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Background: Quercetin is universally distributed in the plant kingdom and is the most abundant
flavonoid in the human diet. In a previous study, we have reported that quercetin stimulated
glucose uptake in cultured C2C12 skeletal muscle through an insulin-independent mechanism
involving adenosine monophosphate-activated protein kinase (AMPK). AMPK is a key regulator
of the whole body-energy homeostasis. In skeletal muscle, activation of AMPK increases glucose
uptake through the stimulation of the glucose transporter GLUT4 translocation to the plasma
membrane. In liver, AMPK decreases glucose production mainly through the downregulation
of the key gluconeogenesis enzymes such as phosphoenolpyruvate carboxylase (PEPCK) and
Glucose -6-phosphate (G6Pase). Objective: To study the effect of quercetin on glucose homeostasis
in muscle and liver. Materials and Methods: L6 skeletal muscle cells, murine H4IIE and human
HepG2 hepatocytes were treated with quercetin (50 uM) for 18 h. Results: An 18 h treatment
with quercetin (50 uM) stimulated AMPK and increased GLUT4 translocation and protein content
in cultured rat L6 skeletal muscle cells. On the other hand, we report that quercetin induced
hepatic AMPK activation and inhibited G6pase in H4IIE hepatocytes. Finally, we have observed
that quercetin exhibited a mild tendency to increase the activity of glycogen synthase (GS), the
rate-limiting enzyme of glycogen synthesis, in HepG2 hepatocytes. Conclusions: Overall, these
data demonstrate that quercetin positively influences glucose metabolism in the liver and skeletal
muscle, and therefore appear to be a promising therapeutic candidate for the treatment of in
type 2 diabetes.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by elevated blood glucose levels stemming
from impaired insulin secretion and/or increased cellular
insulin resistance. This form of diabetes accounts for
90-95% of diabetes cases and is usually associated with
unhealthy body weight and sedentary lifestyle.l" The current
number of people affected by T2DM is approximately 382
million and is expected to rise to 471 million in the next
20 years.>”!
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There is a growing trend among health care professionals
to treat metabolic diseases including T2DM with food or
isolated food ingredients. Nutraceuticals is now a widely
used term, which describes medicinal products isolated or
purified from food, and used to prevent or treat chronic
diseases.!

Flavonoids constitute a large class of polyphenols that are
common in plants and food of plant origin. They mostly
exist in nature as glycosides (attached to sugar) and are
subdivided into the following main structural subclasses:
Flavonols, flavones, flavanols, flavanones, anthocyanidins
and isoflavones.F! Compounds belonging to this class
have been reported to possess a wide range of biological
activities including antioxidant, antibacterial, antiviral,
anti-fungal, anti-inflammatory and cardioprotective
effects.[!1)
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Quetcetin (3,3',4',5,7 pentahydroxyflavone), also referred to as
quercetin aglycone, has a flavonol backbone, and is one of the
major dietary polyphenols found in vegetables, fruits, coffee and
tea. In the United States, the daily consumption of quercetin
is estimated to be 25 mg/day and mostly comes from food.'?
Like certain other flavonoids, quercetin has been reported to
possess anti-cancer, anti-inflammatory, anti-coagulant and
anti-hypertensive properties.!*'” In addition, it has the most
potent anti-oxidant activity within the flavonoid family.!**

Growing evidence also indicates that quercetin influences
glucose and lipid metabolism. Studies carried out in human
colon adenocarcinoma (Caco-2) cells have shown that
quercetin reduced the intestinal glucose absorption through
the inhibition of the GLUT2 glucose transporter.l'” In the
pancreas, the 7 vitro studies revealed that quercetin improved
the glibenclamide-induced insulin secretion and protected the
B-cells from oxidative damage by hydrogen peroxide.”” In
addition, quercetin exerted antidiabetic effects in db/db mice
and streptozotocin (STZ)-induced rat models of diabetes.”'*”

In a previous study, we have demonstrated that quercetin
increased basal glucose uptake in cultured C2C12 skeletal
muscle cells through an insulin-independent mechanism
implicating the activation of AMPK.* Of note, AMPK is
known to promote glucose uptake though the recruitment
of GLUTH4 transporters to the plasma membrane.” The
present study was carried out firstly to determine the effect
of quercetin on GLUT#4 translocation in skeletal muscle.
L6 myocytes were selected because they express more
GLUT4 proteins than our previous C2C12 cellular model.

Secondly, our objective was to study the effect of quercetin
on hepatic glucose homeostasis. Notably, AMPK plays
an important role in the liver and is an important target
for oral anti-diabetic agents such as metformin and
thiazoldinediones.”>* Indeed, AMPK activation leads to
the suppression of hepatic gluconeogenesis and to the
lowering of fasting blood glucose in diabetic patients. We
hypothesized that quercetin also stimulates hepatic AMPK,
thereby inhibiting glucose-6-phosphatase, the rate-limiting
enzyme of gluconeogenesis in liver. Finally, T2DM is
associated with altered glycogen metabolism in the form
of a reduction of postprandial glycogen synthesis.!*”
Therefore, we aimed to investigate the effect of quercetin
on hepatic glycogenesis in an attempt to gain further insight
into the cellular and molecular mechanisms undetlying the
antidiabetic effects of quercetin.

MATERIALS AND METHODS

Measurement of 3H- glucose uptake
L6 skeletal muscle cells stably transfected to overexpress
GLUT4 harboring a myc epitope on the first exofacial
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loop of the transporter (L6 GLUT4)c) were provided by
Dr. Amira Klip (The Hospital for Sick Children, Toronto,
ON, Canada). Cell culture and the *H-deoxyglucose
uptake assay were performed as previously described.”
Briefly, cells were cultured under standard condition in
12-well plates and were proliferated to 70% confluence in
minimum essential medium alpha (-MEM) supplemented
with 10% (v/v) fetal bovine serum (FBS). Cells were then
switched to a medium containing 2% FBS for 5-7 days
to allow differentiation into multinucleated myotubes.
Myotubes were serum-starved for 4 h before being treated
with quercetin (50 uM, Sigma-Aldrich, St. Louis, MO,
USA) or vehicle (DMSO, 0.1%) for 18 h in complete
differentiation medium. Stimulation with 100 nM insulin for
15 min served as the positive control. Pilot dose—response
study of quercetin indicated that glucose uptake following
an 18 h treatment peaked at a dose of 50 WM. The 50 uM
concentration was therefore selected for further testing.
Moreover, this concentration had no effect on the viability
of the cells (not shown). By the end of the treatment,
myotubes were incubated in transport solution [140 mM
NaCl, 20 mM HEPES-Na, 2.5 mM MgSO4, 1 mM CaCl2,
5 mM KCI, 10 uM 2-Deoxy-Glucose and 0.5 uCi/ml
2-deoxy-D-[’H] glucose, (pH 7.4)] for 5 min at room
temperature. The cells were then lysed with 1 M KOH
and the cell lysates were transferred to scintillation vials
for °H radioactivity counting and expressed as fold increase
over control. Nonspecific uptake was measured in the
presence of cytochalasin B (10 uM) and was subtracted
from all values.

Determination of cell surface GLUT4 (OPD assay)

Cell surface GLUT4myc levels were assessed by
an antibody-coupled colorimetric assay.*”! Briefly,
L6-GLUT4myc myoblasts were cultured in 24-well
plates until confluence and serum-starved for 4 h
before incubation with either quercetin (50 UM) or
vehicle (DMSO, 0.1%) for 18 h; insulin (100 nM) incubated
for the last 15 min served as a positive control. At the end
of incubation, cells were quickly washed with ice-cold PBS
and put in the presence of an anti-c-zyc antibody (1:200
dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
for 60 min at 4°C. Cells were then washed and fixed in
3% paraformaldehyde for 3 min on ice. The fixative was
neutralized by incubation in 10 mM glycine in ice-cold PBS
for 10 min. Goat serum (5%) was used to block cells for
30 min before incubation for an additional 60 min with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit
IgG at 4°C (1:1,000 dilution; Cell Signaling Technologies,
Danvers, MA, USA). Cells were then washed five times
with ice-cold PBS and incubated with O-phenylenediamine
dihydrochloride (OPD) reagent (1 ml/well) (Sigma-Aldrich,
St. Louis, MO, USA) at room temperature for 30 min.
Addition of 0.25 ml of 3 M HCl to each well stopped the
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reaction. The supernatant was collected and its absorbance
was measured at 492 nm. Absorbance associated with
nonspecific binding (primary antibody omitted) was used
as a blank.

Determination of G6Pase activity in H4lIE hepatocyte
H4I1E murine hepatocytes (American Type Culture
Collection, Rockville, MD, USA) were cultured in
monolayer in 10% FBS containing Dulbecco’s modified
Eagle’s medium (DMEM; 4.5 g/1 glucose). Cells were
grown to 90% confluence in 12-well plates and treated
with quercetin (50 WM), vehicle control (DMSO) or
insulin (100 nM) for 16 h in serum-free medium. At the
end of treatment, cells were washed in HEPES-buffered
saline (10 mM HEPES, pH 7.4, 150 mM NaCl) at 37°C.
The rate of glucose production in the presence of a
non-limiting amount of glucose-6-phosphate (G6P)
served to assess GOPase activity. Total glucose production
was measured using a commercial glucose assay
kit (AutoKit Glucose; Wako Diagnostics, Richmond, VA,
USA) with modifications, as previously described.P*!
Briefly, 200 pL. of AutoKit glucose buffer solution
was diluted in water (1:4) and added to each well. Cells
were then lysed using 50 ul of 0.05% Triton X-100 in
similarly diluted AutoKit Glucose buffer solution. Twenty
micromoles (final concentration) of G6P were then added
to each well for a final volume of 275 Ul, and the plates
wete incubated for 40 min at 37°C. Subsequently, 500 ul of
AutoKit Glucose color reagent were added and incubation
was continued for 5 min. Samples were rapidly transferred
to microcentrifuge tubes and centrifuged at 3000 X g for
5 min at room temperature. Absorbance of the supernatant
at 505 nm was measured at room temperature. A standard
curve was run in parallel and served to calculate glucose
concentrations. Control wells without exogenous G6P
were included on each plate for each treatment condition
and activity measured from these wells was subtracted
from activity measured in the presence of exogenous GOP.
The bicinchoninic acid (BCA) assay (Thermo Scientific
Pierce Protein Research, Rockford, IL, USA) was used
to assess cell protein content.’ GG6Pase activity was then
expressed in relation to protein content on a well-by-well
basis. Three independent experiments in cells of different
passages were performed for each of the selected test
compounds, with four replicates per condition per
experiment.

Measurement of GS activity in HepG2 hepatocytes

To assess GS activity, ["*C]-glucose incorporation into
glycogen was measured with modifications of the
previously described method.” Human hepatoma HepG2
cell lines were obtained from American Type Culture
Collection (Rockville, MD, USA). Cells were grown in
DMEM/nutrient mixture F12 medium 50:50 (Fisher
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Scientific, Tustin, CA, USA) supplemented with 10%
FBS. Cells were cultured to confluence in 6-well plates
then treated overnight (16-18 h) with quercetin (50 pM)
or vehicle (DMSO, 0.1%); cells stimulated for 15 min
with 100 nM of insulin served as positive controls. After
treatment, cells were washed with PBS and were scraped
into 500 ul of GS assay buffer (50 mM glycylglycine,
100 mM NaF, 20 mM EDTA, 0.5% glycogen, pH 7.4),
to which complete protease inhibitor cocktail was added
just before the assay. After centrifugation at 1000 X g for
20 min at 4°C, supernatants were separated into aliquots
with GS assay buffer to equal protein content (Bio-Rad
Laboratories, CA, USA). Thirty microlitre of supernatant
were added to 100 UL of active GS buffer (25 mM
glyeylglycine, 0.275 mM UDP-glucose, 0.12 uCi/mL U-"*C
UDP-glucose, 1% glycogen, 1 mM EDTA, 10 mM sodium
sulfate, pH 7.5). Another 30 L of supernatant were added
to 100 ul. of buffer solution for total GS (25 mM Tris,
5 mM UDP-glucose, 0.12 pu Ci/ml. U-"*C UDP-glucose,
1% glycogen, 3 mM EDTA, 5 mM GOP, pH 7.9). Assay
tubes were incubated at 30°C for 120 min. After incubation,
90 uL of contents were spotted onto Whatman 31ET
Chr filter papers, which were immediately immersed in
70% ethanol at 4°C, mixed for 30 min, then washed twice
in 60% ethanol for 30 min to remove unincorporated
substrate from precipitated glycogen. Filters were covered
with acetone for 2-3 min, air-dried, and radioactivity was
counted with 6 ml of liquid scintillation fluid. Activity of
GS was expressed as the activity ratio of active form to
total GS (fractional activity).

Western immunoblotting

Effects of quercetin on insulin and AMPK signaling
pathways in L6 and H41IE cells, as well as on GLUT4
expression in L6 cells were assessed by western immunoblot.
Cells were cultured in 6-well plates and quercetin (50 uM)
or vehicle alone (DMSO) were applied for 18 h to 5-7 day
differentiated L6 cells. Thirty minutes prior to the end
of the treatment, insulin (100 nM) or aminoimidazole
carboxamide ribonucleotide (AICAR; 1 mM) were added
to some vehicle-treated wells as positive controls. Cells
were lysed in 250 ml of lysis buffer (25 mM Tris—HCI,
25 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 1%
sodium deoxycholate, 0.1% SDS, pH 7.4). This lysis buffer
contained protease inhibitors (Complete Mini; Roche,
Mannheim, Germany), 1 mM phenylmethanesulfonyl
fluoride, as well as phosphatase inhibitors (1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 10 mM
sodium fluoride). Cells were lysed on ice for 15 min,
Cell lysates were transferred into microcentrifuge tubes,
periodically vortexed, and centrifuged at 600 g for 10 min at
4°C. Supernatants wete decanted and stored at —80°C until
further analysis. Protein content was again assayed using
the bicinchoninic acid method and bovine serum albumin

Pharmacognosy Magazine | January-March 2015 | Vol 11 | Issue 41



Eid, et al.: Mechanisms of the antidiabetic activities of quercetin

as a standard. Lysates were diluted to a concentration of
1.25 mg total protein per ml and boiled for 5 min in reducing
sample buffer (62.5 mM Tris—HCI, 2% SDS, 10% glycerol,
5% b-mercaptoethanol and 0.01% bromophenol blue,
pH 6.8). For each sample, 20 Uug of protein were separated
on 10% polyacrylamide mini-gels and electrotransferred
to polyvinylidene fluoride membranes (Millipore, Bedford,
MA, USA). Skim milk (5%) in Tris-buffered saline
(20 mM Tris—HCI, 137 mM NaCl, pH 7.6) containing
0.1% Tween 20 (TBST) was used to block membranes
for 2 h at room temperature. Membranes were then
incubated overnight with phospho-AMPK, phospho-Akt,
GLUT4 or B3-actin antibodies (1:1000 dilution, Cell
Signalling Technology, Danvers, MA, USA). Thereafter,
membranes were washed four times in wash buffer for
15 min each at room temperature before being incubated
with HRP-coupled secondary antibody (1:10 000) for 1 h.
Finally, membranes were washed five times for 10 min in
wash buffer. Immunoblotted proteins were visualized by
enhanced chemiluminescence and quantified by the Scion
Image program (Scion Corporation, Frederick, MD, USA).
Experiments were repeated on three different passages
of cells, each passage containing all conditions in parallel.

Statistical analysis

Data are presented as the mean £ SEM for the indicated
number of replicates and of independent experiments.
The StatView software (SAS Institute Inc, Cary, NC,
USA) served to analyse results by one-way analysis of
variance (ANOVA) with a Fisher post-hoc test. A P < 0.05
was taken to represent statistical significance.

RESULTS

Quercetin increases glucose uptake, GLUT4
translocation and GLUT4 protein content in L6
myotubes

After 18 h treatment, quercetin significantly stimulated
basal glucose uptake in L6 cells by 70 * 20%, [P < 0.05,
Figure 1a]. Insulin treated cells (100 nM insulin, 15 min)
served as positive control and exhibited 75 & 13% increase
in glucose uptake over vehicle control [P < 0.05, Figure 1a].

Translocation of glucose transporter GLUT4 to the skeletal
muscle cell plasma membrane underlies glucose uptake in
this tissue. Therefore, we examined the effect of quercetin
on GLUT#4 translocation in L6-GLUT4mye cells. Our
results show that quercetin significantly stimulated GLUT4
translocation in L6 muscle cells by 1.5-fold, compared
to 1.7-fold, the maximal effect of insulin [P < 0.05,
Figure 1b]. Furthermore, quercetin increased GLUT4
content by approximately 2 fold compared to DMSO
vehicle control [P < 0.05, Figure 2].

Quercetin increases the phosphorylation of AMPK in
L6 myotubes

To investigate the signaling pathways involved in quercetin’s
actions, L6 myotubes were treated with quercetin (50 M)
for 18 h. AICAR (2 mM), a well-known activator of AMPK,
served as a positive control and was applied to the cells for
30 min. The phosphorylation of AMPK was significantly
increased by quercetin [Figure 3, P < 0.05] indicating
an elevation in AMPK activity. As previously reported
in C2C12 cells™! and in contrast to insulin, quercetin
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Figure 1: Quercetin increases glucose uptake and GLUT4 translocation in L6 GLUT4myc myotubes. Cells were treated with either 50 uM of
quercetin, or with vehicle (0.1% DMSO) for 18 h. 100 nM insulin was applied for the last 15 min of the treatment in vehicle-treated cells. (a) Glucose
uptake was assessed by the incorporation of 3H-deoxyglucose as described in Materials and Methods. Data are expressed relative to basal
uptake observed in vehicle control treated cells (100%). Data represent the mean + SEM of 3 experiments, each experiment composed of 3-4
replicates per condition. (b) GLUT4 translocation was assessed by measuring cell surface GLUT4myc using an enzyme-linked colorimetric assay,
as described in Materials and Methods. Data are expressed relative to basal translocation observed in vehicle control treated cells (1.0). Data
represent the mean + SEM of 3 experiments, each experiment composed of 3-4 replicates per condition. * Indicates a significant (P < 0.05)
difference from the vehicle control group and § indicates a significant (P < 0.05) difference from insulin group as assessed by ANOVA
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Figure 2: Quercetin increases GLUT4 content in L6 myotubes. Cells were treated with vehicle (0.1% DMSO, 18 h), quercetin (50 uM, 18 h), or
AICAR (1mM, 30 min). Immunoblots were probed with an anti-GLUT4 antibody. (a) Representative blots are shown. (b) Data are expressed as

GLUT4/B-actin, and are given as mean + SEM from 3 experiments
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Figure 3: Quercetin increases AMPK phosphorylation in L6 myotubes. Shown are representative immunoblots of cells treated with vehicle (0.1%
DMSO, 18 h), quercetin (50 uM, 18 h), or AICAR (1 mM, 30 min). Immunoblots were probed with phospho-specific antibodies against AMPK (Thr
172) as described in Materials and Methods section. Immunoblots were probed with 3-actin as loading control. (a) Representative immunoblots.
(b) Data are expressed as pAMPK/fB-actin, and are given as mean + SEM from 3 experiments

had no effect on Akt, a downstream target of PI3K in
insulin-stimulated glucose uptake (results not shown).

Quercetin promotes the phosphorylation of AMPK and
suppresses G6Pase activity and in H4IIE hepatocytes
Inhibition of Go6Pase activity was assessed following
an 18 h treatment with quercetin. Results show that
quercetin significantly reduced the activity of GG6Pase
per mg total protein by 39 £ 5%. As expected, insulin
(100 nM, 18 h treatment) diminished GG6Pase activity
by 58.7 £ 1.6 [P < 0.05, Figure 4a]. On the other hand,
after similar treatment period (18 h), quercetin induced a
significant 3-fold increase in AMPK activation in H4IIE
over the untreated control [P < 0.05, Figure 4b, c].

Quercetin tends to increase GS activity in HepG2 cells
To study the effect of quercetin on GS activity, UDP-["'C]
glucose incorporation into glycogen was determined in
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HepG2 cells. The data shown in Figure 5 demonstrate that
quercetin shows only a mild tendency to increase fractional
GS activity in HepG2 cells (30% increase over vehicle
control, NS, P = 0.18). This contrasted the results obtained
with insulin, which significantly increased fractional GS
activity by two fold over vehicle control [Figure 5, P < 0.05].

DISCUSSION

Skeletal muscle and liver are the main regulators of
peripheral glucose homeostasis. Around 70-80% of
postprandial glucose uptake is carried out by skeletal
muscle. On the other hand, the liver is responsible for
more than 80% of glucose release during the fasting state.
In T2DM, increased hepatic glucose output and decreased
glucose uptake by skeletal muscle cells are the principal
contributors to the associated hyperglycemic state.**
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Figure 4: Quercetin treatment inhibits G6Pase activity and stimulated the phosphorylation of AMPK in H4IIE hepatocytes. H4IIE cells were treated
with either vehicle (0.1% DMSO, 18 h) or quercetin (50 uM, 18 h). (a) G6Pase activity was assessed by measuring the rate of glucose formation in
the presence of a non-limiting amount of GEP as described under “Materials and Methods.” Insulin (100 nM, 18 h) served as the positive control.
Results are expressed as mean % change + SEM, relative to a vehicle-treated control group for three independent experiments of four to six
replicates per condition. G6Pase activity data were normalized to total protein content per well. * denotes a significant difference (P < 0.05).
(b) Phosphorylation of AMPK was measured by western immunoblot. AICAR (2 mM) applied for 30 min served as the positive control. The upper
immunoblot was probed with anti-phospho-AMPK and the lower blot was probed with $-actin as loading control. Blots shown are representative

from 3 experiments
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Figure 5: Effect of quercetin on glycogen synthase in HepG2.
HepG2 cells were incubated for 18 h with either 0.1% DMSO (vehicle),
or quercetin (50 pM). Insulin (100 nM) applied for 15 min and served
as positive control. GS activity was assayed in the supernatants of
cell lysates as described under “Materials and Methods”. Results
were expressed as fractional activities (active/total). Values shown are
means + S.E.M. for three different experiments. * denotes a significant
difference (P < 0.05) from the vehicle control group

In the fed state, insulin stimulates glucose uptake by
peripheral tissues including skeletal muscle. GLUT4 is the
main insulin-responsive glucose transporter and is located
primarily in skeletal muscle cells, cardiac muscle cells and
adipocytes. In the basal state, about 95% of GLUT4 are
present in small intracellular vesicles; the rest reside in
the plasma membrane. Upon insulin stimulation, GLUT4
undergoes a rapid translocation to the plasma membrane
and glucose uptake is increased. Insulin-stimulated
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GLUT4 translocation is mainly mediated through a
PI3K-dependent pathway.’ AMPK is a metabolic
stress-sensing protein kinase that is also known to stimulate
GLUT#4 translocation. Under stress conditions such as
hypoxia, physical exercise and inhibition of mitochondrial
respiration, AMPK responds to the depletion of ATP
content and to an increase in the cellular AMP/ATP ratio
with an increase in its phosphorylated active form.P” We
have previously shown that quercetin is responsible, at least
in part, for the biological activity of certain antidiabetic
Boreal forest plants stemming from Canadian Aboriginal
traditional medicine.” We notably demonstrated that
this flavonoid increases glucose transport and leads to
the phosphorylation of AMPK in C2C12 myocytes.
The present studies confirm that quercetin acts similarly
in L6 myotubes, a cell line expressing a higher level of
GLUT4. Motreover, the flavonoid exerted an effect that
was comparable to an optimal concentration of insulin. In
the present studies, we were also able to further evaluate
the mechanism of action of quercetin by measuring the
cell surface content of GLUTH4, thereby directly assessing
GLUT#4 translocation to the plasma membrane. The
results clearly demonstrate that quercetin significantly
increases the appearance of GLUT4 transporters on the
surface of L6 GLUT4mye cells. Interestingly, quercetin also
increased the total content in GLUT4 protein in L6 cells.
Together with the aforementioned increases in AMPK and
in glucose transport, our results are consistent with the
interpretation that quercetin activates AMPK-dependent
and insulin-independent pathways to enhance GLUT-4
content and translocation in skeletal muscle cells.
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We also examined the effects of quercetin in cultured
hepatocytes in order to expand the understanding of
the antidiabetic potential of the flavonoid. Indeed,
the liver regulates glucose homeostasis by maintaining
equilibrium between glucose storage in the form of
glycogen (glycogenesis), on the one hand, and glucose
production through glycogen breakdown (glycogenolysis)
ot de novo synthesis of glucose (gluconeogenesis), on the
other hand. Of note, quercetin is a known nonspecific
inhibitor of glycogen phosphorylase, the enzyme that
catalyzes the rate-limiting step of glycogenolysis.’**

Gluconeogenesis is under the control of two main enzymes;
Go6Pase and phosphoenolpyruvate carboxykinase (PEPCK).
Activation of AMPK in primary culture of hepatocytes was
shown to reduce the gene expression of the latter two
enzymes and to inhibit hepatic glucose output. The data of
the present study demonstrates that quercetin also activates
AMPK and can significantly reduce GO6Pase activity in
HA4IIE hepatocytes to alevel nearly equivalent to an optimal
concentration of insulin. Hence, quercetin possesses the
potential to reduce hepatic glucose production.

Finally, aside from reducing liver gluconeogenesis, hepatic
glucose production can also be attenuated through the
increased storage of glucose in the form of glycogen.
The rate-limiting enzyme for hepatic glycogenesis is GS.
The activity of this enzyme is modulated by allosteric
factors such as intracellular GOP and by phosphorylation/
dephosphorylation states under the control of kinases
and phosphatases. Under basal condition, GS is kept in
its inactive form through phosphorylation by the setine/
threonine protein kinase, glycogen synthase kinase
3 (GSK-3)." 'The activity of the latter enzyme is inhibited
by insulin through phosphorylation, thus relieving its
inhibition of GS. Several studies have reported that
certain flavonoids such as kaempherol glycosides and
rutin can stimulate glycogen synthesis.*'*! In the present
study, quercetin had a tendency to increase GS activity
in HepG2 cells, but the effect failed to reach statistical
significance as opposed to the insulin positive control.
Further studies will be necessary to determine if a
significant action can be obtained at other concentrations
or periods of stimulation.

Collectively, the data of the present study confirm that
quercetin can influence glucose homeostasis at the level of
both skeletal muscle and liver. Indeed, we have established
that the flavonoid stimulates GLUT4 translocation
and expression in skeletal muscle, by mechanisms
associated with the activation of AMPK rather than
insulin-dependent pathways such as Akt. Similarly, in
cultured hepatocytes, quercetin also activated AMPK and
this was associated with a significant inhibition of G6Pase.
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Therefore our findings provide further insight into the
cellular and molecular mechanisms of the antidiabetic
activity of quercetin and a rationale for its use in the
management of T2DM.
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