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Abstract

Obesity is a major risk factor for the development of type 2 diabetes, and both conditions are now recognized to possess significant inflammatory
components underlying their pathophysiologies. Here, we hypothesized that cyanidin 3-glucoside (C3G), a typical anthocyanin reported to possess potent anti-
inflammatory properties, would ameliorate obesity-associated inflammation and metabolic disorders, such as insulin resistance and hepatic steatosis in mouse
models of diabesity. Male C57BL/6] obese mice fed a high-fat diet for 12 weeks and genetically diabetic db/db mice at an age of 6 weeks received dietary C3G
supplementation (0.2%) for 5 weeks. We found that dietary C3G lowered fasting glucose levels and markedly improved the insulin sensitivity in both high-fat
diet fed and db/db mice as compared with unsupplemented controls. White adipose tissue messenger RNA levels and serum concentrations of inflammatory
cytokines (tumor necrosis factor-a, interleukin-6, and monocyte chemoattractant protein-1) were reduced by C3G, as did macrophage infiltration in adipose
tissue. Concomitantly, hepatic triglyceride content and steatosis were alleviated by C3G. Moreover, C3G treatment decreased c-Jun N-terminal kinase activation
and promoted phosphorylation and nuclear exclusion of forkhead box O1 after refeeding. These findings clearly indicate that C3G has significant potency in

antidiabetic effects by modulating the c-Jun N-terminal kinase/forkhead box O1 signaling pathway and the related inflammatory adipocytokines.

Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Obesity-associated inflammation contributes to many clinically
important complications, such as insulin resistance, type 2 diabetes,
nonalcoholic fatty liver disease and cardiovascular disease [1].
Although the cause and the molecular participants in this process
remain incompletely defined, adipose tissue plays a central role.
Studies have shown that dysregulation of adipose tissue-derived free
fatty acids and adipocytokines results in impaired insulin sensitivity
of other tissues, including the liver, skeletal muscle, pancreatic islets
(B cells) and central nervous system [2]. Among those so-called
adipocytokines, tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6)
and monocyte chemoattractant protein-1 (MCP-1) are up-regulated
in adipose tissue and plasma by obesity and in type 2 diabetes,
whereas adiponectin is down-regulated [1]. Investigators also found
that obese adipose tissue is characterized by macrophage infiltration
[3], which serves as an important source of inflammation. It has been
shown that TNF-a and IL-6 are key mediators of hepatic inflamma-
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tion, liver cell death, fibrosis and liver regeneration after injury [4,5].
Moreover, decreased plasma adiponectin concentrations are closely
associated with nonalcoholic hepatic steatosis in obese individuals
[6], suggesting that metabolic dysregulation may be aggravated
systemically by these adipose tissue-derived factors. Therefore,
reducing obesity-induced inflammation by the modulation of adipo-
cytokines secretion and actions may be a useful strategy for
preventing obesity-associated metabolic pathologies.

In addition to inflammatory cytokines and intercellular signal-
ling molecules, recent data have implicated several intracellular
pathways that regulate the process of obesity-induced insulin
resistance. Among them, forkhead box O1 (FoxO1) has been
advanced as a major transcriptional mediator of insulin signaling
in many cells, such as pancreatic 3 cell, adipocyte and hepatocyte
[7-9]. FoxO1 transcriptional activity is positively regulated by
stress-activated c-Jun N-terminal kinase (JNK) via promoting its import
in the nucleus [10,11]. On the contrary, insulin/growth factor-activated
protein kinase B (Akt) phosphorylates FoxO1 at three conserved Ser/Thr
residues, leading to nuclear exclusion and the subsequent down-
regulation of target genes expression [12]. Loss- or gain-of-function
animal models of FoxO1 have clearly demonstrated that FoxO1 is a
negative regulator of insulin sensitivity. For instance, transgenic mice
expressing a constitutively active FoxO1 allele exhibited insulin
resistance and hepatic steatosis [13], whereas antisense oligonucleo-
tide-mediated target reduction of FoxO1 in the liver or adipose tissue
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improves glucose tolerance and peripheral insulin action in mice with
diet-induced obesity [14,15]. Recently, Ito et al. [16] demonstrated that
knockdown of FoxO1 by small-interfering RNA transfection inhibits
TNF-a-induced expression of MCP-1 and IL-6 in 3T3-L1 adipocytes,
indicating that FoxO1 regulation is also likely to be critical in the
expression of inflammatory cytokines in adipose tissue.

In recent years, dietary strategies for alleviating the metabolic
complications of obesity are being pursued as alternatives to
pharmaceutical interventions. Anthocyanins are naturally occurring
polyphenolic compounds in higher plants and widely distributed in
fruits, vegetables and pigmented cereals, suggesting that we can
ingest significant amounts of anthocyanins from plant-based daily
diets [17]. Many studies have shown that anthocyanins not only
impart color to plant foods but also exhibit pharmacological
properties. We previously demonstrated that cyanidin 3-glucoside
(C3G), which is the most widespread anthocyanin in nature [18],
significantly suppressed inflammatory signaling pathway in CD40-
induced human endothelial cells, as well as the lipopolysaccharide-
induced THP-1 macrophages [19,20]. Our prior studies also showed
that C3G exerts a protective role against H,O,- or TNF-a-induced
insulin resistance in 3T3-L1 adipocytes [21]. Furthermore, recent
studies from us and other laboratories have shown that dietary
supplementation of plant extracts rich in C3G is associated with
improved insulin sensitivity in both diet-induced and genetic animal
models of insulin resistance [22-25]. The results of these studies
suggest that anthocyanins may have important implications in
preventing obesity and type 2 diabetes. What is not clear from
these studies is whether this effect is due to only C3G, or whether
other polyphenols in the extracts have similar effects. Moreover, the
molecular action of anthocyanin responsible for the amelioration of
inflammation and the enhancement of insulin sensitivity is not yet
fully understood in vivo.

Considered together, the present study was designed to examine
whether the administration of purified C3G can decrease adipose
inflammation and hepatic steatosis and alleviate insulin resistance in
high-fat diet (HFD)-fed and db/db mice, two widely used animal
models of obesity and type 2 diabetes. Concerning the molecular
action and mechanism, the JNK- and Akt-mediated FoxO1 phosphor-
ylation and nuclear exclusion were also investigated.

2. Materials and methods
2.1. Materials

C3G (purity >98%) was provided by Polyphenol AS (Sandnes, Norway). Antibodies
specific for Akt, phospho-Akt (Ser-473), FoxO1 and phospho-FoxO1 (Thr-24) were
from Cell Signaling Technology (Danvers, MA, USA); anti-]JNK1, anti-pB-actin and
horseradish peroxidase-conjugated secondary antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Short-acting human insulin was purchased
from Novo Nordisk (Bagsvaerd, Denmark). All other chemicals, unless otherwise
indicated, were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Experimental animals

Five-week-old C57BL/6], C57BL/Ks db/db and db/+ male mice were obtained
from Model Animal Research Center of Nanjing University (Nanjing, China) and
housed in a temperature- and humidity-controlled environment with a 12-h light/
dark cycle. C57BL/6] mice were maintained on AIN-93G standard fat diet [26], or
AIN-93G modified by the addition of hydrogenated coconut oil to provide 58% of
calories from fat (HFD) or HFD diet with the addition of 0.2% C3G (HFD+C3G).
The db/db and db/+ mice were fed a standard AIN93-G chow throughout the
experiments. For the HFD model, C3G treatment began after 12 weeks on the
high-calorie diet. For the db/db model, dietary C3G supplementation (0.2%) began
at 6 weeks of age (db/db +C3G). In both models, mice received dietary C3G
intervention for 5 weeks. Twelve mice were used in each treatment group. Food
was changed at intervals of 3 days to prevent oxidation of fat or C3G. All animals
were allowed free access to food and water. Body weight (BW) and food intake
were measured weekly throughout the study. All protocols were conducted in
accord with the protocols approved by the Animal Care and Use Committee of Sun
Yat-Sen University.

At the end of the experiment period, six mice of each group mice were killed by
exsanguination after starvation for 12 h (fasted) or after starvation for 12 h followed by
the provision of high-sucrose/fat-free diet (in order to stimulate insulin secretion and
synchronize the eating patterns of all animals) for 2 h (refed). Serum samples were
collected and kept at —80°C prior to use. The liver, heart, kidneys and adipose tissue
(subcutaneous and epididymal) were removed and weighed, and samples were stored
in RNAlater (Ambion, Austin, TX, USA) for subsequent isolation of RNA and analysis of
gene expression, or frozen in liquid nitrogen and stored at —80°C or in 10% buffered
neutral formalin for histological evaluation.

2.3. Glucose and insulin tolerance tests

Two days before the termination of the experiment, six mice of each group were
subjected to a glucose tolerance test or insulin tolerance test. Mice were fasted for 8 h,
followed by injection with glucose (1.5 g/kg BW for the HFD model; 1.0 g/kg BW for the
db/db model) or regular human insulin (0.75 U/kg BW for the HFD model; 1.5 U/kg BW
for the db/db model) into the peritoneal cavity. Blood samples of conscious mice were
drawn from the tail vein at 0, 30, 60, 90 and 120 min after glucose/insulin injection, and
the plasma glucose was determined using a portable glucometer (Roche Diagnostics,
Shanghai, China).

2.4. Serum and liver tissue analyses

Serum levels of insulin were quantified using commercial enzyme-linked
immunosorbent assay (ELISA) kits according to the manufacturer's instructions
(BioVendor Laboratories, Guangzhou, China). Insulin resistance was estimated by the
homeostatic model assessment, using the HOMA2 Calculator software as described
by Levy et al. [27]. Serum cytokines (adiponectin, TNF-o, MCP-1 and IL-6) were
analyzed using ELISA kits from Millipore (Billerica, MA, USA). Alanine aminotrans-
ferase levels that were assayed were determined in fresh serum using a Biosystem
automatic biochemistry analyzer (Madrid, Spain). Unless specially notified, the
presented data were from mice in fasted state.

Samples from the liver of each mouse were homogenized, the total lipids of the
liver homogenates were extracted with a mixture of chloroform and methanol
according to the method of Folch et al. [28], and the amounts of triglycerides (TG) were
analyzed using specific reagents from BioSino (Beijing, China).

2.5. Histochemical analyses

Small pieces of liver and epididymal adipose tissue were fixed with formalin
and embedded in paraffin. Sections (8 um) were cut and stained with hematoxylin
and eosin. Images were captured and analyzed using a CCD Camera (Nikon, Japan)

Table 1
Effect of dietary C3G on animal characteristics in HFD and db/db mice
Parameter SFD HFD HFD+C3G db/+ db/db db/db+C3G
Initial BW (g) 285404 34.04+0.6 34.440.6 18.34+0.3 30.24+0.5 30.640.6
Final BW (g) 31.0+0.7 40.7+0.8 39.0+0.9 30.04+0.7 48.2+1.0 46.2+0.7
Food intake (g/day) 2.974+0.15 2.754+0.22 2.80+0.25 3.02+0.11 6.76+0.51 6.57+0.62
Tissue weight (% BW)
Liver 4.01+0.15 4.84+0.22 416+0.13" 4.29+40.11 5.814+0.23 4.66+0.16%
Heart 0.56+0.04 0.534+0.03 0.49+0.02 0.454+0.02 0.3740.04 0.36+0.03
Kidneys 1.15+0.04 1.024-0.05 1.08+0.06 1.044-0.02 0.83+0.05 0.79-+0.04
Epididymal fat 3.514+0.48 5.364+0.40 5.1940.42 3.03+0.11 4.73+0.51 4.52+0.44
Subcutaneous fat 0.91+0.03 1.364-0.05 1.404-0.07 0.8440.02 1.504-0.08 1.514-0.06

Values shown are mean+S.E., n=12. SFD, standard fat diet.
* P<,05 vs HFD.
# P<.05 vs db/db.
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Fig. 1. Effect of dietary C3G on glucose metabolism and insulin sensitivity in HFD and db/db mice. (A, B) Dietary C3G significantly lowered fasting blood glucose levels in both male HFD
(A) and db/db (B) mice over the course of a 5-week period. (C, D) Serum levels of insulin in mice with the indicated treatments. (E-H) Results of glucose and insulin tolerance tests in
HFD (E, F) and db/db (G, H) mice. Data are shown as the mean=+S.E.; n=4-5. *P<,05, **P<,01 versus HFD; *P<.05, **P<.01 versus db/db.
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Fig. 1. (continued).

at a x400 magnification. To quantify adipocyte size and the frequency of adipocytes
death in individual mice, morphometric data were obtained from digitized tracings
of >500 adipocytes from three or more sections. The extent of macrophage
infiltration into adipose tissue was assessed by the presence of crown-like
structures and the messenger RNA (mRNA) expression level of macrophage
markers (F4/80 and Cdl1c). Steatosis was evaluated in liver specimens using
histological steatosis area as described previously [29]. Steatosis area was defined
as the surface of empty holes within the tissue (expressed as a percentage),
determined by an automated image analyzer (Image-Pro Plus 6.3). The mean
surface analyzed per mouse was 2.5 mm?.

2.6. Quantitative real-time polymerase chain reaction analyses

Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA). For
reverse transcription, 0.5-1.0 pg of the total RNA was converted to the first-strand
complementary DNA in 20 pL reactions using a complement DNA synthesis kit
(Fermentas, Shenzhen, China). Quantitative real-time polymerase chain reaction
(PCR) analyses were performed using SYBR Green MasterMix (GeneCopoeia,
Germantown, MD, USA) in a real-time PCR machine (ABI 7500; Applied Biosystem).
The thermal cycling program was 3 min at 95°C for enzyme activation and 40
cycles of denaturation for 15 s at 95°C, annealing 30 s at 58°C and extension 30 s
at 72°C. Primers used in the present study are listed in supplementary Table S1. To
normalize expression data, 18s rRNA was used as an internal control gene. For
some experiments, another housekeeping gene, [3-actin, was used, and the
experiments produced identical results to those obtained when 18s rRNA was
used as a reference.

2.7. Protein analysis by Western blotting

Cytoplasmic and nuclear protein extracts from liver and adipose tissues were
prepared using NE-PER (Thermo Fisher Scientific, Rockford, IL) extraction reagents
(Thermo Scientific, Rockford, IL, USA) according to the manufacturer's instructions. To
obtain total protein extracts, the liver and adipose tissues were placed in a cold lysis
buffer containing 50 mmol/L Tris-HCI (pH 7.0), 2 mmol/L EGTA, 5 mmol/L EDTA, 30
mmol/L NaF, 10 mmol/L NasVO4 10 mmol/L NasP,07, 40 mmol/L 3-glyceropho-
sphate, 0.5% NP-40 and 1% protease inhibitor cocktail. After homogenization on ice, the
tissue lysates were centrifuged, and the supernatants were used for Western blotting
analysis or JNK kinase assay. Protein concentrations were determined by using the
bicinchoninic acid protein assay kit from Beyotime (Haimen, China).

Western blotting experiments were performed as described previously [21]. We
probed samples with primary antibodies and detected with horseradish peroxidase-
conjugated secondary antibodies using ECL detection system (Santa Cruz Biotechnol-
ogy). The band densities were quantified using an image analyzer Quantity One System
(Bio-Rad, Richmond, CA, USA). All protein quantifications were adjusted for the
corresponding PR-actin level, which was not consistently changed by the different
treatment conditions.

2.8. JNK kinase activity assay

The JNK kinase activity was determined using a nonradioactive assay kit (Cell
Signaling Technology). Briefly, 200-250 pg of protein/tissue lysate was incubated with
N-terminal c-Jun fusion protein bound to glutathione sepharose beads to selectively pull
down JNK. The beads were washed three times with kinase buffer, and kinase reaction
was carried out in the presence of adenosine triphosphate (ATP) for 30 min at 37°C. The
reaction was stopped by adding SDS-sample buffer and boiling the sample. Phosphor-
ylation of c-Jun was measured by Western blotting using a phospho-c-Jun antibody.

2.9. Statistical analyses

Statistical analyses were performed using the SPSS 14.0 package (SPSS Inc.,
Chicago, IL, USA). All results are expressed as means+S.E. and are analyzed by the
Student's t test or analysis of variance to determine P values; P<.05 was considered
statistically significant.

3. Results
3.1. Effect of dietary C3G on animal characteristics

Dietary C3G supplementation did not affect the BW gain in both
HFD and db/db mice, accompanied by no significant difference in
food intake during the experimental period (Table 1). Heart, kidney,
and adipose tissue (subcutaneous and epididymal) weights (% of BW)
did not significantly differ between the C3G-treated and their
respective nontreated control groups. However, liver weights (% of
BW) were significantly lower in the C3G groups than those in the
control HFD (4.16+0.13 vs. 4.844-0.22) and db/db groups (4.66+0.16
vs. 5.814+£0.23; all P<.05), respectively.

3.2. Effect of dietary C3G on glucose metabolism and insulin sensitivity

We determined that dietary C3G induces significant decreases in
blood glucose levels in all groups. After less than 3 weeks of
treatment, C3G had already decreased the fasting glucose levels in
both HFD and db/db mice, and this pattern persisted during the
subsequent 2 weeks (Fig. 1A, B). Moreover, the serum insulin
concentrations in the fasted and refed HFD mice were significantly
decreased after 5 weeks of C3G treatment (Fig. 1C), whereas no such
decrease was noted in the db/db mice (Fig. 1D), an effect potentially
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attributable to the complete absence of leptin receptor in these mice,
which has been shown to be associated with severe persistent
hyperinsulinemia [30]. Homeostatic model assessment, which is used
to quantify insulin resistance, gave scores of 6.9 for HFD, 4.5 for
HFD+C3G, 23.1 for db/db and 16.4 for db/db +C3G, indicating
improved insulin sensitivity after treatment with C3G (HFD vs.
HFD+C3G, db/db vs. db/db +C3G; P<.05 for each).

To further evaluate the effect of C3G on glucose metabolism and
insulin sensitivity, we next conducted intraperitoneal glucose and
insulin tolerance tests. HFD feeding impaired glucose tolerance and
insulin sensitivity in C57BL/6] mice; however, C3G-treated HFD mice
had significantly lower levels of plasma glucose than control HFD
mice at 60 min after intraperitoneal glucose or insulin infusion, and
the levels tended to remain lower (Fig. 1E, F). Although C3G-treated
db/db mice showed a slight decrease in plasma glucose compared
with nontreated db/db mice only at 60 min after intraperitoneal
injection of glucose (Fig. 1G), the plasma glucose concentrations
during insulin tolerance test were markedly decreased at 30, 60 and

90 min in C3G-treated db/db mice (Fig. 1H). Together, these results
demonstrated that HFD and db/db mice treated with C3G for 5 weeks
were less insulin resistant and had a mild improvement in glucose
homeostasis compared with their respective untreated controls.

3.3. Effect of dietary C3G on obesity-induced macrophage infiltration
and inflammation in adipose tissue

Given anthocyanin's antiinflammatory properties in other sys-
tems, we investigated the possibility that C3G treatment would
improve adipose tissue and systemic manifestations of inflammation
in obese diabetic mice. We next examined white adipose tissue from
HFD and db/db mice by histological analysis. Adipocyte size in HFD
and db/db mice treated with or without C3G was comparable (data
not shown), but the frequency of adipocytes death and macrophage
infiltration in adipose tissue was more severe in HFD and db/db
control mice (Fig. 2A). Supplementation of the diets with C3G was
associated with a significant lower frequency (~60% and ~67%,
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respectively) of dead adipocytes in both HFD and db/db mice as
compared with untreated animals (P<.01; Fig. 2B). In accordance with
the results of adipocytes death, two macrophage markers, F4/80
(Emr1) and Cd11c, in adipose tissue were markedly reduced in C3G-
treated HFD and db/db mice compared with nontreated controls (Fig.
2C, D), indicating that C3G reduced macrophage infiltration in these
obese diabetic mice.

To further evaluate the effect of C3G on adipose inflammation,
we next measured the expression and release of inflammation-
related adipocytokines by real-time PCR and/or ELISA. As shown in
Fig. 3, the mRNA expressions of inflammatory cytokines Mcp-1, Tnf
and II-6 in adipose tissue were significantly reduced by C3G
compared with those in untreated controls (Fig. 3A, B). Furthermore,
serum levels of MCP-1 and TNF-a were lower in HFD and db/db
mice supplemented with dietary C3G than those in the respective
controls (Fig. 3C, D). The serum concentrations of IL-6 in the C3G-
treated groups tended to be lower than those in the nontreated
groups, but not significantly so. On the other hand, the mRNA in
adipose tissue and the protein concentrations in serum of adipo-
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Fig. 4. Effect of dietary C3G on JNK activation in adipose tissue of HFD and db/db mice.
(A) JNK activity was determined by an in vitro kinase activity assay using c-Jun as
substrate as described in “Materials and Methods.” JNK activity was determined by
immunoblotting for levels of phosphorylated c-Jun (p-c-Jun). Photographs are
representative of three independent experiments each giving similar results. (B) The
intensity of bands corresponding to p-c-Jun was corrected by JNK1 protein levels to
obtain relative measures of JNK activity between samples. Each bar represents the
mean=+S.E.; n=3. *P<.05, versus HFD; #P<.05, *P<.01 versus db/db. AU, arbitrary units.

nectin, an adipocytokine with antidiabetic, antilipogenic and anti-
inflammatory properties, were significantly increased in HFD and
db/db mice receiving C3G (Fig. 3A-D). These findings indicate that
dietary C3G reduces adipose tissue inflammatory responses by
preventing dysregulation of adipocytokines release.

3.4. Effect of dietary C3G on JNK activation in adipose tissue

Obesity-induced JNK activation is critical in the generation of
inflammatory responses and inhibition of insulin action [31,32]. To
examine whether C3G modifies the inflammatory profile and insulin
action by this mechanism, we determined JNK activity in the adipose
tissue of HFD and db/db mice. Consistent with our previous in vitro
results [21, 33], we found that C3G treatment resulted in significant
inhibition of JNK activation, as indicated by decreases (~29% and
~34%, respectively; P<.05 for each) in corrected phospho-c-Jun band
density, when compared with untreated control mice (Fig. 4A, B).
There were no differences in the JNK1 protein expressions among
normal control, C3G-treated and untreated mice.

3.5. Effect of dietary C3G on FoxO1 transcriptional activity in
adipose tissue

One mechanism whereby FoxO1 activity is regulated is by nuclear
exclusion and subsequent degradation once it is in the cytoplasm
[34]. This process is inhibited by JNK activation and promoted by
insulin-activated Akt, which phosphorylates FoxO1 at three con-
served sites, including Thr-24, Ser-253 and Ser-316 [10]. To verify
whether C3G-induced alterations seen in inflammatory mediators
and JNK activity in adipose tissue resulted in repression of FoxO1
transcriptional activity, we then prepared whole adipose tissue
extracts from mice under the conditions of fasting or refeeding and
analyzed the expression and phosphorylation levels of Akt and FoxO1
by Western blotting. Similar to normal control mice, both Ser-473
phosphorylation of Akt and Thr-24 phosphorylation of FoxO1 were
significantly increased in the adipose tissue from C3G-treated HFD or
db/db mice after refeeding (Fig. 5A-D). However, refeeding did not
alter the phosphorylation levels of Akt and FoxO1 in HFD or db/db
control mice.

Refeeding-induced insulin secretion has been shown to alter
FoxO1 subcellular distribution [35]. To further support the above data,
we performed Western blotting analysis using cytoplasmic and
nuclear fractionations of the adipose tissue extracts. Although the
fasting levels of nuclear FoxO1 were relatively low in adipose tissue of
C3G-treated HFD and db/db mice, this could be decreased further by
refeeding (Fig. 6A, C). In parallel with this decrease, an increase in
cytosolic FoxO1 was observed in these obese diabetic mice treated
with C3G. Furthermore, the FoxO1 level in the ratio of nucleus to
cytoplasm significantly decreased by C3G (Fig. 6B, D). In contrast, no
nuclear decrease or cytosolic increase in FoxO1 level could be
detected in untreated HFD and db/db mice after refeeding. These
findings suggest that HFD and db/db mice are deficient in the
nutrient-induced phosphorylation and translocation of FoxO1 in
adipose tissue, and this deficiency was improved by C3G.

3.6. Effect of dietary C3G on hepatic steatosis in HFD and db/db mice

Insulin resistance and diabetes can trigger hepatic steatosis, which
is associated with inflammation of the liver [1]. We therefore next
examined livers in all six groups of mice for morphological alterations,
the extent of fatty infiltration and inflammatory responses. Grossly,
we found that C3G treatment was associated with significantly lighter
and visibly less steatotic livers in the HFD or db/db mice (Fig. 7A).
Examination of hematoxylin and eosin-stained sections demonstrated
marked microvesicular steatosis in HFD and db/db mice, and the
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degree of hepatic steatosis was significantly alleviated by the dietary
intake of C3G, as indicated by the reduced surface area of steatosis (Fig.
7B). Consistently, treatment of HFD and db/db mice with C3G induced
significant decreases (by 3244% and 37+5%, respectively) in hepatic
TG contents as compared with control HFD or db/db mice (Fig. 7C). In
agreement with the histological findings, serum alanine aminotrans-
ferase levels were substantially reduced in C3G-treated HFD and db/db
mice when compared with nontreated control mice (Fig. 7E).
Furthermore, levels of TNF-ao mRNAs in the liver were significantly
lower in the HFD and db/db mice supplemented with dietary C3G than
those in the respective control mice (Fig. 7D), suggesting that C3G also
suppresses the liver tissue inflammation.

3.7. Effect of dietary C3G on FoxO1 localization and its target genes
transcription in liver

In a similar way to adipose tissue, C3G treatment markedly
decreased the FoxO1 levels in the ratio of nucleus to cytoplasm in the
liver tissue of HFD (~45%) and db/db (~37%) mice after refeeding
(Supplementary Fig. S1). We then measured expressions of FoxO1
target genes involved in gluconeogenic and lipogenic pathways.
Consistent with previous loss- and gain-of-function experiments

[13,36], the augmentation in FoxO1 nuclear exclusion by C3G
treatment was associated with diminished expression of key
gluconeogenic enzymes in liver (Supplementary Fig. S2), including
the glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate
carboxykinase (PEPCK). In addition, the gene expression levels of
sterol regulatory element-binding factor 1 and fatty acid synthase
were significantly decreased by C3G, suggesting that the attenua-
tion of FoxO1 activity may reduce lipid accumulation by inhibiting
TG synthesis.

4. Discussion

This study demonstrated that dietary C3G treatment ameliorates
many of the inflammatory consequences of obesity in both HFD
and db/db mice, two widely used animal models of diabesity.
Compared with obese diabetic controls, C3G-treated HFD and db/db
mice had decreased macrophage infiltration into adipose tissue, an
effect associated with decreased adipose tissue expression of
inflammatory molecules. C3G-treated HFD and db/db mice also
had decreased liver TG contents and lighter hepatosteatosis,
accompanied by effective attenuation of inflammatory responses
in liver. These anti-inflammatory effects of C3G were associated
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with improved glucose metabolism and insulin sensitivity in the
treated animals as determined by blood glucose levels, glucose and
insulin tolerance tests.

Owing to its potent antioxidant and antiinflammatory effects,
anthocyanin has been explored as a potential therapeutic modality for
a large number of diseases. It suppresses proliferation and induces
apoptosis in a wide array of cancer cells [37]. Preclinical studies have
shown that dietary anthocyanin-rich extracts ameliorated hypergly-
cemia and hyperlipidemia by enhancing insulin sensitivity in high-
fructose-fed rats and experimental type 2 diabetic mice [23,25,38].
Results from early human trials also have been encouraging. A
double-blind, randomized, placebo-controlled trial in humans with
dyslipidemia showed that addition of 160 mg anthocyanins twice a
day for 12 weeks effectively improved low-density lipoprotein and
high-density lipoprotein cholesterol concentrations and enhanced
the cellular cholesterol efflux to serum [39]. Given the fact that
anthocyanin is poorly absorbed from the gastrointestinal tract and
has an excellent safety profile, we chose a high dosage in this study
because we wanted to determine early on if oral C3G at any dose
could improve diabetes. Based on the average weight and daily food
intake (Table 1), the mice would have consumed approximately 160-
300 mg C3G per kilogram BW per day. Although such an oral dose
would be impractical in humans, the mice were noted to tolerate this
dosage quite well without any noticeable detrimental effects on

behavior or appetite. The kidneys, liver and heart manifested either
an improved or unchanged histopathology.

Several lines of evidence suggest that obesity-related inflamma-
tory components play crucial roles in the development of insulin
resistance. Obese adipose tissue secretes a large number of inflam-
matory cytokines, such as TNF-«, MCP-1 and IL-6, which are known to
block insulin signaling in various tissues [1,40,41]. Some reports
showed that anthocyanins have a potency of the anti-inflammatory
activity [20,42], and down-regulation of TNF-o,, MCP-1 and IL-6 can
contribute to amelioration of insulin resistance [40,43]. In this study,
C3G ingestion significantly reduced macrophage infiltration and the
mRNA levels of MCP-1, TNF-« and IL-6 in adipose tissue of HFD and
db/db mice. A significant decrease of serum TNF-a and MCP-1
concentration and increase of adiponectin were also observed in
these C3G-treated obese diabetic mice. Accordingly, the insulin-
sensitizing effects of C3G in the present study would appear to be
mediated by its action on the production of adipocytokines, resulting
in suppressing adipose tissue inflammation.

FoxO1 represents a central regulator of metabolism in peripheral
tissues [44]. Regulation of the phosphorylation and intracellular
localization of FoxO1 is critical to its transcriptional activity. In the
fasted status, where FoxO1 is localized to the nucleus, it drives the
expression of gluconeogenic enzymes, such as G6Pase and PEPCK
[8,13]. In the fed status, insulin markedly increases Akt-mediated
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phosphorylation of FoxO1 and powerfully suppresses gluconeogen-
esis to protect the body against hyperglycemia [34,44]. Here, we
showed that Akt-mediated phosphorylation of FoxO1 by refeeding
was impaired in both db/db and HFD mice, as evidenced by
constitutive phosphorylation and nuclear accumulation of FoxO1
throughout each nutritional status. In contrast, dietary C3G enhanced
the phosphorylation of Akt and FoxO1 and decreased the FoxO1 levels
in the ratio of nucleus to cytoplasm in liver and adipose tissues after
refeeding. These changes lead to down-regulation the G6Pase and
PEPCK involving a decrease in the glucose output into the blood and
can result in antihyperglycemia. Functional inhibition of FoxO1,
caused by hepatic expression of its mutant, has been shown to be
associated with reduced hepatic gluconeogenic activity and improved
fasting glycemia in diabetic mice [45]. Considering this finding along
with our present results, we conclude that the metabolic information
on physiological changes due to C3G supplementation is converted
into the phosphorylation of FoxO1 via the Akt-dependent pathway,
and the extent of phosphorylation represents the FoxO1 transcrip-
tional activity in liver and adipose tissues.

Then, another question arises. How can anthocyanin C3G regulate
FoxO1 transcriptional activity in obese or diabetic states? JNK has
been shown as a mediator of oxidative stress induced by TNF-a and
hyperglycemia and was also revealed to be abnormally activated in
obesity and insulin resistance [31,32]. Stress-activated JNK directly
increases FoxO1 activity by promoting its import in the nucleus [10].
Notably, a recent study has revealed that H,0- rapidly induced FoxO1
nuclear translocation, but the effect was blocked by JNK inhibitor,
suggesting a pivotal role of JNK in FoxO1 activation [11]. Our previous
studies have shown that C3G exerts a protective role against H,O,- or
TNF-o-induced insulin resistance in 3T3-L1 adipocytes by inhibiting
the JNK activation [21]. The current study found that dietary C3G
reduced the expression levels of TNF-a in the liver and adipose
tissues, which was parallel with its inhibition of JNK activation. Based
on previous reports and our findings, it is speculated that down-
regulation of inflammatory adipocytokines by C3G blocked the
overactivation of JNK, and the subsequent modulation of FoxO1
transcriptional activity by C3G may contribute to a decrease in hepatic
glucose production and lipid accumulation.

In conclusion, our present study revealed that C3G, which is one of
the most typical anthocyanins, reduces blood glucose levels and
enhances insulin sensitivity in two mouse models of diabesity. C3G
also greatly ameliorated inflammation at the cellular and biochemical
levels in white adipose tissue of obese mice. The beneficial effects of
C3G against obesity-induced insulin resistance and hepatic steatosis
are associated with its inhibition on the JNK/FoxO1 pathway. Further
studies are warranted to determine whether anthocyanin may be
recommended as an effective strategy for preventing and/or treating
diabesity complications in humans.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jnutbio.2010.12.013.
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