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Abstract

Lingonberry (Vaccinium vitis-idaea L.) is an important part of Scandinavian
diet. It is also popular in some parts of Europe and North America, and is used to
produce confectionary and food products. This plant has been identified among
species used by the Cree of Eeyoulstchee (northern Quebec) to treat symptoms
of diabetes.

In a previous study, the ethanol extract of V. vitis berries enhanced glucose
uptake in C2C12 muscle cells through stimulation of AMP-activated protein
kinase (AMPK) pathway. In this study, we firstly investigated the effect of this
product on the translocation of insulin-sensitive glucose transporters GLUT4
in L6-GLUT4myc skeletal muscle cells. V. vitis extract (200 ug/ml, 18h)
significantly increased glucose uptake and induced GLUT4 translocation to the
cell membrane of L6 cells through an insulin-independent mechanism involving
AMPK.

Secondly, we carried out in vivo experiment to validate its antidiabetic
effect. The extract was administered to diabetic KKAY mice for 10 days. V. vitis
decreased glycaemia, cumulative food intake and body weight. Moreover, V.
vitis tended to increase skeletal muscle GLUT4 expression and attenuated
hepatic statuses.
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These results demonstrate that V. vitis berries represent a promising avenue
for the culturally adapted management of obesity and diabetes in Canadian
aboriginals.
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Introduction

Several members of the genus Vaccinium bear edible berries;
many of them are reputed for their antidiabetic activity. European
blueberry or bilberry (V. myrtillus L.) were widely used in Europe
to treat diabetes prior to the discovery of insulin [1]. In one study,
unsweetened cranberry juice (V. macrocarpon Ait.) helped to lower
blood glucose levels in patients with type 2 diabetes [2]. In addition,
Canadian blueberry (V. angustofolium Ait.) has been observed to
exhibit antidiabetic activities in cultured skeletal muscle [3]. Finally,
a recent study has shown that the bio-transformed blueberry juice
incorporated in the drinking water reduced hyperglycemia of diabetic
KKAY mice [4].

Aboriginal populations are particularly at risk for developing type
2 diabetes mellitus and its complications. In Canada, the prevalence
of diabetes for these populations is at least three times higher than
that of the general population and is expected to increase three-fold
over the next 20 years [5]. Lingonberry (Vaccinium vitis-idaea L.),
known also as mountain cranberry or partridgeberry, is consumed
by the Cree communities of Eeyoulstchee (CEI, Eastern James Bay
region of the Canadian province of Quebec) not only as food but
also as medicine to treat symptoms of diabetes including frequent

urination [6,7]. Our research team identified his plant during a
previous bioactivity screening study [8], as part of a project aiming
to provide culturally relevant alternative treatment options for Cree
diabetics, whose disease prevalence is among the highest in Canada.

In our previous study, V. vitis was found to increase glucose
transport in muscle cells through the activation of AMPK as a
response to metabolic stress resulting from a non-toxic disruption
of mitochondrial energy transduction [9]. The present study was
carried out firstly to determine whether V. vitis increases GLUT4
translocation in skeletal muscle cells as suspected from enhanced
glucose transport. We selected L6 myocytes because they express more
GLUT4 proteins than our previous C2C12 cellular model and because
tools exist to better ascertain GLUT4 translocation to the plasma
membrane. Secondly, our objective was to confirm the antidiabetic
activity of V. vitis in an in vivo model of type 2 diabetes. KKAY mice
are a cross between glucose-intolerant black KK female mice and
yellow obese A¥ male mice. They are characterized by hyperphagia,
insulin resistance, hyperinsulinemia, diabetes, dyslipidemia and
hypertension. Therefore, KKAY mice are an excellent model for type
2 diabetes induced by obesity [10]. This model was thus selected to
evaluate the in vivo antidiabetic activity of V. vitis.
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Materials and Methods

Plant material and extraction

Berries of V. vitis were collected in the Eastern James Bay region,
QC, Canada, and kept at -20°C until use. Botanical identity was
confirmed by Dr. Alain Currier (Institute de recherché en biologie
végétale, Université de Montréal), plant taxonomist on our Team,
and voucher specimens were deposited at the Montreal Botanical
Garden herbarium (voucher # Whap04-21).

In total 800 g of the berries were freeze-dried (Super Modulo
freeze dryer; Thermo Fisher, Ottawa, Ont, Canada) to yield 114 g of
dry material. The dry material was then extracted three times for 24
h with ten volumes of 80% ethanol on a mechanical shaker and then
filtered under vacuum using Whitman 1 paper. The supernatants
were combined and dried using a rotary evaporator (RE 500; Yamato
Scientific, Tokyo, Japan) followed by lyophilization.

Cell culture

Rat L6 skeletal muscle cells were grown in minimum essential
medium alpha (a-MEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) in a 5% CO, at 37°C and used as myoblasts when fully
confluent. For differentiation into myotubes, cells were switched to a
medium containing 2% FBS for 5-7 days. Cells transfected to stably
overexpress GLUT4 harboring myc epitope on the first exofacial loop
of the transporter (L6 GLUT4myc cells) were provided by Dr Amira
Klip (The Hospital for Sick Children, Toronto, ON, Canada).

Measurement of glucose uptake

L6-GLUT4myc cells were cultured in 12-well plates and were
used after 5-7 days of differentiation. The cells were serum-starved
for 4 h before incubation with the maximum non-toxic concentration
of V. vitis (200 ug/ml) for 18 h or insulin (100 nM, 20 min). Cells were
incubated in transport solution [140 mM NaCl, 20 mM HEPES-Na,
2.5 mM MgSO4, 1 mM CaCl2, 5 mMKCI, 10 uM 2-Deoxy-Glucose
and 0.5 pCi/ml 2-deoxy-D-[*H] glucose (pH 7.4)] for 5 min at room
temperature. Cells were then lysed with 1 M KOH and aliquots
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)

Levels of GLUT4 myc at the cell surface were measured by an
antibody-coupled colorimetric assay [11]. Briefly, L6 myoblasts were
cultured in 24-well plates until confluence and serum-starved for 4 h
before incubation with either V. vitis (200 ug/ml) for 18 h or insulin
(100 nM) for 20 min. Cells were then quickly washed in ice-cold PBS
and incubated with an anti-c-myc antibody (1:200 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 60 min at 4°C. After
that, cells were washed and fixed in 3% para- formaldehyd for 3 min
on ice. To neutralize the fixative, cells were incubated with 10 mM
glycine in ice-cold PBS for 10 min, and then blocked in 5% goat
serum for 30 min. Horseradish peroxides (HRP)-conjugated goat
anti-rabbit IgG was then applied for 60 min at 4°C (1:1,000 dilution;
Cell Signaling Technologies, Danvers, MA, USA). Cells were 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. To stop the reaction,
0.25 ml of 3 M HCI was added to each well. 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.

Animals and in vivo experimental protocols

Study #1: Effect of V. vitis on diabetic KKA” mice. KKAY mice
were derived from an in-house colony established using breeding
pairs obtained from Jackson Laboratory (Bar Harbor, ME, USA).
Mice weighing 33-42 g were housed individually and kept for 1 week
on a 12 h light-dark cycle in a temperature controlled chamber and
provided with a regular laboratory chow and water ad libitum. The
animals were divided into two groups containing seven mice each,
as follows: Group 1 diabetic mice, average body weight of 36.7+ 0.89,
received drinking tap water and served as controls; Group 2 diabetic
mice, average body weight of 37.8+ 1.21 were administered with 1%
V. vitis in drinking water (equivalent to a dose of 4 g/ kg of crude berry
extract on the first day of treatment and 1.33 g/kg thereafter, due to
a drop in fluid intake until the end of the experiment). The dose was
chosen on the basis of preliminary experiments. In addition, bilberry,
another vaccininium species (Vaccinium myrtillus L.) reputed to
possess antidiabetic activities, was administered to rats at a similar
dose of 3 g/kg/day [12]. During the ten days of treatment, body weight
as well as food and fluid intake were determined on a daily basis. The
non-fasting blood glucose concentration was measured daily using an
Accu-Chek glucometer (Roche, Montreal, QC, Canada) by collecting
blood from the tip of the tail vein. On the last day of treatment, the
mice were anaesthetized, sacrificed and organs such as liver, skeletal
muscle, kidney, epididymal fat pad, abdominal fat pad and dorsal
fat pad were immediately removed and stored in a -80° C freezer
until used. All experimental protocols were approved by the animal
experimentation ethics committee of the University of Montreal
and carried out in full respect of the guidelines from the Canadian
Council for the Care and Protection of Animals.

Study #2: Pair-feeding effect in KKAY diabetic mice

Pair feeding was employed in order to investigate to what extent
the blood glucose-lowering effect observed with V. vitis in study #1
could be attributed to the observed reduction in food intake. Animals
were allocated into two groups containing seven mice each as follows:
Group 1 diabetic mice, weighed 33.74 + 0.85, were administered
with 1% V. vitis in drinking water; Group 2 diabetic mice, weighed
33.16 + 1.55, received drinking water and were pair-fed to group 1
mice. Pair feeding was carried out by measuring the food intake of
the ad libitum-fed V. vitis treated mice every 24 h and presenting this
amount of food to the pair-fed treated mice with a one-day delay.
Food consumption, fluid intake, body weight and blood glucose were
recorded daily. At the end of the study, the mice were sacrificed,
blood samples were obtained and tissues were harvested as described
for study #1.

Study #3: normal C57BL/6J mice

To study the effect on V. vitis on blood glucose levels and food
intake in normal animals, normal C57BL/6] mice were housed as
described before and randomly divided into two groups containing
seven mice. Group 1 mice (average body weight of 28.8+ 0.49)
received drinking water and served as control; Group 2 mice (average
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body weight of 28.92 + 0.41) were administered with 1% V. vitis
in drinking water. Both groups were fed regular laboratory chow
ad libitum. The experimental protocol lasted for 10 days and was
performed as described for study #1.

At the end of each study, the mice were anesthetized using
50 mg/kg pentobarbital intraperitoneally and then sacrificed by
exsanguinations via the inferior vena cava.

Blood parameters

Plasma insulin and adiponectin levels were determined using
radioimmunoassay kits (Linco Research, St-Charles, MO, USA).
The levels of serum triglycerides, cholesterol, HDL, LDL, creatinine,
alkaline phosphates, AST (Aspirate aminotransferase), ALT (Alanine
aminotransferase) and LDH (lactate dehydrogenize) were measured
by the Department of Biochemistry of Sainte-Justine’s Children
Hospital (Montreal, QC, Canada).

Western blot for proteins involved in glucose and lipid
metabolism

The effects of the plant extract on insulin and AMPK signaling
pathways in L6 muscle cells were assessed by western immunoblot
analysis. Differentiated L6 cells (5-7 day) cultured in 6-well plates
were treated with plant extract or vehicle alone (DMSO) for 18 h.
Twenty 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. For
ACC and GLUT4 western blot analysis, samples of muscle of KKAY
mice from studies #1 & 2 were used. L6 cells and muscle tissues were
homogenized in 1 ml of RIPA lysis buffer (25 mM Tris-HCI pH 7.4,
25 mM NaCl, 0.5 mM EDTA, 1% Triton-X-100, 0.1% SDS) for 30 min
onice and were centrifuged at 12000 x g for 10 min. For all supernatent
samples, a protease inhibitor cocktail was added (Roche, Mannheim,
Germany) as well as 1 mM phenylmethanesulfonyl fluoride (PMSF)
and phosphates inhibitors (I mM sodium orthovanadate, 10 mM
sodium pyrophosphate, 10 mM sodium fluoride). Supernatants were
then stored at -80°C until analysis. Upon thawing, protein content
was assayed by the bicinchoninic acid method standardized to bovine
serum albumin (Roche, Laval, QC, Canada) [13]. Lysates were diluted
to a concentration of 1 mg/ml total protein and boiled for 5 min in
reducing sample buffer (62.5 mMTris-HCI pH 6.8, 2% SDS, 10%
glycerol, 5% B-mercaptoethanol and 0.01% bromophenol blue). One
hundred pL of each sample were separated on 10% polyacrylamide
full-size gels and transferred to nitro cellulose membrane (Millipore,
Bedford, MA, USA). Membranes were blocked for 2 h at room
temperature with Tween-20 and 5% skim milk in TBS (20 mM Tris-
HCI, pH 7.6 and 137 mM NaCl). Membranes were then incubated
overnight at 4°C in blocking buffer with appropriate phospho-specific
or pan-specific antibodies against AMPK, ACC, GLUT4 (each at 1:
1000). Membranes were washed 5 times and incubated 1.5 h at room
temperature in TBS plus Twine 20 with anti-rabbit HRP-conjugated
secondary antibodies at 1:50000 to 1:100000 (Jackson Immune
research, Cedar lane Laboratories, Horn by, ON, Canada). Revelation
was performed using the enhanced chemiluminescence method and
blue-light-sensitive film (Amersham Biosciences, Buckinghamshire,
England). Gel band intensities were evaluated by densitometry
analysis using Image Densitometry software (Version 1.6, National
Institutes of Health and Bethesda, MD, USA).

Histological Analysis

Sections of excised livers were placed in the 10% formalin
solution and were stained with hematoxylinphloxine saffron (HPS)
by the Institute de Recherché en Immunologieet en Cancérologie
(IRIC), Department of Histology (Université de Montréal, Montreal,
QC, Canada). Each stained liver section was analyzed for the severity
of lipid accumulation in the hepatocyte and was then scored based
on the percentage of hepatocyte that contained macrovesicular fat:
namely, grade 0 (0-5%), grade 1(5-33%), grade 2 (33-66%), and grade
3 (66-100%), as previously described [14].
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Figure 1: V. vitis increased *H-deoxyglucose uptake and GLUT4 translocation
in L6 GLUT4myc myotubes. Cells were treated with either 200 pg/ml of V.
vitis, or with vehicle (0.1% DMSO) for 18 h. 100 nM insulin was applied for
the last 20 min of the treatment in vehicle-treated cells. (a) Glucose uptake.
At the end of the treatment, cells were incubated with *H-deoxyglucose then
washed. Radioactivity was measured using a scintillation counter. Data are
expressed after normalization to basal uptake observed in vehicle control
treated cells. Data are presented as the mean of three experiments + SEM,
each experiment composed of 3-4 replicates per condition. (b) GLUT4
translocation. Cell surface GLUT4myc was detected by an enzyme-linked
colorimetric assay. At the end of the treatment, L6- GLUT4myc myoblasts
were labeled with anti-c-myc antibody as described in Materials and Methods
section. The reaction of OPD was measured at 492 nm. Results represent the
means = SEM of three independent experiments, and 3-4 cells were analyzed
for each condition per experiment. * Indicates a significant difference
(p < 0.05) from the vehicle control group as assessed by ANOVA.
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Statistical analysis

In vitro results as well as quantification of western blot data for in
vivo studies were analyzed by one-way analysis of variance (ANOVA)
using Stat View software (SAS Institute Inc, Cary, NC, USA), with
post-hoc analysis as appropriate. Areas under the curve (AUC)
were calculated by using PRISM software (Graph Pad, San Diego,
CA, USA). Calculations of cumulative changes (body weight, food
and liquid intake) were initiated several days prior to the onset of
treatment in order to obtain baseline values. For the in vivo studies,
Student’s t test for unpaired observations was used. Non-parametric
data was analyzed by the Chi square test. Statistical significance
was set at p<0.05. Results are presented as the mean + SEM for the
indicated number of determinations or animals.

Results

V. vitis increases glucose uptake and GLUT4 translocation
in L6 myotubes

To confirm that V. vitis increases glucose uptake in L6-GLUT4myc
myotubes as it did in C2C12 cells [9], cells were treated with 200 pg/
ml V. vitis for 18 h or 100 nM insulin for 20 min and tested for [°H]-
2-deoxy-D-glucose uptake. V. vitis significantly stimulated glucose
uptake by 65 £ 5 % above DMSO, p<0.05. This was comparable to
the glucose uptake stimulated by insulin (positive control), which
reached 75 + 13 % above DMSO (NS as compared to V. vitis; Figure
la).

Using the OPD assay, we then examined the effect of V. vitis
on GLUT4 translocation in L6-GLUT4myc myoblasts. Our results
showed that V. vitis significantly stimulated GLUT4 translocation in
these cells with an efficacy very similar to that of insulin (both 1.8 fold
increase relative to DMSO; Figure 1b, p<0.05).

V. vitis increases the phosphorylation of AMPK in L6
myotubes

Two pathways control GLUT4 translocation in skeletal muscle:
the insulin-dependent pathway through activation of PI3K/Akt
and the insulin-independent pathway through activation of AMPK.
Therefore, L6 myotubes were treated with either V. vitis extract
(200 pg/ml; 18h), an activator of AMPK, AICAR (1 mM; 30 min) or
insulin (100 nM; 20 min). Consistent with our previous observations
in C2C12 myocytes [9], AMPK phosphorylation, and therefore its
activation, was significantly increased by V. vitis treatment (Figure
2a, p<0.002). On the other hand, V. vitis treatment did not induce Akt
phosphorylation, unlike insulin treatment (Figure 2b).

V. vitis decreases body weight and glycemia in diabetic
KKAY mice, but not in normal C57BL/6J mice

We next validated the anti-diabetic effect of V. vitis extract in an
in vivo model, the KKAY mouse, where the plant extract was added to
the drinking water (1%). In order to investigate the cumulative effect
of V. vitis in time, we calculated AUC for each parameter measured.
V. vitis treatment decreased body weight (BW) of diabetic KKAY
mice in comparison to control mice receiving drinking water only.
Indeed, V. vitis treated mice exhibited a cumulative drop in BW of
1.2 + 0.4g, while control mice gained 1.1 + 0.3g in the same period
of time, corresponding to a reduction of AUC by 213% (p<0.05;
Figure 3a). This was correlated with a significant reduction in AUC of
cumulative food intake by 16% (p<0.05; Figure 3b) in V. vitis- treated

group compared to vehicle control animals. Most importantly,
daily administration of the plant extract to these mice resulted in
a significant decrease of AUC of glycemia as compared to controls
(32%; p<0.05; Figure 3c).

To test whether the reduction in food intake was responsible for
the hypoglycemic and the weight reduction effects of V. vitis in these
mice, study #2 was carried out where controls were pair-fed according
to the food intake of the V. vitis-treated group (Figure 4). Both pair-
fed and V. vitis-treated mice had a similar loss in body weight, albeit
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Figure 2: V. vitis increased phosphorylation of AMPK but not of Akt in L6
myotubes. Shown are representative immunoblots of cells treated with either
vehicle (0.1% DMSO, 18 h), V. vitis (200 pg/ml, 18 h), AICAR (1mM, 30 min)
or insulin (100 nM, 20 min). Immunoblots were probed with phospho-specific
antibodies against (a) AMPK (Thr 172) and (b) Akt (Ser 473) as described

in Materials and Methods section. Immunoblots were probed with B-actin as
loading control. (c) Data are expressed as p-Ampk / p-actin and are given

as mean = SEM for three independent experiment.
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Figure 3: V. vitis exerts hypoglycemic and weight reduction effects in KKAY mice of study #1. During the 10 days of the study, cumulative changes in (a) body
weight, (b) food intake, (c) non-fasting blood glucose concentration, and (d) fluid intake were recorded on a daily basis. *denotes significantly different as
compared to control group (p < 0.05) as assessed by non-paired t test. N=7.

pair-fed animals exhibited a slight tendency for greater cumulative
weight loss (-1.0 + 0.7 g vs. -0.5 £ 0.3 g respectively; N.S.; Figure
4a). In addition, V. vitis administration and pair feeding significantly
reduced AUC of glycemia by a similar extent when compared to their
respective baseline levels (42% and 56% respectively, p<0.05; Figure
4b). This suggests that food intake, body weight and glycemia are
closely associated in V. vitis treated animals.

Finally, V. vitis was administered to normal C57BL/6] mice
to study its effects in non-diabetic animals (study #3; Figure 5). In
contrast to KKAY studies, no significant changes in glycemia were
observed in V. vitis-treated animals as compared to controls (N.S.;
Figure 5c¢). Interestingly, normal mice treated with V. vitis exhibited
a modest tendency to lose weight as compared to control animals
(-0.5 + 0.1 g vs +0.1 + 0.1 g respectively; N.S.; Figure 5a). This

occurred despite the fact that a slight, albeit significant, increase in
AUC of cumulative food intake was observed during the same time
period for V. vitis-treated animals (10.5%, p<0.05 compared to water
control animals; Figure 5b).

Noteworthy, AUC of cumulative fluid intake was significantly
reduced by V. vitis treatment in all three studies as compared to their
respective controls: by 44 %, 31 % and 22 % instudies #1 (p<0.05;
Figure 3d), #2 (p<0.05; Figure 4c) and # 3 (p<0.05; Figure 5d),
respectively.

Effect of V. vitis on hepatic steatosis and insulin resistance
in KKAY mice

We evaluated hepatic steatosis by assessing lipid accumulation
in liver tissue sections according to histological scoring. In control
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Figure 4: V. vitis-treatment and pair-feeding reduced body weight and glycemia in KKAY mice of study #2. (a) Cumulative body weight, (b) non-fasting blood
glucose concentration and (c) fluid intake were recorded every day for 10 days. * denotes significantly different as compared to pair-fed mice (p < 0.05) as
assessed by non paired t test. N = 7.

KKAY diabetic mice of study #1, 29% (2 out of 7 mice) had grade O or 1
steatosis, while 71% had grade 3 steatosis. V. vitis treatment increased
the proportion of mice exhibiting weak or no steatosis (grades 0
or 1) to 57 % while concomitantly reducing to 43% the number of
animals with grade 3 steatosis (N.S, Table 1). In study #2, pair-feeding
itself yielded a better steatosis profile than the control animals in the
first study. Indeed, 71% of animals were essentially free of steatosis
(grade 0), while 28% had moderate to severe steatosis (grade 2 or 3).
Interestingly, the effects of V. vitis were more pronounced in study
#2 since no grade 2 or 3 were recorded. All seven animals were either
grade 0 or 1, yet this result was not statistically different from that of
pair-fed congeners (N.S, Table 1).

Administration of V. vitis to KKAY mice in study #1 reduced
plasma insulin and triglyceride levels by 46% and 36 % respectively

as compared to their respective controls, although this failed to reach
statistical significance possibly due to data variability (Table 2).
Other blood lipid parameters including total cholesterol, HDL-C and
LDL-C, as well as plasma leptin and adiponectin levels, and leptin/
adiponectin ratio were not significantly affected by plant treatment
(Table 2). Moreover, V. vitis treatment did not significantly affect
parameters of liver or kidney function (data not shown). In addition,
epididymal fat, abdominal fat and dorsal fat pads did not show any
significant differences in weight (not illustrated).

Effect of V. vitis on GLUT4 total protein content in skeletal
muscle of KKAY mice

Since V. vitis stimulated GLUT4 translocation and glucose uptake
in muscle cells in culture, we were interested in the effect of the plant
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Figure 5: V. vitis had no effect on body weight or glycemia in normal C57BL/6 mice of study #3. Cumulative changes in (a) body weight, (b) food intake, (c)
non-fasting blood glucose concentration and (d) fluid intake were recorded for 10 days every day. All values are mean + SEM. *denotes significantly different
as compared to control mice (p < 0.05) as assessed by unpaired t test. N=7.

on GLUT4 protein content in skeletal muscle (soleus muscle) tissues
of KKAY mice harvested at the end of studies #1 and #2. GLUT4
protein levels exhibited a strong and consistent tendency to increase
with V. vitis treatment, whether it was in study #1 (N.S, p=0.18; Figure
6a & 6b) or in the pair-feeding study #2 (N.S, p=0.06; Figure 6a & 6b).

Since V. vitis activated AMPK in L6 myotubes in vitro, we
investigated the involvement of this pathway in vivo as well. We
therefore compared phosphorylation levels of ACC, a stable
downstream substrate of AMPK, in the muscle of control, pair-fed
and V. vitis treated KKAY mice from the first two studies. Our results
showed that there was no significant difference in the phosphorylation
levels of ACC between control, pair-fed and V. vitis-treated mice
(data not shown).

Discussion

Aboriginal populations around the world are particularly at risk
of developing metabolic disorders related to lifestyle changes. When
risk factors like obesity and genetic predisposition entwine with the
cultural disconnection of modern medication, the complications
of diabetes also increase and can become debilitating and life
threatening [5,15,16]. To address this problem in Canadian aboriginal
populations, our team has explored potential anti-diabetic plants that
could represent promising and culturally relevant alternative and
complementary treatment options for managing diabetes in these
populations. In collaboration with the Cree Elders and Healers of
Eeyoulstchee (James Bay area of QC, Canada), we have identified
the extract of Vaccinium vitis-idaea L. berries as a promising product
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Table 1: Histological scores of liver steatosis from KKAY diabetic mice of study
#1 and study #2.

Grade of Steatosis
Groups n 0 1 2 3
Study #1 Control 7 1 1 0 5
V .vitis 7 3 1 0 3
Pair-fed 7 5 0 1 1
Study #2 V vitis 7 4 3 0 0

The scoring is based on the percentage of hepatocytes containing macrovesicular
steatosis, grade 0: 0-5 %, grade 1: 5-33 %, grade 2: 33-66 %, grade 3: more than
66 % (21), (Chi square, p>0.05).

Table 2: Blood parameters of KKAY mice from study #1 and study #2.

Study #1 Study #2
Control V. vitis Pair-fed V. vitis

Triglycerides (mmol/L) | 4.5+0.8 29+0.5 29+0.6 27+05
Cholesterol (mmol/L) 23+x01 21+02 | 32z%04 23+03

HDL (mmol/L) 1.1+0.1 1.1+0.1 1.4+0.2 1.0+0.1

LDL (mmol/L) 05+02 | 05+0.0  05%0.0 05+0.2
Insulin (ng /ml) 353+84 | 19.0+42 | 6.0+ 21 128+2.1*
Leptin (ng /ml) 271417 | 239+09 | 29.1+16 27.3+3.0
Adiponectin (pg /ml) 182+24 18024  126+15 114+20
Leptin / adiponectin 1.6+0.2 1.4+0.2 24+04 3.0£0.5

Control

V. viti

Pair-fad

V. vitiz

Study #1 Study 42

Figure 6: Effect of V. vitis treatment on GLUT4 content in soleus muscle of
diabetic KKAY mice of study #1 and study #2.Samples of soleus muscles were
obtained from control, V. vitis and pair-fed diabetic KKAY mice and analysed
by immunoblotting with antibodies specific to GLUT4. (a) Representative
blots from study #1 and #2 are shown. (b) Data are expressed as GLUT4/B-

actin and is given as mean + SEM from 7 animals.

capable of enhancing glucose uptake in skeletal muscle cells in culture

(8].

V. vitis is a rich source of polyphenols including flavonoids,
phenol acids, tannins, proanthocyanidins and stilbenes [17-19]. The
most common Flavonoids in V. vitis are the flavonol quercetin and
kaempherols, together with their glycosides but querectin glycosides
are the most abundant. Other important Flavonoid classes such as
catechins are also detected in V. vitis. The content of catechins is
10 times higher in V. vitis than in the other Vaccinium species
[20]. A bioassay guided fractionation studies done by our team on
V. vitis berries ethanolic extract identified quercetin and quercetin
glycosides as the active principles responsible for the enhancement
of glucose uptake in skeletal muscle cells. In total, 12 compounds
including the active compounds were identified by high performance
liquid chromatography / mass spectrometry analysis. The major
compounds were benzoic acid, p-coumaric acid, cyandin glucoside,
cyanidin galactoside and p-coumaroyl-D-glucoside [9].

Skeletal muscle is the major site of glucose disposal accounting for
80% of insulin-stimulated glucose up take [21]. Skeletal muscle cells
express two is of forms of facilitative glucose transporters, GLUT4

Measurements were obtained from plasma of mice treated for a period of 10
days with standard Chow diet with or without V. vitis in the drinking water (1%).
All values are mean = SEM (n=7). * denotes significantly different as compared
to control (p < 0.05) as assessed by unpaired t test.

and GLUTI. The latter resides mainly in the plasma membrane
and is responsible for basal glucose transport. On the other hand,
GLUT4 resides in intracellular vesicles and translocates to the plasma
membrane in response to insulin stimulation [22]. In accordance
with previous observations [8,9], V. vitis significantly increased
cellular glucose uptake. The effect of V. vitis on glucose uptake in L6
cells (65% increase) was more than double that observed previously
in C2C12 myotubes (31%; [9]). This was not unexpected and can
likely be attributed to the higher content of GLUT4 in L6 cells [23].

V. vitis treatment also leads to the activation of the insulin-
independent AMPK pathway but not of insulin-dependent Akt in L6
myotubes. This is in accordance with previous studies implicating the
AMPK pathway and mitochondrial inhibition as the mechanism of
action of V. vitis and its active principles in C2C12 myotubes [9]. In
the present study, we confirmed that the V. vitis-induced increase in
glucose uptake was associated with increased translocation of GLUT4
to the plasma membrane using L6 cells expressing GLUT4myc. Most
importantly, the extent of glucose transport stimulation and GLUT4
translocation induced by V. vitis administration was equivalent to
that of an optimal dose of insulin in these cells. This reinforces the
promising antidiabetic potential of V. vitis extract raised in our recent
in vitro studies [9]. This is also in accordance with previous in vivo
reports on the anti-diabetic activity of the plant’s active principles:
quercetin and quercetin-3-O-glucoside [24-26].

In view of such precedents, it seemed fitting to investigate the
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anti-diabetic effect of V. vitis in vivo; therefore, we selected the
aforementioned diabetic KKAY mouse model. Unexpectedly, V. vitis-
treatment reduced water intake in all three in vivo study protocols,
albeit with varying intensity. Indeed, there was a 44% drop in
cumulative fluid intake when V. vitis was administered to KKAY mice
as compared to their cognate controls (study #1). This difference was
diminished to 31% in the pair-feeding study (study #2), suggesting
that part of the V. vitis effect on fluid intake can be related to the
expected decrease in blood tonicity and polyuria that results from
the reduction in food intake (pair-feeding “forcing” this on control
animals as well) and associated decrease of glycemia. The remaining
component in the decrease of water intake by this plant could be
explained, at least in part, by the acidic and astringent properties
of V. vitis berries; traits shared with the plant’s cousin, cranberries,
and potentially representing unpleasant organoleptic features for
mice. Indeed, even normal C57BL/6] mice in study #3 exhibited a
significant, albeit more modest, decrease in fluid intake (22% as
compared to the first 2 studies). This appears sensible, given that
normal mice do not have the added strain of hyperglycemia (with
expected blood hypertonicity and polyuria) of their KKAY cousins
that would be consistent with higher fluid intake in the latter. Taste
aversion tests will be necessary to confirm this interpretation.

More importantly, V. vitis extract administration exerted a rapid,
considerable and persistent effect to significantly lower cumulative
changes in body weight, food intake and glycemia. These results
suggest that the plant may possess weight reducing, antihyperglycemic
and appetite-modifying effects. This led us to carry out study #2,
where the use of pair feeding demonstrated that the blood glucose
lowering and weight reducing effects of V. vitis could be attributed in
major part to reduced food intake.

Surprisingly, despite a fully comparable pattern of weight changes,
pair-fed animals exhibited significantly lower levels of blood glucose
compared to V. vitis treated animal. One possible explanation for
this counter-intuitive result stems from the significant sugar content
of V. vitis berries that can reach up to 8% of their fresh weight [27]
and 27% of their dry weight. Although we did not measure the exact
amount of sugar consumed by our animals, he sugar provided by
V. vitis administration nonetheless enhances the significance of the
anti-hyperglycemic and weight-reducing actions observed with plant
extract treatment in diabetic KKAY. Notwithstanding, our results do
indicate that the antihyperglycemic effect of V. vitis is mediated in
good part by the reduction of food intake. The underlying mechanisms
remain to be fully elucidated, but they do not appear to involve the
satiety hormone leptin whose circulating levels were not affected by
V. vitis. Further investigations, notably concerning leptin signaling,
will be needed to clarify this point. However, we found no evidence
that the reduced food intake was related to any toxic action of the
plant. Indeed, we did not observe any behavioral or external (e.g. fur,
eyes) changes indicating toxicity (not illustrated). Finally, the plant’s
berries have been and continue to be consumed by the CEI and other
populations, thereby confirming their GRAS (generally regarded as
safe) status.

In contrast with KKAY mice, the administration of V. vitis to
normal C57Bl/6] animals did not affect body weight or blood glucose
levels. A possible explanation for this and the food intake reduction in

KKAY mice might stem from the disruption of central melanocortin
(MC) system in the latter. This system regulates feeding behavior
and energy expenditure and its disruption is responsible for the
KKAY phenotype of hyperphagia, hyperlipidemia, hyperleptinemia,
maturity-onset obesity and diabetes [28]. Since antagonism of this
system has been shown to control body weight [29,30], it is tempting
to propose that V. vitis could act similarly in KKAY mice. This brings
forth its potential therapeutic utility in humans with genetic defects in
the MC system. Further studies specifically aimed at the MC system
will be required to address these issues.

However, this hypothesis cannot account for the fact that normal
lean V.vitis-treated C57BL/6L mice had a slight but significant
increase in food intake in contrast to the opposite effect in KKAY
mice. These counter intuitive results may stem from our previous
observation that V. vitis acts as a mild mitochondrial inhibitor [9].
Indeed, such disruption of mitochondrial energy transduction (also
caused by induction of uncoupling proteins — UCPs) is reminiscent of
the stimulatory effects of chronic moderate to intense physical activity
on mitochondrial biogenesis by inducing AMPK activation [31].
Moreover, when lean animals and humans carry out regular moderate
to vigorous exercise, a negative energy balance is created. This triggers
a compensatory increase in food intake that does not affect body mass
[32-34], similar to what we observed in C57BL/6L mice consuming
V. vitis extract. By virtue of its mitochondrial inhibitory and AMPK
enhancing actions, V. vitis could thus create a negative energy balance
by increasing energy expenditure, particularly in normal mice, and
future studies should address this point.

This interpretation is fully compatible with the insights into the
cellular and molecular mechanisms underlying the antihyperglycemic
action of V. vitis that were obtained from our in vitro results in both
C2C12 [9] and L6 muscle cells (presented above). These showed that
V. vitis increased glucose transport and GLUT4 translocation to the
membrane, associated with an activation of the AMPK pathway. This
pathway has been shown to increase synthesis of GLUT4 in skeletal
muscle [35], thus resulting in enhanced glucose transport capacity
of this organ. We failed to observe the enhancement of the AMPK
pathway in skeletal muscle of V. vitis treated group. This could be due
to the fact that harvesting the organs at sacrifice represents a snapshot
in time whereby dynamic changes in the phosphorylation of the
AMPK pathway components (such as ACC in the present studies) may
not be detected consistently. However, V. vitis treatment exhibited a
strong tendency to increase muscle GLUT4 content in diabetic KKAY
mice, which could have contributed to the concomitant decrease in
glycemiain these animals. However, the total level of GLUT4 protein
in skeletal muscle may not provide a definitive indication of the
ability of the tissue to uptake glucose.

Concomitantly, a number of parameters indicate that V. vitis
can also improve insulin sensitivity. Firstly, we found that plant
extract-fed mice had decreased plasma insulin levels. In addition,
V. vitis intake tended to reduce liver steatosis in these diabetic mice.
Indeed, hepatic steatosis is closely associated with obesity and insulin
resistance, leading to exaggerated hepatic glucose production [36].
Despite some heterogeneity in the effects of V. vitis between studies
#1 and #2, results were nonetheless consistent since subgroups
responding better to V. vitis in terms of steatosis were also the ones
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exhibiting lower insulin levels. Nonetheless, our results highlight the
potential of V. vitis berry extract to exert pleiotropic effects to increase
hepatic insulin sensitivity by reducing liver steatosis.

Conclusion

In summary, the results of the present study clearly demonstrate
that V. vitis possesses significant anti-diabetic and anti-obesity
actions. These are exerted through a combination of pleiotropic effects
on different organs including reduction of food intake, increased
glucose transport in skeletal muscle and reduced hepatic steatosis.
Our studies thus pave the way toward clinical assessments of V. vitis
products, notably in the context of a culturally relevant approach to
diabetes care in the CEL.
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