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test (18.2 %) and plasma insulin (65 %) while preventing 
hepatic steatosis (42 % reduction in hepatic triglyceride 
levels) in DIO mice. It stimulated insulin-dependent Akt 
pathway (55 %) and increased the expression of GLUT4 
(53 %) in skeletal muscle. In the liver, Labrador tea stimu-
lated the insulin-dependent Akt and the insulin-independ-
ent AMP-activated protein kinase pathways. The improve-
ment in hepatic steatosis observed in DIO-treated mice was 
associated with a reduction in inflammation (through the 
IKK α/β) and a decrease in the hepatic content of SREBP-1 
(39 %).
Conclusions Labrador tea exerts potential antidiabetic 
action by improving insulin sensitivity and mitigating high-
fat diet-induced obesity and hyperglycemia. They validate 
the safety and efficacy of this plant, a promising candidate 
for culturally relevant complementary treatment in Cree 
diabetics.

Keywords Labrador tea · AMPK · GLUT4 · SREBP-1 · 
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Introduction

The prevalence of diabetes among the Canadian aboriginal 
populations is 3–5 times higher than that of non-aborig-
inals. Risk factors such as sedentary lifestyle and genetic 
predisposition are major causes behind the alarmingly high 
rates of diabetes in these populations [1]. They are also 
more susceptible to diabetes complications in part due to 
low treatment compliance caused by the disconnection 
between traditional and modern therapeutic approaches 
[2]. Our team has thus been working with the Cree of 
Eeyou Istchii (Eastern James Bay area of Quebec, Canada) 
to document the potential of their plants to mitigate type 

Abstract 
Purpose Using a diet-induced obesity (DIO) mouse 
model, we investigated the antidiabetic effect of Lab-
rador tea [Rhododendron groenlandicum (Oeder) Kron 
and Judd], a beverage and medicinal tea used by the Cree 
Nations of northern Quebec.
Methods C57BL6 mice were divided into five groups 
and given standard chow (~4 % of lipids) or high-fat diet 
(~35 % of lipids) for 8 weeks until they became obese 
and insulin resistant. Treatment began by adding the plant 
extract at three doses (125, 250 and 500 mg/kg) to the 
high-fat diet for another 8 weeks. At the end of the study, 
insulin-sensitive tissues (liver, skeletal muscle, adipose 
tissue) were collected to investigate the plant’s molecular 
mechanisms.
Results Labrador tea significantly reduced blood glu-
cose (13 %), the response to an oral glucose tolerance 
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2 diabetes and its precursor, obesity. Obesity is indeed a 
major risk factor for insulin resistance and diabetes. Insulin 
resistance is characterized by a decrease in the ability of 
target tissues, especially muscle, liver and fat, to respond to 
insulin effects.

Rhododendron groenlandicum (Oeder) Kron and Judd, 
commonly known as Labrador tea, is a plant of the Heath 
family (Ericaceae). The Eastern James Bay Cree use the 
leaves to make a beverage tea and to treat diseases such 
as asthma, diabetes and kidney infections. It is as popular 
among them as is green tea for Western culture [3]. The 
Europeans adopted the tea for its distinctive flavor and 
aroma, and it was used to make a tea substitute during the 
Revolutionary War [4]. Concerning the identification and 
quantification of the components of the Labrador tea leaf 
extract, quantitative analysis was performed in our labora-
tories using an Agilent 1100 series RP-HPLC–DAD-APCI/
MSD system. The principal chemical constituents are 
mainly flavonoids: quercetin-3-galactoside [6.49 mg/g dry 
weight (DW)], (+) catechin (4.98 mg/g DW), (−) epicat-
echin (2.73 mg/g DW), quercetin-3-glucoside (1.81 mg/g 
DW), quercetin-3-rhamnoside (0.38 mg/g DW) and querce-
tin (0.12 mg/g DW). The major phenolic acid is chloro-
genic acid (3.17 mg/g DW). The polyphenols procyanidin 
B2 and procyanidin A1 were also detected [5, 6]. R. groen-
landicum was previously reported to possess promising 
antidiabetic effects on several insulin-sensitive cell lines, 
notably skeletal muscle C2C12 and 3T3-L1 adipocyte cells 
[7]. The mechanisms of action appear to involve a met-
formin-like activity [8]. We therefore sought to confirm the 
plant’s antidiabetic potential in vivo and to further investi-
gate the mechanisms by which this plant can improve sys-
temic glucose and lipid homeostasis. For this purpose, we 
chose the diet-induced obese (DIO) mouse model. Indeed, 
mice fed chronically with a high-fat diet develop obesity, 
hyperglycemia and hyperlipidemia [9], much as such die-
tary habits cause overweight and participate in the meta-
bolic syndrome in humans [10].

Approximately 80 % of total body glucose uptake occurs 
in skeletal muscle through insulin- and exercise-sensitive 
glucose transporters, GLUT4, whose translocation to the 
cell surface involves Akt and AMPK pathways, respectively 
[11, 12]. In addition, transgenic mice revealed that specific 
elevation in muscle GLUT4 expression prevents insulin 
resistance [13]. Finally, AMPK activation also upregu-
lates skeletal muscle GLUT4 expression, thus leading to 
increased insulin sensitivity and glucose uptake [14]. We 
therefore assessed Akt, AMPK and GLUT4 components of 
muscle glucose homeostasis in skeletal tissues of obese and 
insulin-resistant mice treated with R. groenlandicum.

Adipose tissue is a major site of fatty acid synthesis 
and storage. Peroxisome proliferator-activated receptor 
gamma (PPARγ) and CCAAT/enhancer binding protein 

(C/EBPs) are two key factors affecting the proliferation 
and differentiation of adipose cells and inducing lipid 
accumulation into white adipose tissue (WAT) [15]. Thi-
azolidinediones, a class of oral hypoglycemic drugs that 
act through PPARγ agonism, can improve insulin sensi-
tivity and glucose tolerance by promoting WAT storage 
of free fatty acids, thereby preventing ectopic fat storage 
in muscle and liver. WAT also plays an important role in 
regulating systemic insulin sensitivity by secreting adi-
pokines such as adiponectin and leptin, which influence 
whole-body metabolism [16]. Adiponectin modulates glu-
cose and fatty acid handling [17]. It plays a role in the 
suppression of the metabolic disturbances that may result 
in type 2 diabetes, obesity, atherosclerosis nonalcoholic 
fatty liver disease (NAFLD) and metabolic syndrome [17, 
18]. Leptin plays a key role in regulating energy intake 
and energy expenditure. Obesity is often associated with 
leptin resistance, deregulating satiety signals and an ele-
vated leptin/adiponectin ratio [19]. In the present study, 
we therefore paid attention to PPARγ, C/EBP, adiponectin 
and leptin parameters.

The liver plays an equally important role in glucose 
homeostasis through the production and storage of glu-
cose. The liver also regulates lipid homeostasis through a 
process implicating key lipogenic enzymes such as acetyl-
CoA carboxylase (ACC) and the transcription factor sterol 
response element-binding protein-1 (SREBP-1). The latter 
controls the synthesis of cholesterol, fatty acids and tri-
glycerides [20] and may be involved in the pathogenesis 
of hepatic insulin resistance when overexpressed [21]. This 
leads to intracellular triglyceride accumulation and hence 
hepatosteatosis [22]. Hyperinsulinemia and inflammatory 
cytokine pathways implicating the inhibitor of kappa B 
kinase inhibitor (IKK) usually cause increased SREBP-1 
expression [23, 24]. Hence, hepatic ACC, AMPK, 
SREBP-1 and IKK have been assessed in this study to 
determine the effects of R. groenlandicum on liver in vivo. 
These animal studies are a first step in the assessment of 
the therapeutic potential of R. groenlandicum in the context 
of metabolic syndrome and type 2 diabetes.

Materials and methods

Plant materials

The leaves of R. groenlandicum were harvested in the 
Eeyou Istchii territory, QC, Canada, dried and kept in 
dry cool conditions until use. Taxonomist Dr. A. Cuer-
rier identified that the plant and voucher specimens were 
deposited at the Marie-Victorin Herbarium of the Montreal 
Botanic Garden. The 80 % ethanol extract was prepared as 
described previously [5–7].
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Animals and diets

Four-week-old male C57BL/6 mice were purchased from 
Charles River (St-Constant, QC), housed in separate cages 
and kept in a temperature- and humidity-controlled room 
with a 12-h light–dark cycle. After acclimation, mice 
were randomly divided into five groups (n = 12) includ-
ing CHOW control group (16 weeks on standard chow 
diet—Charles River) and DIO control group (16 weeks on 
a high-fat diet (HFD) providing 35 % of lipids (Table 1); 
Bio-Serv, Frenchtown, NJ, USA). The other three groups 
received HFD for 8 weeks until they became obese and 
insulin resistant. The treatment protocol was then initiated 
by adding the R. groenlandicum extract into the HFD at 
three doses (125, 250, 500 mg/kg) for another 8 weeks. The 
doses were chosen based on pilot animal experiments and 
on mouse–human interspecies dose extrapolation accord-
ing to Reagan-Shaw et al. (2008) [25]. After extrapolation, 
the equivalent human doses are 10.1, 20.2 and 40.5 mg/kg, 
respectively, which equates to 0.6, 1.2 and 2.4 g of recov-
ered alcoholic extracts for an adult human of 60 kg body 
weight. To obtain the mass of the dry plant material, the 
mass of recovered alcoholic extracts is divided by the yield 
(31 %) to give 1.9, 3.8 and 7.7 g, respectively, for a 60-kg 
person, which is close to the amount of dry plant material 
used in herbal tea preparations (about 5 g of dry tea leaves/
cup of Labrador tea).

During the study, body weight, food intake, water intake 
and blood glucose level were measured two or three times 
a week. Tail vein glycemia was measured with a com-
mercial glucometer (Accu-Check Roche, Montreal, QC). 
At study end, the mice were anesthetized (intraperitoneal 
sodium pentobarbital, 45 mg/kg), killed by complete blood 
sampling and organs such as liver, skeletal muscle, WAT 
(epididimal and retroperitoneal fat pads) and kidney were 
immediately collected, weighted and stored at −80 °C for 
further analysis.

Livers from each mouse were harvested, and dissected 
sections were fixed in 10 % formalin solution and embed-
ded in paraffin. Each section (2) was cut, mounted on glass 
slides and stained with hematoxylin phloxine saffron (HPS) 
by the Institut de Recherche en Immunologie et en Can-
cérologie (IRIC), Department of Histology, Université de 
Montréal, Montreal, QC, Canada.

Oral glucose tolerant test (OGTT)

A second study was conducted to assess the effect of R. 
groenlandicum on glucose tolerance. Thirty-three C57/
BL/6 mice were acclimated to the animal facilities as previ-
ously described in the treatment study. Twelve of these ani-
mals were then randomly assigned to CHOW control group 

and were provided with standard chow diet for 6 weeks. 
The remaining 21 mice were fed HFD for the same period 
of time. Food intake, water intake and blood glucose lev-
els were measured once a week. Blood glucose levels were 
measured in tail vein blood as previously mentioned in the 
treatment study. After 8 weeks on HFD, the animals were 
randomly segregated into two groups: one received HFD 
alone, while the other had 250 mg/kg of R. groenlandicum 
incorporated in the HFD for an additional 8 weeks. This 
dose was chosen for the OGTT study because it induced 
the best metabolic response in the first study (reduction 
in hepatic triglycerides levels, enhancement of muscle 
GLUT4 expression, stimulation of Akt pathway in both 
liver and muscle, and restoration of AMPK activity in the 
liver). At the end of the study, the mice were fasted for 
5.5 h and were given 2 g/kg glucose by oral gavage. Tail 
vein glucose readings were taken at 0, 15, 30, 60 and 
120 min after glucose administration.

All animal experimental protocols were approved by 
Université de Montréal Animal Experimentation Ethics 
Committee and respected guidelines of the Canadian Coun-
cil for the Care and Protection of Animals.

Biochemical assays

Plasma insulin (Linco; St-Charles, MO), adiponectin 
and leptin (Millipore; St-Charles, MO) were determined 
using radioimmunoassay kits according to manufactur-
er’s specifications. Insulin sensitivity was estimated using 
Homeostasis Model Assessment-estimated insulin resist-
ance (HOMA-IR); HOMA-IR = [(plasma insulin (µg/
mL)) × plasma glucose (mM/L)]/22.5 [26]. Circulating 
lipids (triglycerides, total cholesterol, LDL, HDL) as well 
as liver and kidney functional parameters (ALT, AST, cre-
atinine, alkaline phosphatase) were assessed by standard 
clinical biochemistry protocols at Sainte-Justine’s Children 
Hospital (Montreal, Quebec).

Table 1  General composition of the high-fata and CHOWb diet used 
in this study

a Mouse diet, high-fat diet from Bio-Serv (F3282, Canada)
b Mouse diet, 18 % autoclavable Rodent CHOW from Charles River 
(5075, Canada)

Formula Concentration (%) DIO Concentration (%) CHOW

Protein 20.0 8.1

Fiber 0.0 6.7

Carbohydrates 36.3 57

Fat 35.5 3.4

Ash 3.2 6.7

Moisture <5.0 –
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Measurement of tissue triglyceride content

Liver samples (about 100 mg each) were powdered under 
liquid nitrogen and extracted with Folch’s chloroform/
methanol (2:1) reagent [27]. Triglycerides (TG) content 
was determined by using a commercial kit (Randox Labo-
ratories Ltd., UK).

Western blot analysis

Frozen tissue (muscle, liver and WAT) samples were 
homogenized in RIPA lysis buffer (50 mM Hepes, 150 mM 
NaCl, 5 mM EGTA, 2 mM MgCl2, 5 % glycerol, 1 % 
Triton-X 100, 0.1 % SDS, pH 7.4) containing protease 
and phosphatase inhibitors. To determine GLUT4 protein 
levels, muscles were lysed in sucrose buffer instead (Tris 
buffer pH 7.4, 20 mM Tris–HCl, 255 mM sucrose, 1 mM 
EDTA). After homogenization, samples were centrifuged 
and supernatant removed for analysis. Equal amounts of 
protein (50 μg) were subjected to electrophosphoresis on 
10 % SDS–polyacrylamide gels and transferred to nitrocel-
lulose membrane (Millipore, Bedford, MA). Membranes 
were probed with the following antibodies: p-Akt (Ser 
473), Akt, p-ACC (Ser 79), ACC, p-AMPKα (Thr 172), 
AMPK, p-IKK αβ (Ser176/180), ß-actin (1:1000 dilu-
tion, 5 % BSA, Cell Signaling Technology, Danvers, MA); 
GLUT 4 (1:1000 dilution, 5 % milk, Cell Signaling Tech-
nology, Danvers, MA); PPARα, PPARγ, SREBP-1, C/
EBPα, C/EBPß (1:200 dilution; 5 % milk, Santa Cruz Bio-
technology, Inc. Santa Cruz, CA). Anti-rabbit IgG or anti-
mouse IgG HRP-conjugated secondary antibodies were 
used at 1:4000 dilutions in 5 % milk in TBST (Cell Signal-
ing Technology).

PPARγ activation experiments

Using a nuclear receptor reporter assay, R. groenlandi-
cum extract was tested for agonist and antagonist activity 

against PPARγ (Indigo Biosciences, State College, PA, 
USA). Briefly, HEK 293-T cells were transfected with 
Gal4-human PPARγ, Gal 4-luciferase and pRL [28]. 
Cells were incubated with different concentrations of R. 
groenlandicum (100, 25, 6.25, 1.56 and 0.39 μg/mL), 
of the PPARγ agonist rosiglitazone (20, 2, 0.2, 0.02 and 
0.002 μM) or of the PPARγ antagonist GW9662 (10, 1, 
0.1 and 0.01 μM) for 14 h. Luciferase activity was then 
determined, and the EC50 and IC50 values were calculated 
by Prism® 4.0 software (GraphPad Software, Inc., San 
Diego, CA).

Statistical analysis

Results are presented as mean ± SEM. Data analyses were 
performed using SigmaStat 3.1 software (Jandel Scien-
tific, San Rafael, CA). Statistically significant differences 
between group means were assessed by ANOVA. P values 
<0.05 were considered statistically significant. Values of 
AUC for OGTT are calculated for the intervals 0–120 min 
and presented as the mean ± SEM of AUCs from single 
curves using Prism® 4 software.

Results

Diet‑induced obesity (DIO) model

To induce obesity and a prediabetic state, the DIO group 
mice were fed HFD for 16 weeks. This resulted in a sig-
nificant weight gain as compared to standard CHOW fed 
group (47.8 ± 0.6 vs. 36.5 ± 0.9 g, respectively; p < 0.05; 
Table 2; Fig. 1a). Similarly, significant increases in liver, 
WAT (retroperitoneal fat pad) and brown adipose tissue 
weights were observed (p < 0.05; Table 2). This occurred 
without any change in food intake between the DIO and 
CHOW groups (data not illustrated). In addition, blood 
lipid profile reflected the high-fat intake since LDL, HDL 

Table 2  Body and organ weights at the end of treatment

Data were analyzed using one-way ANOVA. Values (mean ± SEM; n = 12) were taken at the end of the treatment day

* p value <0.05 significantly different from CHOW group, and † p value <0.05 significantly different from DIO control group

CHOW DIO control R. groenlandicum

125 mg/kg 250 mg/kg 500 mg/kg

Body weight (g) 36.5 ± 0.9 47.8 ± 0.6* 46.5 ± 0.6* 42.9 ± 1.7* 46.5 ± 0.9*

Liver weight (g) 1.61 ± 0.07 2.45 ± 0.11* 2.15 ± 0.15* 1.92 ± 0.17† 2.18 ± 0.12*

Kidney weight (g) 0.38 ± 0.01 0.39 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 0.37 ± 0.01

Retroperitoneal fat pad (g) 0.83 ± 0.04 1.66 ± 0.08* 1.76 ± 0.13* 1.42 ± 0.15* 1.79 ± 0.01*

Epididymal fat pad (g) 1.89 ± 0.12 1.48 ± 0.08 1.61 ± 0.18 1.53 ± 0.13 1.44 ± 0.07

Brown fat pad (g) 0.29 ± 0.02 0.46 ± 0.03* 0.48 ± 0.02* 0.43 ± 0.04* 0.51 ± 0.02*
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as well as total cholesterol were doubled in DIO animals 
when compared to CHOW congeners (Table 3).

In parallel, a state of insulin resistance was established 
as evidenced by mild hyperglycemia and major hyperinsu-
linemia in DIO mice (33 % and eightfold increases, respec-
tively, vs. CHOW; p < 0.05; Table 3). The high level of 
hepatic accumulation of triglycerides (20.3 ± 1.8 for DIO 
vs. 4.71 ± 0.57 for CHOW mg/g liver; p < 0.05; Fig. 2) 
corroborated the existence of an insulin-resistant state. 
Finally, circulating leptin/adiponectin ratio increased nearly 
1.8-fold (p < 0.05; Table 3).

R. groenlandicum significantly decreases glycemia, 
hepatic steatosis and insulin resistance of DIO mice 
after 8 weeks of treatment

When administered for the last half of a 16-week HFD 
protocol, R. groenlandicum significantly affected glyce-
mia. Indeed, when the area under the glycemia-versus-time 
curve (AUC) was assessed for the last four treatment weeks, 
the two highest doses of R. groenlandicum diminished 
blood glucose levels by about 12.5 and 13.3 %, respec-
tively, as compared to DIO controls (p < 0.05; Fig. 1b). 
This effect was more pronounced at killing where glycemia 
in plant-treated animals was between 25 and 30 % lower 
than that of DIO controls (p < 0.05; Table 3), without being 
significantly different from CHOW mice. R. groenlandicum 
treatment also had a major impact on insulin serum levels, 
reducing them by 62–66 % when compared to DIO controls 
(p < 0.05 for 250 mg/kg/d group; Table 3) and improved 
HOMA index by up to 75 % (p < 0.05; Table 3). However, 
insulin serum levels and HOMA index were still signifi-
cantly higher than those of the CHOW group (p < 0.05).

Since the HOMA index is only an approximation of 
insulin sensitivity, we did additional experiments where an 
OGTT test was carried out using the most effective dose 
of R. groenlandicum, namely 250 mg/kg/d. As shown in 
Fig. 3a, DIO controls had a much larger glucose response 
to the OGTT as compared to CHOW animals. Mice ingest-
ing HFD containing 250 mg/kg/d of R. groenlandicum had 
a significantly reduced response compared to DIO controls 
and lay intermediate between the latter and the CHOW 
controls. These results were corroborated by AUC measure-
ments showing R. groenlandicum group (2158.0 ± 161.0) 
significantly inferior to DIO mice (2638.7 ± 149.7) and 
superior to CHOW controls (1447.5 ± 57.0; p < 0.05 for 
both; Fig. 3b).

Liver steatosis was significantly improved when the 
animals ingested R. groenlandicum alongside the HFD 
(Fig. 2). Liver TG levels decreased significantly under the 
influence of plant extract. The 250 mg/kg/d group showed 
the best outcome with a decrease of 42 % (p < 0.05) in TG 
levels when compared to DIO control group. These results 
were fully compatible with the changes observed at the 
level of liver weight, where mice treated with 250 mg/kg/d 
of R. groenlandicum had significantly smaller livers than 
DIO control animals (1.9 ± 0.7 vs. 2.4 ± 0.1 g, respec-
tively; p < 0.05; Table 2).

In contrast, R. groenlandicum treatment did not 
decrease weight gain (6 % reduction in AUC; Fig. 1a; 
N.S.). When body weight at the end of treatments was 
considered, R. groenlandicum treatment also failed to 
induce a statistically significant difference (11 % dif-
ference between 250 mg/kg/d and DIO control groups; 
Table 2, N.S.). Moreover, R. groenlandicum did not 
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Fig. 1  R. groenlandicum treatment for 8 weeks decreases blood 
glucose levels without affecting body weight of DIO mice. The area 
under the weight-versus-time (a) and the glycemia-versus-time (b) 
curves was assessed for the first and second 4 weeks of treatment. 
These parameters were monitored three times a week. Asterisk indi-
cates a p value <0.05 significantly different from CHOW group, and 
dagger indicates a p value <0.05 significantly different from DIO 
control group (n = 12 for each group)
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significantly affect food intake in all DIO groups (data 
not illustrated). Similarly, circulating lipids (TG, LDL, 
HDL and total cholesterol), leptin, adiponectin as well as 
their ratio were not significantly modified by plant extract 
administration (Table 3). Finally, R. groenlandicum treat-
ment in DIO mice lacked toxicity as shown by unaltered 
liver (ALT, AST) or renal (creatinine and alkaline phos-
phatase) functional parameters (Table 2).

To begin elucidating the mechanisms of action of R. 
groenlandicum in the DIO mouse model, we analyzed key 
signaling pathways in muscle, liver and adipose tissue.

R. groenlandicum enhances glucose transporter GLUT4 
expression through an Akt‑dependent pathway in the 
muscle

Figure 4 demonstrates that HFD does not alter the phos-
phorylation of Akt or GLUT protein content. Interest-
ingly, R. groenlandicum 250 mg/kg/d treatment increases 
Akt phosphorylation levels when compared with CHOW 
and DIO control mice [0.45 ± 0.09 vs. 0.20 ± 0.02 and 
0.20 ± 0.04 arbitrary units (a.u.) for CHOW and DIO con-
trol mice respectively; p < 0.05; Fig. 4a]. Similarly, muscle 
GLUT4 protein levels significantly increased in mice fed 
with the same dose of R. groenlandicum (250 mg/kg/d) 
reaching values double that of DIO control (0.78 ± 0.10 vs. 
0.37 ± 0.07 a.u.; p < 0.05; Fig. 4b). This occurred without 
any significant effect on AMPK or its substrate ACC (N.S.; 
Fig. 4, panels c, d).

R. groenlandicum stimulates Akt and AMPK pathways 
in the liver

As illustrated in Fig. 5, treatment with 250 mg/kg/d of 
R. groenlandicum activated insulin-dependent Akt and 
restored insulin-independent AMPK; an activity that was 
inhibited by HFD feeding. Again, compared to control DIO 
mice, the 250 mg/kg/d group yielded the largest (over two-
fold) increase in the phosphorylation level of Akt (p < 0.05; 
Fig. 5a) and AMPK (p < 0.05; Fig. 5b). However, the 
phosphorylation of ACC was not significantly affected by 
R. groenlandicum treatment (Fig. 5c). Further investiga-
tions will be necessary to clarify the reasons for this lack 
of effect.

Liver PPARα content was significantly increased in DIO 
control animals as compared to CHOW (0.55 ± 0.12 vs. 
0.32 ± 0.10 a.u., respectively; p < 0.05; Fig. 5d), suggest-
ing compensatory mechanisms in the face of enhanced fatty 
acid intake. Hepatic PPARα levels remained elevated in R. 
groenlandicum treatment groups (p < 0.05 vs. CHOW). 
The levels of the 68 kDa active fragments of SREBP-1 
were not statistically different in DIO versus CHOW ani-
mals (p = 0.08; Fig. 5e). Conversely, R. groenlandicum at 
the dose of 250 mg/kg/d decreased p68 SREBP-1 levels by 
39 % compared to DIO controls.

Finally, consistent with the role of IKKαβ phosphoryla-
tion in inflammatory components of hepatic metabolic dis-
eases [23, 24], DIO animals exhibited phosphorylated IKK 
levels that were double those observed in CHOW (p < 0.05; 

Table 3  Blood parameters in DIO mice at the end of the treatment

Data were analyzed using one-way ANOVA. Values (mean ± SEM; n = 12) were taken at the end of the treatment day

* p value <0.05 significantly different from CHOW group, and † p value <0.05 significantly different from DIO control group

CHOW DIO control R. groenlandicum

125 mg/kg 250 mg/kg 500 mg/kg

Glucose (mmol/L) 7.40 ± 0.17 10.99 ± 0.67* 8.33 ± 0.38† 7.68 ± 0.39† 8.37 ± 0.34†

Insulin (ng/mL) 4.59 ± 0.75 41.17 ± 17.26* 15.49 ± 3.81* 14.32 ± 2.97*† 14.00 ± 1.99*

HOMA-IR 38.97 ± 6.79 532 ± 217* 155 ± 46*† 130 ± 31*† 130 ± 18*†

T.G. (mmol/L) 0.80 ± 0.08 0.76 ± 0.04 0.73 ± 0.05 0.66 ± 0.03 0.63 ± 0.03

LDL (mmol/L) 0.70 ± 0.05 1.72 ± 0.09* 1.53 ± 0.14* 1.47 ± 0.11* 1.34 ± 0.09*

HDL (mmol/L) 0.69 ± 0.09 1.29 ± 0.04* 1.26 ± 0.06* 1.15 ± 0.10* 1.34 ± 0.03*

Tot cholesterol (mmol/L) 1.76 ± 0.02 3.35 ± 0.12* 3.12 ± 0.18* 2.93 ± 0.20* 2.96 ± 0.10*

Leptin (ng/mL) 25.7 ± 1.4 34.4 ± 1.5* 36.3 ± 1.3* 32.4 ± 2.5* 37.2 ± 0.9*

Adiponectin (ug/mL) 17.4 ± 0.5 13.6 ± 0.9* 15.4 ± 1.5 13.6 ± 0.8* 15.6 ± 0.8

Leptin/adiponectin 1.48 ± 0.08 2.63 ± 0.18* 2.55 ± 0.23* 2.38 ± 0.15* 2.45 ± 0.14*

ALT (U/L) 25.7 ± 2.5 37.8 ± 3.3* 35.5 ± 6.6 26.5 ± 2.9 31.3 ± 4.7

AST (U/L) 127.7 ± 21.8 109.8 ± 7.9 100.7 ± 13.8 107.0 ± 9.2 90.9 ± 11.4

Creatinine (U/L) 67.5 ± 14.8 53.7 ± 4.7 56.4 ± 6.2 62.7 ± 6.0 52.8 ± 7.2

A. phosphatase (U/L) 35.2 ± 2.4 63.5 ± 18.3* 39.6 ± 1.8 35.5 ± 3.5† 39.5 ± 2.2
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Fig. 5f). Conversely, R. groenlandicum treatment with 
250 and 500 mg/kg/d groups yielded phosphorylated IKK 
values that were statistically similar to CHOW controls 
(Fig. 5f).

R. groenlandicum has weak effects on adipogenesis 
in white adipose tissue

In view of previously reported [7] strong in vitro glitazone-
like adipogenic activity of R. groenlandicum, studies on 
PPARγ ligand binding activity were conducted using a 
gene reporter assay in the HEK 293-T cell line. Crude R. 
groenlandicum extract was found to exhibit weak partial 

agonistic activity (EC50 = 2678 μg/mL; Fig. 6a), as com-
pared to rosiglitazone, a well-known PPARγ agonist 
(EC50 = 0.2896 μg/mL; Fig. 6b—inset). Conversely, when 
antagonistic studies were carried out against rosiglitazone 
(800 nM) in the same assay, R. groenlandicum extract 
showed much weaker antagonist activity than GW9662, a 
typical PPARγ antagonist (IC50 of 11,285 vs. 0.2896 μg/
mL, respectively; data not illustrated). However, further 
studies are required to fully validate these in vitro findings 
in an in vivo setting since active molecules in vivo could 
be very different from parent compounds in extracts. As 
presented in Fig. 7, neither the DIO protocol alone nor 
with R. groenlandicum intake had a significant impact on 
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expression levels of PPARγ (Fig. 7a), SREBP-1 (Fig. 7b), 
C/EBP α (Fig. 7c) and C/EBP β (Fig. 7d).

Discussion

Modern lifestyle that promotes overconsumption of calorie-
dense food contributes to visceral obesity, now a leading 
cause of metabolic disorders such as type 2 diabetes. The 
diet-induced obesity mouse model, based on high-fat diet 
feeding, therefore represents a valuable tool to investigate 
and validate new therapeutic avenues in the treatment of 
obesity and diabetes. Indeed, our study confirmed compo-
nents previously reported in the DIO mouse model, namely 
obesity, hyperglycemia, insulin resistance and fatty liver 
[9], reminiscent of the pathophysiological characteristics 

of the so-called metabolic syndrome continuum that spans 
from obesity to non-insulin-dependent diabetes mellitus 
[29].

Canadian aboriginals, as others worldwide, have been 
exposed to sudden lifestyle changes (reduced physical 
activity and increased intake of nontraditional “western” 
diets). Consequently, rates of diabetes and obesity rapidly 
escalated over the past several decades [1]. Our team has 
worked for several years with Eastern James Bay Cree to 
study Boreal forest plants with the purpose of providing 
evidence-based, culturally adapted, complementary and 
alternative antidiabetic therapeutic approaches.

R. groenlandicum, also known as katchichepukh in 
Cree, is a popular beverage and one of the highest ranking 
Cree plants used to treat diabetes symptoms [3]. Labra-
dor tea is rich in dietary flavonoids including flavan-3-ol 
monomers such as catechin and epicatechin as well as 
the flavone quercetin and its glycosides. Several studies 
have reported the antidiabetic activities of dietary flavo-
noids and polyphenols in their nutritional doses [30]. In 
one of these studies, green tea extract containing 33.2 mg 
of catechin/350 mL was found to reduce postprandial glu-
cose levels in healthy postmenopausal women [31]. Simi-
larly, epicatechin (90 mg/day) administered to diabetic 
postmenopausal women in flavonoid-enriched chocolate 
resulted in an improvement in peripheral lipid parameters, 
biomarkers of insulin sensitivity and cardiovascular risk 
[32]. The doses of catechin and epicatechin in these stud-
ies are achievable through daily consumption of Labrador 
tea.

In the present study, the antidiabetic activity of Labrador 
tea was investigated in the DIO mouse model. R. groen-
landicum was administered for 8 weeks, after obesity and 
mild hyperglycemia were established by an initial 8 weeks 
of HFD feeding. Such treatment clearly improved glucose 
homeostasis in the face of continued HFD feeding, most 
likely by an attenuation of insulin resistance. Indeed, R. 
groenlandicum treatment significantly countered hyper-
glycemia, hyperinsulinemia as well as hepatic steatosis 
(improved histological grade, reduced hepatic TG accumu-
lation and smaller liver weight). This was confirmed by an 
OGTT in the best responding group receiving 250 mg/kg/d 
whose glycemic response lay halfway between those of 
DIO and CHOW controls. All these effects occurred with-
out any significant change in food intake and body weight 
in all groups. Finally, there was no sign of toxicity from 
liver and kidney functional parameters, even with the high-
est dose of 500 mg/kg/d, consistent with traditional con-
sumption of Labrador tea by Cree populations and GRAS 
status.

The activation and the expression of key proteins 
involved in glucose and lipid homeostasis were then 
assessed in major insulin-sensitive tissues, in order to 
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Fig. 4  R. groenlandicum increases GLUT4 protein content by stimu-
lating the Akt pathway but not the AMPK pathway in skeletal muscle 
of treated mice. Samples of skeletal muscle (50 µg protein) from mice 
fed CHOW, DIO and DIO + R. groenlandicum (125, 250, 500 mg/
kg) were homogenized and analyzed by immunoblotting. Blots were 
quantified by densitometry, and data are expressed as mean ± SEM 

from 12 animals in each group. Representative immunoblots and their 
quantification are shown for samples probed with a p-Akt (Ser 473)/
Akt, b GLUT 4/β-actin, c p-AMPKα (Thr 172)/AMPK, d p-ACC 
(Ser 79)/ACC. Asterisk indicates a p value <0.05 significantly differ-
ent from CHOW group, and dagger indicates a p value <0.05 signifi-
cantly different from DIO control group



950 Eur J Nutr (2016) 55:941–954

1 3

A B

C D

E F



951Eur J Nutr (2016) 55:941–954 

1 3

begin elucidating the molecular mechanisms underly-
ing the apparent systemic antidiabetic activity of R. 
groenlandicum.

Interestingly, the dose of 250 mg/k/d of R. groenlandi-
cum, which gave the best improvement in systemic glucose 
and lipid homeostasis, also induced the best effect on the 
aforementioned proteins. Firstly, this dose increased the 
expression of muscle GLUT4 transporters up to twofold as 
compared to DIO control mice. This was associated with 
the activation of the insulin-dependent Akt pathway, sup-
porting our previous in vitro findings, where R. groenlandi-
cum stimulated glucose uptake in C2C12 cells without any 
synergistic effect with insulin [7]. Notably, specific eleva-
tion of GLUT4 expression in the muscle of normal mice 
prevents insulin resistance [13].

In the liver, R. groenlandicum at the same dose concomi-
tantly activated the Akt pathway and restored the activity of 

the AMPK pathway. The latter was disrupted by HFD feed-
ing consistent with previous findings using palmitate-rich 
HFD [33]. The two pathways are known to regulate hepatic 
glucose output, a major component of glucose homeostasis 
and type 2 diabetes pathogenesis [34, 35]. Indeed, activa-
tion of these phosphorylation cascades can reduce hepatic 
glucose output by stimulating glucose storage in the form 
of glycogen while inhibiting gluconeogenesis [36, 37]. In 
fact, we found that R. groenlandicum administered in vitro 
to hepatic cell lines significantly decreased glucose-6-phos-
phatase activity while increasing that of glycogen synthase, 
two key enzymes of gluconeogenesis and glycogen synthe-
sis, respectively [38]. Hence, the significant reduction in 
hyperglycemia afforded in vivo by R. groenlandicum can 
likely be related to a combination of reduced hepatic glu-
cose output and enhanced muscle glucose uptake.

On the other hand, liver fat accumulation is a major 
contributor to the development of insulin resistance in 
this organ and a crucial component in diabetes pathogen-
esis [39]. Moreover, liver insulin sensitivity is enhanced by 
stimulating hepatic fatty acid oxidation through AMPK/
ACC [40–42] and/or PPARα [43, 44], on one hand, and by 
inhibiting cholesterol and triglyceride synthesis through 
regulation of SREBP-1, on the other hand [45, 46]. In 
the present study, R. groenlandicum treatment improved 
hepatic lipid homeostasis as evidenced by (1) a significant 
attenuation of liver steatosis and intracellular TG, (2) main-
tenance of high PPARα levels elevated by HFD feeding and 

Fig. 6  R. groenlandicum is a 
weak activator of PPARγ. HEK 
293-T cells were transfected 
with Gal4-human PPARγ, Gal 
4-luciferase and pRL; then, cells 
were incubated with different 
concentrations of R. groen-
landicum (a) or PPARγ agonist 
rosiglitazone (b). Luciferase 
activity was then determined, 
and the EC50 and IC50 values 
were calculated. Asterisk 
indicates significantly different 
(p < 0.05) from vehicle control

Fig. 5  R. groenlandicum activates the Akt and AMPK pathways in 
the liver of DIO mice. Samples of liver tissue (50 µg protein) from 
mice fed CHOW, DIO and DIO + R groenlandicum (125, 250, 
500 mg/kg) were homogenized and analyzed by immunoblotting. 
Blots were quantified by densitometry, and data are expressed as 
mean ± SEM from 12 animals in each group. Representative immu-
noblots and their quantification are shown for samples probed with a 
p-Akt (Ser 473)/Akt, b p-AMPKα (Thr 172)/AMPK, c p-ACC (Ser 
79)/ACC, d PPARα/β-actin, e SREBP-1 and f p-IKKαβ (Ser173/180). 
Asterisk indicates a p value <0.05 significantly different from CHOW 
group, and dagger indicates a p value <0.05 significantly different 
from DIO control group

◂
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Fig. 7  R. groenlandicum has weak effects on adipogenesis in WAT 
of DIO mice. Samples of adipose tissue (50 µg protein) from mice 
fed CHOW, DIO and DIO + R groenlandicum (125, 250, 500 mg/
kg) were homogenized and analyzed by immunoblotting. Blots were 
quantified by densitometry, and data are expressed as mean ± SEM 

from 12 animals in each group. Representative immunoblots and 
their quantification are shown for samples probed with a PPAR γ, 
b SREBP-1, c C/EBPα and d C/EBPβ. Asterisk indicates a p value 
<0.05 significantly different from CHOW group, and dagger indi-
cates a p value <0.05 significantly different from DIO control group
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(3) a strong tendency to reduce hepatic SREBP-1 levels as 
compared to DIO controls. In addition, the DIO-associated 
increase in IKK phosphorylation appeared to diminish as 
the dose of R. groenlandicum increased, suggesting that the 
plant may decrease hepatic inflammation. Taken altogether, 
these data suggest that R. groenlandicum treatment could 
tip the balance toward increased oxidation of fatty acids 
and less lipid storage in the liver, thus improving hepatic 
steatosis and insulin sensitivity.

Furthermore, it is well documented that thiazolidinediones 
(PPARγ agonists) improve insulin sensitivity and glucose tol-
erance by favoring the storage of lipids (free fatty acids) in 
adipose tissue as opposed to ectopic sites such as muscle and 
liver [47, 48]. As mentioned, R. groenlandicum previously 
demonstrated strong glitazone-like action in cultured 3T3-L1 
adipocytes [7], suggesting PPARγ agonism. Using an in vitro 
gene reporter assay, the present study established R. groen-
landicum as a weak partial PPARγ agonist at lower doses and 
a mild antagonist at higher doses. The plant extract also had 
weak effects on WAT in vivo, as attested by unaltered ret-
roperitoneal fat pad weight. Similarly, the levels of PPARγ, 
another key transcription factors involved in adipogenesis 
in WAT and SREBP-1, a key factor of lipogenesis, were not 
altered by plant treatment; these results, therefore, suggest 
that Labrador tea extract acts primarily on the liver and mus-
cle, rather than WAT, to exert its antidiabetic in DIO mice.

Finally, it was interesting to note that the highest dose of 
Labrador tea used often yielded results that were less than 
those of the 250 mg/kg/d dose and similar to those of the 
lowest dose of 125 mg/kg/d. In pharmacology, such bell-
shaped (or inversed U-shaped) dose–response relationships 
can be encountered [49]. This pharmacological behavior 
will have to be confirmed in humans. On the other hand, 
certain parameters (e.g., liver IKKαβ phosphorylation, 
WAT C/EBPα/β) appeared to be modulated by Labrador 
tea in a more conventional dose–response relationship. This 
could be due to the complexity of plant extracts in which 
active compounds could exert different effects at different 
doses and in different sites.

In conclusions, R. groenlandicum exerts significant anti-
diabetic activity by improving glucose tolerance, systemic 
glucose and tissue lipid homeostasis through an attenua-
tion of insulin resistance in DIO mice. Together with our 
previous in vitro data, the present studies lend credible, 
evidence-based support for the use of Labrador tea as a 
promising GRAS medicinal plant and culturally adapted 
therapeutic avenue for Cree diabetics. It is hoped that the 
inclusion of Labrador tea in Cree diabetes care will contrib-
ute to reduce the dramatic burden of type 2 diabetes in this 
population. The current animal studies are an encouraging 
first step in this direction; yet, they must be followed by 
further clinical studies in order to fully validate the antidia-
betic effect of the plant preparations.
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