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Quercetin as a Modulator of Diabetic Macrovascular
Complications in Murine and Chick Embryo Models
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ABSTRACT

Background: Quercetin, a bioflavonoid, with wide natural occurrence has been found to
possess numerous pharmacological benefits. Aim: The present work deals with exploring
efficacy of Quercetin against diabetic macrovascular complications taking the aid of
the high fat diet fed-low dose streptozotocin rat model. The use of the chick embryo
model in this regard was attempted with an aim to address the growing ethical concerns
for the use of higher animals in biological experiments. Methods: High Fat Diet (HFD)
+STZ (35 mg/kg) induced diabetes was treated with metformin and quercetin in rats.
Diabetic simulation was done in chick embryos with B-hydroxy butyric acid (15 mM)
and glucose (20 mM). HbA1c, Fasting Blood Glucose (FBG), TC, TG, HDL, LDH and
CK-MB were estimated in rat serum whereas blood glucose and lipid profile tests were
done in amniotic fluid, liver and heart tissues of chick embryos. Histopathological study
was performed on heart tissues of the wistar albino rats. Results: Increased HbA1c,
blood glucose, TC, TG and decreased HDL were found in the chick embryo models
proving its success in simulating diabetic condition. Reversal of blood glucose, HbA1c
and lipid profile anomalies towards normal after quercetin treatment was comparable to
metformin treated groups in both rat and chick embryo models. Quercetin was found
to be effective in decreasing elevated serum LDH and more effective in decreasing CK-
MB levels. Conclusion: Biochemical and histopathological evidences pointed towards
quercetin having potential benefits in diabetic macrovascular complications and that the
chick embryo is an effective alternative model for the said condition.
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INTRODUCTION

Diabetes mellitus (DM) is a progressive
metabolic disorder characterized by abnor-
malities in carbohydrate, fat, electrolyte and
protein metabolism which ultimately lead
to several acute and chronic complications.'
It has emerged as a major epidemic of this
century, which has increased in incidence
by 50% over the past 10 years.” Generally,
the injurious effects of hyperglycemia are
separated into macrovascular complications
(coronary artery disease, peripheral arterial
disease, and stroke) and micro vascular
complications (diabetic nephropathy, neu-
ropathy, and retinopathy).” The present
study focusses on various macrovascular
complications of DM. In diabetic patients,
a much more widespread and aggressive

form of atherosclerosis is observed in the
coronary arteries, lower extremities, and
extra cranial carotid arteries, causing nearly
80% of all deaths and much of the disability
in these patients.* The direct and indirect
effects of diabetes mellitus on the human
vascular tree are the major source of morbidity
and mortality in both type 1 (T'1D) and type 2
(T2D) diabetes where both are indepen-
dent risk factors for myocardial infarction,
peripheral vascular disease, and stroke with
an increased risk of cardiac dysfunction
and heart failure.” In addition to atheroma
formation, increased platelet adhesion and
hypercoagulability occur in T2D. In diabetic
patients, impaired nitric oxide generation
and increased free radical formation in
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platelets, as well as altered calcium regulation, may
promote platelet aggregation. FElevated levels of
plasminogen activator inhibitor type 1 may also impair
fibrinolysis in patients with diabetes. The combination
of increased coagulability and impaired fibrinolysis is
likely to further increase the risk of vascular occlusion
and cardiovascular events in type 2 diabetes.

Diabetic complications have been modeled 7 vivo and
in vitro for a long time.”” Majotity of these models deal
with mammals such as mice and rats which also include
genetically engineered species and cell/tissue culture
specimens.'’ These generally involve huge expenditure,
technical support and highly trained personals. Recently
there is an increased attempt to bring down the number
of mammals used in biological research based on ethical
grounds." The use of chick embryos in this respect has
been proved to be fruitful.'” In this regard a model may
be developed 7z ovo to study diabetes and also its
macrovascular complications and to correlate the same
to some existing murine models. The effects of protective
agents may also be perceived using such a model. This
will result in a non-transgenic, cost effective and rela-
tively low duration yet precise model with greater ethical
acceptance.

Flavonoids present in foods possess various medicinal
properties such as antioxidant, antithrombotic, anti-
inflammatory, anti atherogenic, antiatherosclerotic and
cardioprotective effects. Various studies have shown
that the risk of heart diseases can be reduced through
the consumption of flavonoid rich diets.”” They may
inhibit the development of vascular diseases by altering
production of endothelial cell eicosanoid. Flavonoids
have shown to lower blood pressure, regulate fatty acid
oxidation and improve functioning of adipocytes and
are hence beneficial in obesity."* The flavonoid quercetin
has been found to be an able representative compound
in this regard and its properties ought to be explored in
order to evaluate the effectiveness of this flavonoid in
case of diabetes induced macrovascular complications.'

METHODS
In ovo model'®

Fertilized eggs (within 24 hrs of laying) of Chattisgarh
Broiler (Chebro) hens were incubated at 36° to 38°C
and 58-60% R.H.

Fertilized Eggs were divided into 4 groups of 10 eggs
each and were administered the following treatments on
Embryonic day (ED) 10 via injection in the narrow end
of eggs under aseptic conditions.

Group G1: Normal Control-Injected with 0.1 mL PBS,
pH 7.4

Group G2: Diabetic Control- Injected with glucose
(glu 20mM) + B-hydroxy butyric acid (HBA 15mM) in
0.1mL PBS (Glu+HBA).

Group G3: Standard Treated- (Glu+HBA) + Metformin

(2.5mg/egg)
Group G4: Quercetin Treated- (Glu+HBA) + Quercetin

(2.5mg/egg)
Injection of drugs into eggs

Each egg was candled on ED 5 and those found to be
unfertilized were discarded. The process of injection
was carried out on ED 10 under aseptic conditions
using a bio safety cabinet equipped with ultraviolet lamp
and HEPA filter. After sterilizing the surface of each
egg with 70% v/v ethanol to minimize microbial attack
to embryos, the narrow end of the egg was pierced
and 0.1 mL drug solution as per grouping (or water for
injection in case of control group eggs) was injected and
the orifice was quickly sealed with molten paraffin wax.
A second orifice was drilled at the blunt end to release
pressure developed due to increased fluid volume and
sealed immediately.

Procedure after completion of 17 days of
incubation

ED 17 embryos were harvested by breaking open the
eggs on a petridish. Blood glucose was measured using
a commercially available glucometer (Accusure). The
heart and liver tissues along with the amniotic fluid
were collected from each embryo. The organs were
weighed separately. A part of each tissue was preserved
in 10%v/v formalin and the rest was processed for
biochemical assessment.

Biochemical Tests

All the biochemical tests were performed using Mindray
BA-88A Semi Auto Chemical Analyzer.

Amniotic fluid samples: The amniotic fluid samples
collected from ED 17 chick embryos were centrifuged
at 2000 rpm for 20 min. and the separated supernatants
were subjected to biochemical tests to estimate total
cholesterol (TC), triglycerides (T'G), high density lipo-
protein (HDL), using commercially available assay kits
(Coral Clinical Systems, Goa, India).

Organ tissue samples: ED 17 chick embryos were
sacrificed by decapitation and the hearts and livers were
removed, washed with ice cold saline and weighed.
A 10% homogenate was prepared in PBS, pH 7.4 and
centrifuged at 10,000 rpm for 20 mins at 4°C. The
supernatants were subjected to biochemical tests as
stated above.
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In vivo model'”

Male wistar albino rats weighing 250 to 300g were used
from CPCSEA approved Institutional Animal house of
Birla Institute of Technology, Mesra, Ranchi, India vide
protocol approval no. for IAEC 1972/PH/BIT/17/
IAEC. Animals were housed in polyacrylic cages and
maintained under standard conditions (22-25°C and
R.H. 60-65% with 12: 12 light: dark cycles. Standard
laboratory diet and water were provided.

The rats were divided into 4 groups of 6 animals each
Group 1: Normal Control, fed with normal diet and
injected with citrate buffer, pH 4.5 after 4 weeks.
Remaining rats were fed with high fat diet (HFD: Lard
12%, Sucrose 18%, Normal diet 70%) for 4 weeks and
thereafter injected ip with low dose streptozotocin
(35 mg/kg body weight, in citrate buffer, pH 4.5) on the
15" day. Animals with fasting blood glucose (FBG) =
200 mg/dL after 72 hrs of STZ injection were selected
and further grouped as per the treatments which were
administered 4 weeks after induction of diabetes:
Group 2: Diabetic control, HFD + STZ (35 mg/kg b.w)
Group 3: HFD + STZ (35 mg/kg b.w) + Metformin
(100 mg/kg b.w)

Group 4: HFD + STZ (35mg/kg b.w) + Quercetin
(100 mg/kg b.w)

HFD was withdrawn for all groups at the start of treatment
which was continued for 4 weeks.

Biochemical estimation of blood parameters

Fasting blood glucose was checked at regular intervals.
At the end of treatment blood was collected by retro
orbital puncture under ketamine-xylazine anaesthesia
and subjected to biochemical tests as done for iz ovo
model. Additionally HbAlc, serum LDH and serum
CK-MB were assessed using commercially available
assay kits (Coral Clinical Systems, Goa, India). Histo-
pathological assessment was done for heart tissues.

Statistical analysis

Statistical analysis was performed using ANOVA
followed by Dunnett’s test using Graph pad prism:
Statistical software (trial version)

RESULTS

In ovo model

Blood glucose levels of chick embryos were checked on
ED 17. Those chick embryos showing blood glucose
level above 200 mg/dl were considered diabetic. This
has been represented in Figure 1 where it was found
that blood glucose was significantly higher in diabetic

embryos as compared to normal ones (p < 0.001).
The same was also found to be lower in metformin
(» < 0.001) and quercetin (p < 0.01) treated embryos
and the results were significant as compared to diabetic
group.

Lipid profile of the heart, liver and amniotic fluid were
tested and depicted in Figure 2. The heart tissues show
a significant increase in the total cholesterol (p < 0.05)
and triglycerides (p < 0.01) combined with a significant
decrease in HDL (p < 0.001) levels in the diabetic group.
TG and HDL levels were significantly reverted towards
normal values in the quercetin group (p < 0.001 for TG,
p<0.01 for HDL) and results were comparable to the
metformin treated group (p < 0.001 for TG, p<0.05 for
HDL). Decrease in TC was significant and more evident
in the quercetin treated group (p < 0.01) than in the
metformin treated group when both were compared to
the diabetic group.

In livers increased TC and TG showed significant
decrease in both quercetin treated (p < 0.001 for TC,
p<0.001 for TG) and metformin treated (p < 0.001 for
TC, p<0.01 for TG) groups while the increase in HDL
after metformin and quercetin treatments was non-
significant when compared to diabetic group, as illus-
trated in Figure 3.

Amniotic fluid samples from the different groups
followed the same trend in lipid profile as in the tissues.
Increase in TC and TG were significantly prevented by
metformin (p < 0.01 for TC, p<0.001 for TG) and quer-
cetin treatment (p < 0.05 for TC, p<0.01 for TG) along
with a non significant increase in HDL when compared
to diabetic group, as shown in Figure 4. Thus the chick
embryo model confirmed the classical features of diabetes
viz. hyperglycemia and hyperlipidemia.

In vivo model

Biochemical estimation of blood parameters was
performed on the HFD-low dose STZ Wistar rats.
Fasting blood glucose (FBG) was estimated in all
animals at regular intervals. Throughout the study
period, the diabetic group animals showed persistently
increased FBG levels. As depicted in Figure 5. Both
Metformin and Quercetin treatments significantly
(p<0.001) brought down the FBG as compared to
diabetic levels. Additionally a significant decrease in
percentage HbAlc in blood was found in the quercetin
treated group (p<0.01) as well as in the metformin
treated group (p<<0.001).

Lipid profiling showed significant increase (p<<0.001) in
the levels of TC and TG. Near normal levels of TC and
TG were achieved by both treatments and the effect of
quercetin was comparable to metformin. Results were
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Figure 1: Blood glucose levels in ED 17 chick embryos.
All values were represented as the mean = SEM for n=6. **
and *** indicate p< 0.01, p<0.001 respectively when compared
to diabetic control group.
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Figure 2: TC, TG and HDL levels in ED 17 chick embryo
hearts.
All values were represented as the mean + SEM for n=6.*, **
and *** indicate p<0.05, p< 0.01, p<0.001 respectively when
compared to diabetic control group.
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Figure 3: TC, TG and HDL levels in ED 17 chick embryo livers.
All values were represented as the mean = SEM for n=6. **
and *** indicate p< 0.01, p<0.001 respectively when compared
to diabetic control group.

significant (p<<0.001 for TC and p<0.01 for TG) when
compared to the diabetic group (Figure 7). Increased
atherogenic index ((total cholesterol - HDL)/HDL) in
the diabetic animals was completely restored to normal
by both the treatments and effects were highly significant
(p<0.001) compared to diabetic group. The results are
depicted by Figure 8.

Figure 9 shows that the level of serum LDH was found
to decrease significantly (p<0.05) in the metformin
treated group whereas quercetin treatment showed
non significant decrease. Elevated CK-MB levels were
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Figure 5: Variation in fasting blood glucose levels throughout
study duration (0-87 days) in Wistar rats.
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Figure 6: Percentage HbA1c in whole blood of experimental
animals.
All values were represented as the mean = SEM for n=6. **
and *** indicate p< 0.01, p<0.001 respectively when compared
to diabetic control group.

brought down significantly (p<<0.001) in quercetin
treated group.

Microscopical evaluation of heart tissue sections under
hematoxylin-eosin staining, shows normal histological
pattern in the control group with regular arrangement
of cardiac myofibres, with centrally located, oval nuclei
in cardiomyocytes. (Figure 10 A). Deformation, variation
in the sizes of nuclei along with disarrayed myofibres
were found in the diabetic group (Figure 10 B) which
were partially restored in the metformin treated diabetic
group (Figure 10 C) and almost completely restored in
the quercetin treated group.
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Figure 4: TC, TG and HDL levels in ED 17 chick embryo
amniotic fluid.
All values were represented as the mean + SEM for n=6.
*, ** and *** indicate p<0.05, p< 0.01, p<0.001 respectively
when compared to diabetic control group.
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Figure 8: Atherogenic Index calculated in serum of
experimental animals.
All values were represented as the mean = SEM for n=6. ***
indicates p<0.001 when compared to diabetic control group.

Figure 9: Serum Levels of LDH and CK-MB in experimental
animals.
All values were represented as the mean + SEM for n=6. *, **
and *** indicate p<0.05, p< 0.01, p<0.001 respectively when
compared to diabetic control group.

Total Cholesterol (mg/dl)

Groups Groups

Figure 7: Plasma concentration of TC and TG in experimental
animals.
All values were represented as the mean + SEM for n=6. **
and *** indicate p< 0.01, p<0.001 respectively when compared
to diabetic control group.

Figure 10: Histological organization of hearts of Control rats
(A), Diabetic rats (B), Diabetic rats treated with Metformin (C)
and Diabetic rats treated with Quercetin (D). (H and E stain,
40X).

DISCUSSION

It is hypothesized that hyperglycemia activates a
number of atherogenic factors by decreasing nitric
oxide, increasing oxidative stress and advanced glycation
end product (AGE) synthesis and upregulation of AGE
receptors.” Eatlier studies have shown that flavonoids
mainly due to their antioxidant properties are useful
in the treatment of diabetes mellitus."® Quercetin was
shown to preserve beta cell integrity in studies con-
ducted by Coskun e a/" while a review by Vizcaino
et al. stated that quercetin had shown to induce a
progressive, dose-dependent and sustained reduction in
blood pressure in several rat models of hypertension
including rat models of metabolic syndrome namely the
obese Zucker rats as well as rats treated with a high-
sucrose, high-fat diet. It was concluded that a flavonoid
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rich diet might reduce the risk of myocardial infarction
and stroke in which hypertension plays a major role.””
The work of Alam e a/. showed quercetin to be effective
against hyperglycaemia, oxidative stress and DNA
damage in alloxan induced type 2 diabetes in rats.” The
flavonoid inhibited the early stage of glycation as
evidenced by the low levels of HbAlc in quercetin-
treated hemoglobin samples. Quercetin also strongly
inhibited the post-Amadori glycation as demonstrated
by the results of HSA-glucose and HSA-MG assays
proving its potential effect at almost all the stages of
AGE production formation.”

The present study deals with the effect of quercetin
supplement for mitigation of diabetic macrovascular
complications with special focus on the cardiac aspect
of this metabolic disorder. A significant decrease in
the blood glucose level has been found in the chick
embryos where embryos with blood glucose > 200 mg/dl
have been considered diabetic. In chick, the com-
pact myocardium with a mature trabeculae network is
formed by the 9" embryonic day and the four chambers
of the avian heart are functionally equivalent to the
mammalian heart.” So the use of the chick embryo in
modeling this metabolic disorder has been attempted.
Atherosclerosis is said to be the major factor for coronary
artery diseases. Increased cholesterol and triglyceride
levels and decreased HDL levels and hyperglycemia
itself are predisposing factors for atherosclerosis.” The
study shows similar trends in lipid profile in the diabetic
group in chick embryos where diabetic condition was
effectively simulated using glucose and [3-hydroxybutyric
acid (component of ketone bodies).'* Metformin and
quercetin treatment effectively ameliorates these abnor-
malities. Quercetin treated embryos show more signifi-
cant decrease (p<<0.001) in TC levels of heart and TG
levels in liver (p<0.001) than metformin treatment
(p<0.01 in both cases) when compared to the diabetic
group embryos.

The in vivo model of type 2 diabetes mellitus using
HFD and low dose STZ provides more detailed insight
into the role of quercetin in the said disorder. Besides
causing a significant reduction in the fasting blood
glucose levels, quercetin treatment has significantly
decreased HbAlc levels (p<0.01) and the findings
are consistent with previous studies.” According to a
review on the UKPDS clinical study, risk of cardiovas-
cular disorder in diabetes is seen to increase above a
level of 6.2% and the fact that quercetin has the ability
to reverse increase in HbAlc rationalizes its role in the
prevention of diabetic macrovascular complications if
used as a dietary supplement.” Lipid profile shows
significant decrease in TC (p<0.001) and TG (p<0.01)

by quercetin treatment indicating its ability to produce
cardio protective effects. The probability of occurrence
of atherosclerosis and subsequent prevalence of cardio-
vascular disease is indicated by and is directly propoz-
tional to the Atherogenic Index (A.L).* Flavonoid
treatment is found to significantly (p<<0.001) bring
down the elevated A.L value caused by diabetes induction
proving its vasculoprotective potential. Serum lactate
dehydrogenase (LDH) and serum Creatinine kinase
isozyme MB (CK-MB) are biochemical markers in
clinical cardiology and their increased levels are indicative
of myocardial damage.”” Diabetes caused significant
increase (p<0.01) in the serum level of these markers
which were brought down by quercetin treatment proving
its potential benefit in preventing myocardial injury.

The findings from biochemical studies were well
supported by histopathological evidences. Persistant
hyperglycemia in diabetes is a pertinent cause for a
multitude of cells being adversely affected, among
which endothelium, smooth muscle cells and platelets
deserve special mention in augmenting atherogenesis
and causing vascular distress.” Histological examination
of the cardiac tissues from animals of diabetic group
showed extensive damage in the myocardium evidenced
from necrotic and apoptotic changes. Protein degrada-
tion being an eminent effect of diabetic condition might
have been responsible for structural changes in the
Oxidative
increase in apoptosis possibly further contributed to

cardiomyocytes. stress and subsequent
cellular damage and observance of features such as
reduced nuclear size and disarrangement of myofibrils.”
Histopathological evidences from heart tissues of rats
from various groups point towards the fact that the
tissue damage caused by diabetes was effectively

reversed by quercetin treatment.

CONCLUSION

Diabetes, especially type 2, is a major cause of cardiac
complications. The current study has successfully
generated primary evidence to prove the potential of
the flavonoid, quercetin as a useful agent against diabetic
macrovascular complications. Detailed and more specific
biochemical tests including those for inflammatory
markers, iz vivo antioxidant tests, lipid peroxidation
test and histopathological studies need to be performed
for both chick embryo and murine models. Moreover
cellular level assays for confirmation of the mechanism
of action of this flavonoid are required to prove its
physiological effects along with detailed histopathological
evidences in support of the findings.
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LDH: Lactate dehydrogenase; HSA:
Human serum albumin; HSA-MG: Human serum
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PICTORIAL ABSTRACT
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4 weeks treatment with Quercetin (2.5malegqg) co administration
Quercetin (100mg/kg b.w) with inducer agents

Biochemical parameters closer to normal values.
Preserved cell integrity of cardiomyocytes.

Effect of Quercetin treatment found comparable or even
better compared to Metformin treatment.

SUMMARY

* Diabetes mellitus is such a metabolic disorder which adversely affects almost all organ systems and its
macrovascular complications include cardiovascular, cerebrovascular and peripheral vascular components.
Flavonoids have proven health benefits due to their antioxidant, anti-inflammatory, antihypertensive, anti-
atherosclerotic and various other properties. The extents to which they will be effective in providing vascu-
loprotection in diabetic patients provided a valid target for research. Quercetin is one of the eatliest known
flavonoids and was hence chosen for this work.

*  Wistar albino rats were fed with high fat diet (normal diet supplemented with sugar and lard) and then
injected i.p with low dose streptozotocin (35mg/kg b.w) to induce diabetes with type 2 features which
produced hyperglycemia and hyperlipidemia. These were effectively controlled after 4 weeks treatment with
quercetin (100mg/kg).Reduced atherogenic index in treated diabetic animals compared to diabetic controls
proved antiatherogenic potential of the flavonoid. Increased CK-MB and LDH levels were also reversed
indicating effective cardioprotection in addition to diabetes management.

* Histopathological examinations of heart tissue supported the results obtained from biochemical tests where
quercetin treatment was found to prevent cellular damage to cardiomyocytes.

e Experiments have been performed in search of a non mammalian model for diabetic cardiac complications
also, in which diabetes was simulated in ovo using glucose and -hydroxybutyric acid. Quercetin, when co
administered with the inducing agents, proved significantly effective in preventing elevation of blood glu-
cose, tissue and amniotic fluid TC, TG levels and decrease in tissue and amniotic fluid HDL. levels.

e In all cases metformin was used as standard drug, Quercetin was found to perform equally and in many
cases better than metformin against diabetic macrovascular complications providing primary evidence of it
being a potential candidate for prevention of the condition under discussion.
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