate whether the hypoglycemic effect of the test
compounds was mediated through protective actions against
dyslipidemia in diabetic rats, we determined the serum lipid
profiles. As shown in Fig. 4, TC, TG, LDL, and VLDL levels
markedly increased in the STZ-treated group compared with
those in normal control group. In contrast, increases in these
parameters were significantly inhibited in the QE, RS, and
cotreated groups. The HDL level exhibited an opposing in-
creasing trend, which was dramatically decreased in the STZ-
induced diabetic rats. Compared to the STZ-treated group, the
QE, RS, and cotreated groups showed significant improve-
ments (Fig. 4D). Notably, we observed that the cotreatment
was more effective on the lipid profiles than each individual
treatment was.
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Fig. 4. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on serum lipid profiles. Rats were equally divided into
each group (n=10 per group). Data are means + standard error of
the mean (SEM). Groups: NC, normal control; STZ, streptozotocin-
treated diabetic; STZ+QE, QE-treated STZ-diabetic rats; STZ+RS,
RS-treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated
STZ-treated diabetic rats. Significance was measured using one-
way analysis of variance (ANOVA) followed by Bonferroni’s post-
hoc test. *p<0.05 and ***p<0.005 vs. NC group; #p<0.01 and
#p<0.001 vs. STZ-treated group. TC, total cholesterol; TG, triglyc-
eride; HDL, high density lipoprotein; LDL, low density lipoprotein;
VLDL, very low density lipoprotein.

Effects of QE, RS, and cotreatment on hepatic glucose
regulating enzymes

To determine the effects of QE, RS, and cotreatment on
glucose and lipid metabolism in the liver under diabetic condi-
tions, we investigated the hepatic glucose contents after treat-
ing the STZ-induced diabetic rats with the test compounds.
The GK, G6PD, and ME levels were decreased in the STZ-
treated group. Especially, cotreatment of QE and RS were
shown to the most significantly protective effects compared
with those in diabetic group. In contrast, the enzyme levels of
all the compound-treated groups were conserved their proper-
ties. In addition, the levels of G6P and PEPCK enzymes were
significantly elevated in the STZ-treated group while increases
in the levels of the diabetic QE, RS, and cotreatment groups
were dramatically inhibited to levels that were similar to those
in normal control group (Fig. 5).
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Fig. 5. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on hepatic glucose-regulating enzymes activities. Rats
were equally divided into each group (n=10 per group). Data are
means +* standard error of the mean (SEM). Groups: NC, nor-
mal control; STZ, streptozotocin-treated diabetic; STZ+QE, QE-
treated STZ-diabetic rats; STZ+RS, RS-treated STZ diabetic rats;
STZ+QE+RS, QE and RS-cotreated STZ-treated diabetic rats. Sig-
nificance was measured using one-way analysis of variance (ANO-
VA) followed by Bonferroni’s post-hoc test. *p<0.05, **p<0.01, and
***p<0.005 vs. NC group; #p<0.01 and *#p<0.001 vs. STZ-treated
group. GK, glucokinase; G6PD, glucose 6 phosphate dehydroge-
nase; G6P, glucose 6 phosphatase; ME, malic enzyme; PEPCK,
phosphoenolpyruvate carboxykinase.

Effects of QE, RS, and cotreatment on blood ion and
metabolite concentrations

The blood pH and HCOj;™ concentrations were decreased
while the blood lactate concentration, anionic gap, and os-
molality were increased in the STZ-treated group. Similarly,
alterations in Na* and CI~ ion concentrations were observed in
the STZ-treated group. However, the QE, RS, and cotreated
groups showed a significant preservation of these blood pa-
rameters and ion concentration levels at similar levels to those
of the normal control group (Table 1).

Effects of different treatments on serum levels of tissue
injury markers

As shown in Table 2, levels of ALT, AST, ALP, GGT, BUN,
and CRE were elevated while the TP level was reduced in the
STZ-treated group compared with those of the normal control
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Table 1. Effects of quercetin (QE), resveratrol (RS), and their cotreatment on hematological parameters and blood ions in streptozotocin (STZ)-induced
diabetic rats

NC STZ STZ+QE STZ+RS STZ+QE+RS
pH 7.44 +0.01 7.32 + 0.02*** 7.43+0.01% 7.41+0.01% 7.43+0.01%
Lactate (mmol/L) 48+0.3 6.2 + 0.4** 5.2 + 0.3 57+0.1*% 4.9+0.3"
HCOs™ (mmol/L) 29.0+ 1.0 22.9 +0.6* 269+ 1.4 26.5+0.7% 27.0 + 0.6**
Osmolality (mOsm/L) 295+ 1.0 335 + 3.0 308 + 2.0% 312 + 3.0 302 + 1.0%
Anion gap (mmol/L) 96+1.4 175+2.0 12.0 + 1.5% 151+ 1.9% 13.3 + 1.2+
Na" (mmol/L) 147 £1.0 152 + 1.0* 149 £ 1.0 150 £ 1.0 148 + 1.2

CI” (mmol/L) 109 £ 1.0 111 +1.0* 110+1.0 109 + 2.0* 107 + 1.0%

Rats were equally divided into each group (n=10 per group). NC, normal control; STZ, streptozotocin-treated diabetic; STZ+QE, QE-treated
STZ-diabetic rats; STZ+RS, RS-treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated STZ-treated diabetic rats. Data are means +
standard error of the mean (SEM). Significance was measured using one-way analysis of variance (ANOVA) followed by Bonferroni’s post-
hoc test. *p<0.05, **p<0.01, and ***p<0.005 vs. NC group; *p<0.05, #p<0.01, and *"p<0.001 vs. STZ-treated group, respectively.

Table 2. Effects of quercetin (QE), resveratrol (RS), and their cotreatment on serum liver and kidney injury markers in streptozotocin (STZ)-induced dia-
betic rats

NC STZ STZ+QE STZ+RS STZ+QE+RS
AST (IU/L) 87+3 166 + 7*** 117 & Qs 126 + 14+ 107 + 10+
ALT (IU/L) 50+ 4 115 + 6*** 68 + 7+ 87 + 9+ 56 + 5"
ALP (IU/L) 272 £ 19 920 + 52*** 520 + 44*+## 606 + 80**+* 501 + 76+
GGT (IU/L) 10.68 + 0.84 19.25 + 1.2+ 14.65 + 2.2+ 13.32 & 1,54+ 12.36 + 2.1%
BUN (mg/dL) 25+ 1 39 + 2% 30 + 2" 35+ 2% 29 + 2"
CRE (mg/dL) 0.5+0.0 0.9+ 0.0 0.7+0.0 0.7 + 0.0% 0.6 + 0.0*
TP (mg/dL) 47+0.1 3.9+0.2% 4.5+ 0.1 4.3+0.1% 4.7 £0.1%

Rats were equally divided into each group (n=10 per group). NC, normal control; STZ, streptozotocin-treated diabetic; STZ+QE, QE-treated
STZ-diabetic rats; STZ+RS, RS-treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated STZ-treated diabetic rats. Data are means
+ standard error of the mean (SEM). Significance was measured using one-way analysis of variance (ANOVA) followed by Bonferroni’s
post-hoc test. *p<0.05, **p<0.01, and ***p<0.005 vs. NC group; #p<0.01 and *#p<0.001 vs. STZ-treated group, respectively. AST, aspartate
aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase; GGT, gamma glutamyl transferase; BUN, blood urea nitrogen;

CRE, creatinine; TP, total protein.

group. Notably, changes in these values were significantly in-
hibited by the QE, RS, and especially, the cotreatment.

Effects of QE, RS, and cotreatment on serum oxidative
stress parameters

To investigate the protective actions of our test compounds
against oxidative stress in diabetic conditions, we determined
the levels of various serum oxidative stress parameters after
treatment of STZ-induced diabetic rats. Serum SOD, tGSH,
and GSH levels significantly decreased while MDA and GSSG
levels markedly increased in the STZ-treated group compared
with those in the normal group. These changes were accompa-
nied by a significant decrease in the redox ratio (GSH:GSSG).
However, we found that these effects were reduced by the QE,
RS, or cotreatment in diabetic rats (Fig. 6).

Histological analysis of pancreatic tissues

The STZ-induced diabetic rats exhibited extensive granula-
tion of the p-cells and severe vacuolation of the pancreatic is-
lets, while normal pancreatic-f cells in the islet of Langerhans
and the acini were observed in the normal control group. Con-
versely, histological analysis of tissues from diabetic rats in the
QE, RS, and cotreatment groups revealed less p-cell granula-
tion and reduced pancreatic islet vacuolation compared with
that shown by the STZ-treated group (Fig. 7).

135

DISCUSSION

Hyperglycemia occurs in type-1 diabetes because of the
toxic conditions destroy the pancreatic p-cells, leading to a
deficiency in insulin secretion (McLellan et al., 1994; Rolo and
Palmeira, 2006). This effect subsequently causes disturbanc-
es in all the biochemical mechanisms of the body, leading to
hyperlipidemia as well as cardiac and renal failure (American
Diabetes Association, 2010; Zhou et al., 2016).

Recently, natural plant compounds are becoming attrac-
tive as therapeutic agents against diabetes because they
have fewer side effects than currently used diabetes drugs.
Among them, QE and RS are naturally occurring flavonoids
that are found in food items such as fruits, vegetables, and red
wines. These compounds have been reported to have many
beneficial effects, including anti-inflammatory, anti-oxidative,
antihypertensive, anticancer, antiviral, neuroprotective, hep-
atoprotective and antidiabetic activities (Zamin et al., 2009;
Szkudelski and Szkudelska, 2011). Notably, previous studies
have reported that treatment with QE or RS alone lowered
blood glucose levels in diabetic mice and rats (Vessal et al.,
2003; Su et al., 2006).

Individual treatment of QE and RS has also shown to have
ameliorative effects on type 2 diabetes in both in vitro and in
vivo studies. QE has been shown to effectively lower the plas-
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Fig. 6. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on serum oxidative stress-related parameters in strepto-
zotocin (STZ)-induced diabetic rats. Rats were equally divided into
each group (n=10 per group). Data are means * standard error of
the mean (SEM). Groups: NC, normal control; STZ, streptozotocin-
treated diabetic; STZ+QE, QE-treated STZ-diabetic rats; STZ+RS,
RS-treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated
STZ-treated diabetic rats. Significance was measured using one-
way analysis of variance (ANOVA) followed by Bonferroni’s post-
hoc test. *p<0.05, **p<0.01, and ***p<0.005 vs. NC group; #p<0.01
and " p<0.001 vs. STZ-treated group. MDA, malondialdehyde;
SOD, superoxide dismutase; tGSH, total glutathione; GSH, re-
duced glutathione; GSSG, oxidized glutathione.

ma glucose levels and improve other diabetic-related param-
eters, such as liver gluconeogenesis and serum lipid- param-
eters (Chen et al., 2016). RS treatment also reported to exhibit
the anti-diabetic activity in type 2 diabetes-induced mice (Os-
haghi et al., 2017). Additionally, few studies have investigated
the addictive or synergistic effects of combined treatment of
QE and RS by in vitro or in vivo approaches. Combination
of QE and RS caused to a significant reduction in all fat de-
posits in rats fed the obesogenic diet (Arias et al., 2016). The
combined supplementation of these compounds resulted in
the restoration of genes involved in glucose/lipid metabolism,
liver function, cardiovascular system, and inflammation/immu-
nity, which were altered by high fat diet (Zhou et al., 2012).
However, the actual mechanisms of these compounds are
not fully understood. Moreover, their combined effect has not
been evaluated in diabetic rats. Thus, in the present study, we
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Fig. 7. Effects of quercetin (QE), resveratrol (RS), and their co-
treatment on pancreatic tissues. Rats were equally divided into
each group (n=10 per group). H&E staining were conducted using
pancreatic tissues from rats at 14 days after compounds treat-
ments. Groups: NC, normal control; STZ, streptozotocin-treated
diabetic; STZ+QE, QE-treated STZ-diabetic rats; STZ+RS, RS-
treated STZ diabetic rats; STZ+QE+RS, QE and RS-cotreated
STZ-treated diabetic rats. Scale bar, 50 um.

investigate the antidiabetic properties and underlying mecha-
nisms of QE and RS alone and in combination using STZ-
induced diabetic rats.

We investigated whether treatment with QE and RS alone
or in combination could reduce the FBG levels in diabetic rats.
The results showed that the FBG levels of QE- or RS-treated
diabetic rats were close to normal while the levels were sig-
nificantly increased in the STZ-induced diabetic rats. Notably,
the diabetic rats cotreated with QE and RS showed the most
marked decrease in glucose to the lowest levels compared to
treatment with QE or RS alone. Similarly, the decreased levels
of serum insulin in diabetic rats caused by the destruction of
pancreatic pB-cells were restored by QE, RS, or QE+RS treat-
ments. Other hematological parameters such as the HbA1c
level have been found to be directly proportional to the blood
glucose concentration (Go et al., 2015). In addition, C-peptide,
a protein that connects the a- and B-chains of insulin in the
proinsulin molecule, is important for insulin synthesis (Cerso-
simo et al., 2014). Therefore, it is thought to have a crucial role
in controlling glucose levels (Saisho et al., 2011). As expected,
QE, RS, or QE+RS treatment restored the serum HbA1c and
C-peptide levels in diabetic rats, especially cotreatment with
QE and RS, which was more effective than either QE or RS
alone.

Additionally, our histological analysis showed that our test
compounds, especially with cotreatment, preserved the pan-
creatic tissue while that of the STZ-induced diabetic rats ex-
hibited severe damages to both -cells and pancreatic islets.
Indeed, the destruction of the pancreatic p-cells is main symp-
toms in type 1 diabetes and consequently caused to impair-
ment of insulin production. Collectively, our results suggest
that QE, RS, and especially their combination controlled the
insulin levels and exerted hypoglycemic activity in diabetic
rats. Furthermore, these beneficial effects are thought to be
medicated by the improved function of the diabetic pancreatic
tissue. Under diabetic conditions, insulin can alter lipid me-
tabolism, and abnormalities in fatty acid metabolism, which
cause accumulation of lipids in the blood and liver, which in
turn impair pancreatic p-cells function (Kulkarni et al., 2012).
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Thus, diabetic dyslipidemia is an important risk factor for many
complications including atherosclerosis, myocardial infarction,
coronary diseases, and nephrotoxicity (Yim et al., 2007). Our
study reveals that QE and RS treatments reduced the serum
lipids levels (TC, TG, LDL, and VLDL). Especially, cotreatment
with QE and RS more effectively improved these levels than
treatment with either compound did alone. In addition, these
compounds also showed similar positive effects on the lipid
metabolism-related hepatic enzymes. Therefore, our results
indicate that these compounds have beneficial effects in con-
trolling dyslipidemia associated with diabetic complications.

Liver has a major role of endogenous glucose produc-
tion by glycogenolysis and gluconeogenesis (Vidal-Puig and
O’Rahilly, 2001). Under the diabetic conditions, hepatic glu-
cose overproduction is occurred, and further results in hy-
perglycemia (Kurukulasuriya et al., 2003). The present study
revealed that the activities of hepatic glucose-regulating en-
zymes were impaired in diabetic rats, otherwise, combined
treatment of QE and RS as well as individual treatments of QE
and RS effectively reserved the activities of these enzymes
against the diabetes. Especially, G6Pase and PEPCK, which
plays a role in glucose homeostasis and are key rate-limiting
enzymes of gluconeogenesis, were dramatically reduced their
activities when cotreated with QE and RS treatment. There-
fore, the hypoglycemic effects of these compounds in diabetic
rats might be due to the restoration of these hepatic glucose-
regulating enzymes.

In the past decades, considerable evidence has estab-
lished the role of oxidative stress in the pathogenesis of dia-
betic complications. Indeed, several studies have reported
that hyperglycemia and hyperlipidemia contribute to the ac-
cumulation of ROS and antioxidants deficiency (e.g., SOD
and GSH) in both diabetic experimental animals and patients
(West, 2000; Piwkowska et al., 2011). Consistent with these
findings, our data have shown that antioxidants were sup-
pressed in diabetic rats while QE and RS treatments restored
these antioxidant levels. Furthermore, cotreatment with QE
and RS was more effective in restoring the antioxidant proper-
ties than either treatment was alone.

Reduced blood pH and HCO;™ levels but elevated lactate
and anionic gap levels were observed in the diabetic rats in
this study, indicating hyperlactatemia and ketoacidosis (Go et
al., 2015). Indeed, diabetic ketoacidosis and lactic acidosis are
life-threatening complications of diabetes that occurs when in-
sulin levels are low or deficient (Wilson, 2010). Interestingly, we
observed that in the QE, RS, and particularly the QE and RS
cotreated groups the values were maintained at normal levels.
These results indicate that QE and RS promoted the utilization
of glucose and ameliorated ketosis and metabolic acidosis.
Furthermore, impairment of electrolyte balance such as that
of Na*, CI~ and the anion gap are common features in patients
with diabetes due to increased urinary loss. These symptoms
were improved by QE, RS, and cotreatment, possibly due to
the correction of hyperglycemia and insulin deficiency (Go et
al., 2015). Finally, the elevated serum levels of ALT, AST, ALP,
and GGT, as liver injury markers in diabetic rats indicate the
induction of tissue injuries due to the diabetes-induced oxida-
tive stress. These elevations were dramatically prevented by
QE, RS, or cotreatment. Therefore, our test compounds may
prevent the liver damage due to the diabetes. Serum CRE
and BUN levels which are indicators for diabetic nephropathy
(Wang et al., 2011) were significantly increased in diabetic rats

while these effects were significantly inhibited by QE, RS, and
the cotreatment. Thus, the compounds exhibited the potential
to protect the kidney in the diabetic rats.

In conclusion, our results suggest that QE, RS, and es-
pecially their cotreatment have the potential to improve hy-
perglycemia, serum glucose dysfunction, and dyslipidemia in
STZ-induced diabetic rats. We also demonstrated that treat-
ment with QE and RS alone and in combination improved the
pathological blood conditions of diabetic rats. Therefore, our
study provides evidence that cotreatment with QE and RS is
a potentially useful strategy for the treatment of diabetes. Fur-
thermore, cotreatment of QE and RS is worth to evaluate their
effects on the type 2 diabetes in the future.
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