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A B S T R A C T

Chlorogenic acid (CGA) has been shown to stimulate glucose uptake in skeletal muscle through the

activation of AMPK. However, its effect on other metabolic pathways and likewise its effects after long-

term consumption have yet to be understood. We investigated the effects of CGA on glucose tolerance,

insulin sensitivity, hepatic gluconeogenesis, lipid metabolism and skeletal muscle glucose uptake in

Leprdb/db mice. Hepatoma HepG2 was used to investigate CGA’s effect on hepatic glucose production

and fatty acid synthesis. Subsequently, we attempted to evaluate whether these effects of CGA are

associated with the activation of AMPK. In Leprdb/db mice, acute treatment with CGA lowered AUCglucose

in an OGTT. Chronic administration of CGA inhibited hepatic G6Pase expression and activity,

attenuated hepatic steatosis, improved lipid profiles and skeletal muscle glucose uptake, which in turn

improved fasting glucose level, glucose tolerance, insulin sensitivity and dyslipidemia in Leprdb/db

mice. CGA activated AMPK, leading to subsequent beneficial metabolic outcomes, such as suppression

of hepatic glucose production and fatty acid synthesis. Inhibition and knockdown of AMPK abrogated

these metabolic alterations. In conclusion, CGA improved glucose and lipid metabolism, via the

activation of AMPK.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Pharmacological management of diabetes shows promising
results but all are associated with unwanted side effects. For
instance, sulfonylureas initiated insulin release even when glucose
level is low and therefore are more likely to cause hypoglycemia
[1]. Thiazolidinediones often caused weight gain which will further
deteriorate insulin resistance [2] and increase cardiovascular
mortality risk, e.g. pioglitazone [3]. While exercise is effective,
sustained benefits are difficult to achieve due to difficulties in
compliance with consistent life-style changes. Dietary interven-
tion through intake of polyphenol-rich plant products that can
modulate glucose metabolism is another modality of management.

Chlorogenic acid (CGA), a type of hydroxycinnamic acids, occurs
in many types of fruits and in high concentration in coffee [4]. CGA-
rich coffee consumption has been associated with a lower risk of
Type 2 diabetes mellitus (T2DM) [5,6]. CGA has been shown to
inhibit glucose-6-phosphate translocase 1 and to reduce the
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sodium gradient-driven glucose transport in the intestine [7]. It
suppresses hepatic gluconeogenesis through the inhibition of
glucose-6-phosphatase (G6Pase) activity [8]. In a cross-over trial,
1 g CGA caused significant reduction in early fasting glucose and
insulin responses to glucose in overweight men during an oral
glucose tolerance test [9]. Besides, there are studies demonstrating
that CGA stimulates glucose uptake in myotubes [10] and
adipocytes [11].

Recently, our lab showed that CGA stimulates glucose uptake in
skeletal muscle through the activation of AMP-dependent kinase
(AMPK) [12]. However, its effect on other metabolic pathways that
regulates blood glucose levels is not yet fully explored. Likewise,
the effect of long-term consumption of CGA in T2DM is still to be
elucidated as the beneficial metabolic effects of coffee on T2DM
result mainly from the long-term consumption of the beverage.
Our current study thus investigated the effect of CGA on glucose
tolerance before and after 2-week treatment in Leprdb/db mice. We
also examined the effect of 2-week treatment with CGA on various
organs involved in glucose metabolism. Hepatoma HepG2 cell line
was used to study CGA’s effect on hepatic glucose production. Our
study also investigated the effect of CGA on lipid metabolism in
both in vivo and in vitro models as previous study [13] has shown
that CGA enhances fat metabolism in the liver. We subsequently
also evaluated whether these effects of CGA are associated with the
activation of AMPK.

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bcp.2013.02.008&domain=pdf
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bcp.2013.02.008&domain=pdf
http://dx.doi.org/10.1016/j.bcp.2013.02.008
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http://dx.doi.org/10.1016/j.bcp.2013.02.008
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2. Materials and methods

2.1. Reagents

CGA, DMEM, Krebs-Ringer bicarbonate buffer (KRBB), antibi-
otic/antimycotic, insulin, wortmannin, cytochalasin B, Fluor-
oshield with DAPI, Oil Red O, STO-609 and AMP were obtained
from Sigma (St. Louis, MO). HepG2 hepatocytes were obtained
from ATCC (Manassas, VA, USA). FBS was from Hyclone
(Cramlington, UK). DMSO was purchased from MP Biomedicals
(Illkirch, France). Glucose oxidase kits, InfinityTM Tryglyceride
and Total Cholesterol reagent kits were obtained from Thermo
Scientific (Waltham, MA). Compound c and NP 40 were obtained
from Merck (Darmstadt, Germany). [g-32P]-ATP, NaH14CO and
14C-sodium acetate were purchased from PerkinElmer (Wal-
tham, MA). Protease inhibitor cocktail was purchased from
Abcam (Cambridge, UK). AMPK a1/2 siRNA and an unrelated
siRNA (control siRNA-A) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). All antibodies (otherwise stated
elsewhere) were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-GAPDH and anti-phospho-ACC were from Cell
Signaling Technology (Danvers, MA) and Millipore (Billerica, MA)
respectively. Oligofectamine, Alexa Fluor 555-conjugated mouse
IgG, Fluo-4 direct calcium assay kit and OPTI-MEM were
purchased from Invitrogen (Carlsbad, CA). Ultra-sensitive Rat
Insulin and Leptin ELISA kits were obtained from Crystal
Chem Inc. (Downers Grove, IL) while adiponectin ELISA kit
was obtained from Bertin Pharma (Artigues Pres Bordeaux,
France). Free fatty acids detection kits were purchased from
Wako Diagnostics (Richmond, VA). G-Sepharose beads and ECL
Fig. 1. Acute effects of CGA on glucose tolerance in Leprdb/db mice and decreased inhibitor

treatment with CGA. (A) Oral glucose tolerance test was performed in 6 h fasted Leprdb/db

samples were collected from the tail vein for fasting glucose measurement before treatm

treatments, blood samples were collected again followed by oral gavaging of 2 g/kg gluco

(B) AUC of fasting glucose levels in OGTT (A). (C) Efficiency of different concentrations of 

after 2-week treatment with CGA. Pre-treatment of compound c was performed intreape

OGTT (C). Data shown represent the means � SE of three independent experiments. (A–B)

#P < 0.05 compared to lean control. (C–D) *P < 0.05 compared to mice treated with comp
detection kit were obtained from GE Healthcare (Piscataway, NJ).
SAMS peptide was purchased from Tocris Bioscience (Minnea-
polis, MN).

2.2. Experimental animals

Leprdb/db mice were obtained from The Jackson Laboratory
(Sacramento, CA). Ten C57BL/6 mice were purchased from
Centre for Animal Resources (CARE), National University
of Singapore (NUS). They were allowed to acclimatize to
conditions in the Animal Holding Unit (AHU), NUS. They
were housed throughout the experiment on a 12 h light/
dark cycle. Water and feeds were available to the animals ad

libitum.

2.3. Ethics statement

The Principles of Laboratory Animal Care (NIH, 1985) were
followed throughout the duration of the experiment. The
experimental protocol for animal study was approved by NUS
Institutional Animal Care and Use Committee [Protocol No: 085/
07(A3)10].

2.4. Oral glucose tolerance test

Leprdb/db mice were randomly assigned to five groups (n = 4)
and four C57BL/6 mice were assigned as lean control group.
They were fasted for six hours before the test. For inhibitor
study with compound c, mice were pre-treated with i.p. 50 mg/
kg compound c. Blood samples were collected from the tail vein
y effect of compound c in suppressing CGA-mediated glucose lowering after 2-week
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se. Blood samples were collected 15, 30, 60 and 120 min after the glucose challenge.

compound c in inhibiting CGA-mediated glucose lowering was measured before and

ritoneally 10 min before administration of CGA. (D) AUC of fasting glucose levels in

 *P < 0.05 compared to diabetic control, *P < 0.05 compared to CGA only-treated mice,

ound c at Day 0. DC = Diabetic Control, Met = Metformin.
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for fasting glucose measurement using the glucose oxidase
method before treatment (either vehicle, ip 250 mg/kg CGA, or
oral 250 mg/kg metformin). Ten minutes after each treatment,
blood samples were collected again, followed by oral gavaging of
2 g/kg glucose. Blood samples were then collected 15, 30, 60 and
120 min after the glucose challenge.

2.5. 2-week CGA treatment in Leprdb/db mice

After the OGTT, the mice were given a one-week rest to clear
the acute effects of various treatments. They were randomly re-
assigned (n = 4) and treated with vehicle, 250 mg/kg oral gavage
metformin or 250 mg/kg CGA i.p. daily. On Day 0, OGTT was
done followed by initiation of chronic treatment. Measurements
of body weight, food and water intakes were started and
monitored in the subsequent days. At the end of the treatment,
besides OGTT, insulin tolerance test (ITT) and pyruvate tolerance
test (PTT) were also performed. For PTT and ITT, 2 g/kg sodium
pyruvate r 0.75 U/kg insulin or 3 U/kg insulin was injected
intraperitoneally and blood was sampled as described in OGTT.
The mice were then sacrificed for collection of whole blood,
skeletal muscles (soleus and gastrocnemius) and liver. They
were frozen immediately in liquid nitrogen and stored at �80 8C
till time for assays. The score for homeostatic model assessment
(HOMAIR) index of insulin resistance was determined from:
fasting blood glucose (mg/dL) � fasting serum insulin (mU/ml)/
405 [14].
Fig. 2. Chronic effects of CGA on glucose and lipid profiles and insulin sensitivity in Leprdb/

of glucose, insulin, total cholesterol, triglyceride, free fatty acids and adiponectin levels. 

collected from tail vein for fasting glucose measurement 15, 30, 60 and 120 min after insu

resistance was determined as: fasting blood glucose (mg/dL) � fasting serum insulin (mU/

F, (I) *P < 0.05 compared to diabetic control, #P < 0.05 compared to lean control. (H) *P < 0.

Met = Metformin.
2.6. Cell culture

HepG2 human hepatoma was cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS under 5%
CO2 at 37 8C. Confluent cells were serum-starved for four hours
before treatment. For inhibitor study, cells were pre-treated with
compound c or STO-609 for 30 min before addition of drugs for
another 4 h incubation.

2.7. Glucose production assay

Treated cells were washed with PBS and incubated with phenol
red-free DMEM supplemented with 2 mmol/l sodium pyruvate,
20 mmol/l sodium lactate and 44 mmol/l sodium bicarbonate, for
four hours. Medium was collected for the measurement of glucose,
using the glucose oxidase kit. The readings were then normalized
to the total protein content.

2.8. siRNA transfection of HepG2

Confluent cells were transfected with siRNAs in oligofectamine
according to the instructions of the manufacturers.

2.9. AMPK activity assay

AMPK activity was measured as described previously [15].
Treated cells were collected, lysed and immunoprecipitated
db mice. (A–F) Serum was collected after the chronic treatment for the measurement

(G) At the end of the study, ITT was performed on the animals. Blood samples were

lin injection. (H) AUC of fasting glucose levels in ITT (G). (I) HOMAIR index of insulin

ml)/405. Data shown represent the means � SE of three independent experiments. A–

05 compared to diabetic control injected with 0.75 U/kg insulin. DC = Diabetic Control,



Table 1
Body weights, food and water intakes in Leprdb/db mice following 2-week treatment with CGA or metformin.

Treatment Body weight (g) Food intake (g/kg) Water intake (g/kg)

Day 1 Day 14 Day 1 Day 14 Day 1 Day 14

Lean 21.5 � 1.8 22.5 � 2.3 0.55 � 0.05 0.60 �� 0.11 0.70 � 0.08 0.80 � 0.09

DC 51.5 � 4.4# 53.5 � 5.4# 0.66 � 0.09# 0.81 � 0.11# 1.51 � 0.17# 1.89 � 0.29#

Metformin 53.25 �� 4.5 50.25 � 6.0* 0.63 � 0.14 0.74 � 0.15 0.69 � 0.22* 0.45 � 0.18*

CGA 50.75 � 3.9 44.75 � 5.8* 0.69 � 0.09 0.73 � 0.17 0.97 � 0.25* 0.59 � 0.22*

* P < 0.05 compared to diabetic control.
# P < 0.05 compared to lean control.
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with 1 mg of anti-AMPK a1/2 antibody coupled to 40 ml of 100 mg/
ml protein G-Sepharose beads. Kinase reaction was initiated on
immunoprecipitate against SAMS peptide and g-ATP. Kinase activity
was expressed as incorporated ATP/mg protein/minute.

2.10. ACC activity assay

ACC activity was assayed by measuring the incorporation of
(14C)HCO3

� into malonyl CoA [16]. Treated cells were lysed and
incubated with NaH14CO3 for 40 min at RT. ACC activity was
expressed as incorporated 14C/mg protein/minute.

2.11. Fatty acid synthesis assay

Fatty acid synthesis was assayed as described previously
with slight modification [16]. Treated cells were incubated with
Fig. 3. Chronic effects of CGA on glucose tolerance and insulin levels in Leprdb/db mice. O

treatments. Blood samples were collected from the tail vein for (A) glucose and (B) insulin

metformin). Ten minutes after the treatments, blood samples were collected again follow

120 min after the glucose challenge for the measurement of glucose and insulin levels. (C

(B). Results were compared to those obtained from the acute study at Day 0. Data show

compared to respective groups at Day 0. DC = Diabetic Control, Met = Metformin.
serum-free DMEM containing 14C-sodium acetate for 4 h at 37 8C.
Readings were expressed as percent inhibition of fatty acid
synthesis compared to control.

2.12. Fluo-4 direct calcium assay

Measurement of free Ca2+ influx was performed on HepG2
hepatoma cells according to the instructions of the manufacturer.

2.13. Oil red O staining

Treated cells were fixed and stained with Oil Red O in 60%
isopropanol for ten minutes at RT. Stained cells were washed and
images were acquired for analysis. Quantitation was done by
eluting the stain with 100% isopropanol. OD was measured at
500 nm.
ral glucose tolerance test was performed in 6 h fasted Leprdb/db mice after 2-week

 levels measurement before treatments (vehicle, ip 250 mg/kg CGA, oral 250 mg/kg

ed by oral gavaging of 2 g/kg glucose. Blood samples were collected 15, 30, 60 and

) AUC of fasting glucose levels in OGTT (A). (D) AUC of fasting insulin levels in OGTT

n represent the means � SE of three independent experiments. *P < 0.05, **P < 0.01



Fig. 4. CGA inhibits gluconeogenesis through the downregulation of gluconeogenic enzyme G6Pase. (A) After 2-week treatment, 2 g/kg sodium pyruvate was injected

peritoneally and blood samples were collected 15, 30, 60 and 120 min after the pyruvate challenge for blood glucose measurement. (B) AUC of fasting glucose levels in PTT (A).

(C) Liver was homogenized for the quantitation of gluconeogenic genes expression using immunoblotting and (D) measurement of G6Pase activity (*P < 0.05 compared to

diabetic control, #P < 0.05 compared to lean control). (E) Treated HepG2 hepatoma cells were washed and incubated with glucose production buffer for four hours. Medium

was collected for the measurement of glucose produced. Readings were then normalized to the total protein content. (F) Treated HepG2 cells were lysed for the quantitation of

gluconeogenic genes expression using immunoblotting. Data shown represent the means � SE of three independent experiments. *P < 0.05, **P < 0.01 compared to vehicle-

treated control. DC = Diabetic Control, Met = Metformin, Veh = vehicle-treated control.
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2.14. Glucose and lipid profiles

Following manufaturers’ protocols, different enzymatic or
ELISA kits were used for the assessment of glucose and lipid
profiles.

2.15. Hepatic glucose-6-phosphatase (G6Pase) activity

Hepatic G6Pase activity was measured in microsomes isolated
from liver as described previously [17]. The activity was expressed
as amount of phosphate liberated from G6P per minute, adjusted to
protein extracted.

2.16. Fractionation of skeletal muscle

Fractionation of skeletal muscles was done as described
previously [18].

2.17. 2DG transport in skeletal muscles

Skeletal muscles isolated from Leprdb/db mice after 2 weeks of
treatments were incubated with 1 mCi/ml 2-Deoxy-[3H]D-glucose
in KRBB for 30 min at 37 8C. Reaction was terminated by dissolving
them in 0.5 N NaOH for an hour followed by neutralization with
equal amount of 0.5 N HCL. Readings of 2DG uptake were
expressed as nmol/mg tissue/min.

2.18. Liver histology/Skeletal muscle immunohistochemistry

Isolated skeletal muscle and liver samples were fixed in 10%
buffered formalin for 24 h at 4 8C. Fixed tissues were processed,
sectioned and stained with H&E, anti-GLUT 4 and anti-ecadherin
coupled to FITC-conjugated rabbit IgG or Alexa Fluor 555-
conjugated mouse IgG secondary antibodies. For immunohis-
tochemistry, slides were mounted with Fluroshield with DAPI.

2.19. Western blot analysis

Treated cells were lysed for SDS-PAGE and immunoblotted
against anti-GLUT 4, anti-PEPCK, anti-G6Pase, anti-CAMKKb, anti-
phospho-AMPK a1/2, anti-AMPK a1/2, anti-ACC, anti-GAPDH and
anti-phospho-ACC. They were then developed using the ECL
detection kit.

2.20. Statistical analysis

Experiments were repeated three times, each time in triplicate.
Values are expressed as mean � SE. One-way ANOVA followed by



Fig. 5. CGA ameliorates hepatic lipid accumulation by inhibition of fatty acid synthesis. (A) Liver sections were stained with H&E for normal histological assessment (scale

bar = 50 mm). (B) Treated HepG2 cells (2 mM CGA, 24 h) were fixed and stained with Oil Red O in 60% isopropanol for ten minutes at room temperature. Accumulation of fat

droplets was examined under inverted light microscope (scale bar = 25 mm). Quantitation was done by eluting the stain with 100% isopropanol. OD was measured at 500 nm.

(C) Liver was homogenized in 10% (w/v) isopropanol for the measurement of hepatic triglyceride and total cholesterol (*P < 0.05 compared to diabetic control, #P < 0.05

compared to lean control). (D) treated HepG2 cells (24 h for dose-dependent/2 mM for time-dependent) were incubated with 14C-sodium acetate (2 mCi/ml) for 4 h at 37 8C.

Cells were lysed and radioactivity incorporated into fatty acid was monitored using scintillation counter. Readings were expressed as percent inhibition of fatty acid synthesis

compared to control. Data shown represent the means � SE of three independent experiments. *P < 0.05, **P < 0.01 compared to vehicle-treated control. DC = Diabetic Control,

Met = Metformin, Veh = vehicle-treated control.
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Tukey’s t test was used to determine significant differences between
groups. P values <0.05 were interpreted as statistically significant.

3. Results

3.1. CGA lowers blood glucose in an OGTT

CGA decreased fasting blood glucose level of Leprdb/db mice in
the first 10 min before glucose challenge. After glucose loading, the
glucose-lowering effect continued to increase for 30 min. 2 h post-
glucose loading, this effect diminished gradually and the fasting
glucose level returned to that observed in �10 min. However, this
hypoglycemic effect of CGA was abated by pre-intraperitoneal
administration of compound c (Fig. 1A and B). Interestingly, we
observed a decrease in the efficiency of compound c in inhibiting
the glucose-lowering effect of CGA after 15-day treatment with
CGA. Instead, a higher dose of compound c was required to achieve
similar inhibitory effect on the OGTT curve (Fig. 1C and D).

3.2. 2-week treatment of CGA reduces body weight, water intake and

improves glucose and lipid profiles

Leprdb/db mice showed significantly higher food and water
intakes, body weight, fasting glucose and insulin levels, serum
triglyceride (TG), total cholesterol (TC), and free fatty acids (FFA).
However, serum adiponectin level was significantly lower in
Leprdb/db mice compared to lean animals (Table 1 and Fig. 2A–F).
Leprdb/db mice treated with CGA or metformin showed similar food
intakes which were significantly lower compared to vehicle-
treated control. Together with improved lipid profiles (Fig. 2C–E),
CGA- or metformin-treated animals demonstrated a significant
reduction in body weights. Fasting glucose (Fig. 2A) and insulin
(Fig. 2B) levels in the CGA- or metformin-treated groups were
significantly lower compared to vehicle-treated control.

3.3. 2-week treatment of CGA improves glucose tolerance and insulin

sensitivity

Compared to lean control, Leprdb/db mice showed an approxi-
mate five-fold incease in HOMAIR index. However, CGA or
metformin treatment significantly attenuated insulin resistance
by 60% and 53% respectively in this diabetic model (Fig. 2I),
consistent with increased insulin sensitivity in an ITT after 2-week
treatment with CGA (Fig. 2G and H). This was further supported by
the insulin area under the curve (AUCinsulin) in an OGTT. AUCinsulin

was higher in Leprdb/db mice compared to lean C57BL/6 and it was
significantly elevated after two weeks, suggesting diminished
insulin sensitivity. Treatment with CGA or metformin for 15 days
significantly lowered AUCinsulin in the OGTT, suggesting improved
insulin sensitivity (Fig. 3B and D). In addition, glucose area under



Fig. 6. CGA stimulates glucose uptake in skeletal muscles by increasing GLUT 4 expression and translocation to plasma membrane. (A) After 2-week treatment, skeletal

muscle was isolated, sectioned and probed with anti-GLUT 4 and anti-e-cadherin overnight at 4 8C before staining with FITC-conjugated rabbit IgG and Alexa Fluor 555-

conjugated mouse IgG secondary antibodies. Images were captured using fluorescence microscope (scale bar = 50 mm). (B) GLUT 4 was quantitated in total cell lysate and

plasma membranes fractionated from skeletal muscles of Leprdb/db after treatments for 2 weeks, using immunoblotting. (C) Skeletal muscles isolated from Leprdb/db mice after

2 weeks of treatments were incubated with 0.5 ml KRBB containing 1 mCi/ml 2-Deoxy-[3H]D-glucose for 30 min at 37 8C. Quatitation of 2DG taken up by the tissue was

performed using liquid scintillation counter. Readings were expressed as nmol 2DG uptake per mg tissue in one minute. Data shown represent the means � SE of three

independent experiments. *P < 0.05, **P < 0.01 compared to diabetic control, #P < 0.05 compared to lean control. DC = Diabetic Control, Met = Metformin, Veh = vehicle-treated

control.
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curve (AUCglucose) was also significantlyly reduced after 15-day
treatment with CGA or metformin, compared to diabetic control
(Fig. 3A and C). This indicates that both CGA and metformin
treatments ameliorated glucose intolerance.

3.4. CGA inhibits gluconeogenesis through the downregulation of

gluconeogenic enzyme G6Pase

Pyruvate intolerance indicated hepatic insulin resistance in
Leprdb/db mice (>100% increase in AUC of PTT, compared to lean
control) [Fig. 4A and B]. Treatment with CGA or metformin
significantly ameliorated pyruvate intolerance (28% and 35%
reduction in AUC, respectively, compared to Leprdb/db mice). Also,
elevation of glucose levels induced by sodium pyruvate was
effectively lowered by CGA at all time points of the test. To further
investigate the effect of CGA on hepatic insulin resistance in Leprdb/

db mice, we examined its effect on hepatic gluconeogenic enzymes,
G6Pase and PEPCK. As expected, under the condition of the hepatic
insulin resistance, the expressions of G6Pase and PEPCK were
significantly increased in Leprdb/db mice (Fig. 4C). Both CGA and
metformin decreased the expression of G6Pase but they did not
affect the expression of PEPCK. Consistent with this, the activity of
G6Pase was lower in both CGA- and metformin-treated Leprdb/db

mice (Fig. 4D). To further evaluate the role of CGA on
gluconeogenesis, we studied the effect of CGA on glucose
production in HepG2 hepatocytes. As shown in Fig. 4E, CGA
effectively inhibited glucose synthesis in vitro, in dose- and time-
dependent manners. In addition, expression of G6Pase in HepG2
was correspondingly inhibited by CGA, suggesting an evident role
of CGA on gluconeogenesis inhibition through the regulation of
G6Pase (Fig. 4F). Again, we did not detect any changes in the
expression of PEPCK by CGA or metformin.

3.5. CGA ameliorates hepatic lipid accumulation by inhibition of fatty

acid synthesis

Histological examination of the liver in Leprdb/db mice showed
lipid accumulation in the vesicles of hepatocytes and eventually
fatty degeneration of hepatocytes (arrows) [Fig. 5A]. Treatment
with CGA or metformin largely attenuated the vacuolar degenera-
tion, as shown by the tremendous decrease in the formation of fat
vacuoles in the liver sections. In line with this finding, CGA or
metformin reduced the formation of oil droplets in HepG2 cells. In
the vehicle-treated cells, the oil droplets were big and obvious
(arrow) while in CGA- or metformin-treated cells, the oil droplets
were smaller and less dense (Fig. 5B). There was a decrease of 37.8%
in the OD of eluted dye from CGA-treated cells, compared to
vehicle-treated cells. Also, CGA or metformin decreased hepatic
triglyceride and total cholesterol contents (Fig. 5C). All these
suggested that at least one of the intermediary building-blocks for
the synthesis of a more complex lipid molecule in the liver was
reduced by the treatment with CGA or metformin. Therefore, we



Fig. 7. CGA increases AMPK and ACC phosphorylations in response to Ca2+ influx in HepG2 hepatocytes. (A–B) Treated HepG2 cells were lysed for the quantitation of pAMPK,

total AMPK, pACC, total ACC and CAMKK using immunoblotting. Phosphorylated proteins were adjusted to total proteins while CAMKK was adjusted to GAPDH. (C–D) Treated

cells were lysed and immunoprecipitated with anti-AMPK a1/2 antibody. Kinase reaction was initiated against SAMS peptides in the presence of g-ATP. Radioactivity was

measured using liquid scintillation and kinase activity was expressed as incorporated ATP/mg protein/minute. (E–F) Treated cells were lysed and assayed against NaH14CO3

for 40 min at room temperature. Total 14C incorporated was measured using liquid scintillation counter and ACC activity was expressed as incorporated 14C/mg protein/

minute. (G–H) Treated cells were incubated with equal volume of 2X Fluo-4 Direct calcium reagent for one hour at 37 8C. Fluorescence was measured at 494 nm (excitation)

and 516 nm (emission). Readings were expressed as % increase in free calcium influx compared to vehicle-treated cells. Data shown represent the means � SE of three

independent experiments. *P < 0.05, **P < 0.01 compared to vehicle-treated control. DC = Diabetic Control, Met = Metformin, Veh = vehicle-treated control.
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examined the effect of CGA on fatty acid synthesis in HepG2 cells.
Inhibition of fatty acid synthesis as measured by the incorporation
of 14C-acetate into fatty acids was observed in CGA- or metformin-
treated hepatocytes. CGA inhibited fatty acid synthesis in a dose-
and time-dependent manner (Fig. 5D).

3.6. CGA stimulates glucose uptake in skeletal muscles by increasing

GLUT 4 expression and translocation to plasma membrane

Expression of GLUT 4 and translocation of GLUT 4 to plasma
membrane of skeletal muscles were decreased in Leprdb/db mice, as
shown by immunohistochemistry staining, compared to lean mice
(Fig. 6A). 2 weeks of treatments with CGA or metformin sinificantly
elevated the expression and translocation of GLUT 4, as depicted by
the increase in stained GLUT 4 in both intracellular and plasma
membrane compartments of the skeletal muscles. To further
corroborate these findings, we quantitated the amount of GLUT 4
protein from both whole tissue lysate and fractionated plasma
membrane of the skeletal muscles using immunoblotting. Consis-
tently, GLUT 4 content was lower in both whole tissue lysate and
plasma membrane fraction in vehicle-treated Leprdb/db mice,
suggesting insulin resistance in skeletal muscle. However,
treatment with CGA or metformin significantly increased the
expression and translocation of GLUT 4 (Fig. 6B). We next
examined the effect of CGA on glucose transport in the skeletal
muscles to provide further confirmatory evidence for the
stimulatory effect of CGA on GLUT 4 expression and translocation.
As expected, increased plasma-membrane GLUT 4 by CGA caused a
rise of 67.9% in glucose transport of skeletal muscles, compared to
vehicle-treated skeletal muscles. In the presence of insulin, CGA
caused a more than 2.5-fold increase in glucose transport in
skeletal muscles, compared to vehicle-treated control, suggesting
an additive effect of CGA treatment to insulin action (Fig. 6C).

3.7. CGA increases AMPK and ACC phosphorylations in response to

Ca2+ influx

In HepG2 cells, CGA induced AMPK phosphorylation in a time-
(Fig. 7A) and dose-dependent (Fig. 7B) manners. AMPK immnu-
noprecipitated from treated cells were evaluated for its kinase
activity against SAMS peptide and it showed that CGA activated
and increased AMPK activity in a similar manner (Fig. 7C and D). To
further elucidate its activation by CGA, we investigated the effect of
CGA on its downstream substrate, ACC. Increased ACC phosphor-
ylation correlated with AMPK activation was observed in both
treatments with CGA or metformin (Fig. 7A and B). Since AMPK
activation inhibits ACC activity, we observed decreases in ACC
activity in response to CGA or metformin treatments (Fig. 7E and F),
and therefore it is evident that CGA or metformin induced
activation of AMPK but inhibited ACC. CAMKKb is one of the
upstream kinases of AMPK [19]. Our previous study had shown
that CGA-mediated activation of AMPK in L6 myotubes was due to



Fig. 8. Chronic CGA administration phosphorylates AMPK and ACC in Leprdb/db mice. At the end of the treatment, isolated (A) Liver and (B) skeletal muscles were homogenized

and quantitated for pAMPK, total AMPK, pACC, total ACC and CAMKK using immunoblotting. Phosphorylated proteins were adjusted to total proteins while CAMKK was

adjusted to GAPDH. Data shown represent the means � SE of three independent experiments. *P < 0.05, **P < 0.01 compared to vehicle-treated control. DC = Diabetic Control,

Met = Metformin, Veh = vehicle-treated control.
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the increase in the expression of CAMKKb [12]. Again, in this study,
we showed that CGA increases the expression of CAMKK in HepG2
hepatoma cells (Fig. 7A and B). In line with these results, we
observed increased phosphorylation of AMPK and ACC, and
increased expression of CAMKK in livers and muscles isolated
from CGA-treated mice (Fig. 8A and B). In addition, we further
demonstrated that treatment of HepG2 hepatocytes with CGA
resulted in an increase in the intracellular Ca2+ concentration
measured by Fluo-4 (Fig. 7G and H), suggesting that CGA caused
influx of extracellular Ca2+ into hepatoma cells, and CAMKK may be
the upstream kinase that mediates AMPK phosphorylation
stimulated by CGA.

3.8. Inhibition and knockdown of AMPK abolished CGA-inhibited

gluconeogenesis and fatty acid synthesis

We next examined whether AMPK is responsible for the
inhibition of hepatic gluconeogenesis and fatty acid synthesis by
CGA. As predicted, inhibitory effects of CGA on glucose production
and fatty acid synthesis were abolished by pre-incubation with the
AMPK inhibitor, compound c (Fig. 9B). Also, AMPK knockdown by
using siRNA almost completely abrogated CGA-mediated inhibi-
tion of glucose production and fatty acid synthesis in HepG2
hepatoma. Besides, CAMKK selective inhibitor, STO-609, resulted
in similar effect on the inhibition of glucose production and fatty
acid synthesis by CGA. Taken together, in vivo or in vitro, we
provide evidence that AMPK is vital for the action of CGA on
glucose and lipid metabolism.

4. Discussion

In the present study, acute administration of CGA significantly
lowered fasting blood glucose in a genetic T2DM model, Leprdb/db
mice. However, reduction in fasting glucose level cannot be
explained by the delay in intestinal glucose absorption. Moreover,
it has been shown that CGA suppressed G6Pase activity [8,20],
suggesting a possible role of CGA on gluconeogenesis. Yet, no study
has been conducted to investigate its direct effect on hepatic
glucose production. Thus, for the first time, we demonstrated its
inhibitory effect on glucose production in HepG2 hepatocytes.
Concurrent inhibition of the expression of G6Pase was observed
with the decreased glucose production by CGA. After a 2-week
treatment with CGA, we assessed its effect on gluconeogenesis in

vivo, via PTT, as administration of gluconeogenic substrate
pvruvate increased blood glucose by stimulating gluconeogenesis
in the liver. CGA attenuated pyruvate-induced hyperglycemia,
indicating reduced gluconeogenesis, which is in agreement with
decreases in the expression and activity of G6Pase in the liver.

One might postulate the dysregulation of gluconeogenesis is
attributed to the impairment in insulin secretion which is
commonly found in patients with impaired glucose tolerance or
complete glucose intolerance and CGA may have stimulatory effect
on insulin secretion. However, in this diabetic animal model, we
observed fasting hyperinsulinemia, which is commonly associated
with obesity and insulin resistance [21]. Treatment with CGA, on
the other hand, ameliorated hyperinsulinemia. Significantly lower
AUCglucose as well as AUCinsulin and improved HOMAIR index by CGA
further explain and suggest its insulin sensitizing role, which may
explain the paradoxical effect of caffeine on glucose intolerance
and insulin resistance in T2DM [22–24].

As a continuation of our previous findings that CGA acutely
stimulated glucose uptake in skeletal muscles, we investigated the
long-term effect of CGA on muscle glucose disposal. As predicted,
glucose uptake was increased in the skeletal muscles. Consistent
with this, immunohistochemistry studies revealed that 2-week
treatment with CGA increased both expression and translocation



Fig. 9. Inhibition and knockdown of AMPK abolished CGA-inhibited gluconeogenesis and fatty acid synthesis. (A) HepG2 cells were transfected with AMPK a1/2 siRNA using

oligofectamine. (B) Cells pre-treated with inhibitors or siRNA were incubated with CGA to study possible mediator(s) for CGA-inhibited glucose production and fatty acid

synthesis. (C) Schematic illustration of possible mechanism(s) of action of CGA to cause beneficial metabolic outcomes. Data shown represent the means � SE of three

independent experiments. **P < 0.01 compared to CGA-treated control. DC = Diabetic Control, Met = Metformin, Veh = vehicle-treated control.

K.W. Ong et al. / Biochemical Pharmacology 85 (2013) 1341–13511350
of GLUT 4, the major insulin-responsive glucose transporter found
in pheripheral tissues. Also, quantitation of GLUT 4 using
immunoblotting further supports these findings.

Another striking finding from this study is the antilipidemic
effect of CGA. Consumption of coffee induces thermogenesis [25]
and most of the researchers believe that it was due to the presence
of caffeine in coffee as studies have shown that caffeine increased
energy expenditure and lipid oxidation [26] and lipolysis [27].
However, in this study, we showed that CGA inhibits fatty acid
synthesis both in vivo and in vitro. Free fatty acids are essential
blocks for the synthesis of more complex lipid molecules such as
triacylglycerol or triglyceride [28]. In obesity and T2DM, free fatty
acids flux is chronically increased and this increase is responsible
for the non-alcoholic hepatic steatosis [28], insulin resistance [29],
decrease in skeletal muscle glucose disposal [30] and increased
hepatic glucose production [31]. CGA inhibited fatty acid synthesis
in HepG2 hepatocytes and decreased circulating free fatty acids
level in Leprdb/db mice, which in turn result in decreased
triglyceride and cholesterol levels. Fat accumulation in liver and
hepatoma cells was also reduced by CGA, in line with the
hypothesis that CGA inhibited lipogenesis in the liver through the
inhibition of fatty acid synthesis. Owing to these lipid-lowering
effects of CGA, a significant drop in body weight was observed in
Leprdb/db mice treated with CGA, consistent with the previous
finding in a human study that consumption of coffee enriched with
CGA resulted in significant reduction in body weight and fat mass
[32]. Possibly, restoration of dysregulation of gluconeogenesis,
peripheral glucose uptake and insulin sensitivity can be partially
attributable to the reduction of free fatty acids level in the CGA-
treated animals.
AMPK is a central regulator of cellular metabolism and is
sensitive to cellular energy changes. Its activation is triggered
during energy deprivation and exercise [33]. Carey et al. (2009)
reviewed it as a potential exercise-linked target for ‘‘exercise-
mimetics’’, an interesting concept of the development of pharma-
cological agents that improve energy expenditure while concomi-
tantly reduce body fat and improve metabolic homeostasis [34].
Previously, we have demonstrated that AMPK mediates CGA-
stimulated glucose uptake in L6 myotubes. We continue to show
that AMPK activation is vital in CGA-mediated inhibition of hepatic
glucose production and fatty acid synthesis. AMPK activation has
been shown to inhibit gluconeogenic gene expression and hepatic
glucose production [35]. Besides, AMPK phosphorylation inacti-
vates ACC, leading to inhibition of fatty acids de novo and also
cholesterol synthesis while increases fatty acid oxidation [36]. Our
data showed that CGA stimulates the phosphorylations of AMPK
and ACC, resulting in similar metabolic changes. Inhibition and
knockdown of AMPK abolished and reversed these metabolic
changes. Notably, pretreatment of cells with STO-609 also
abrogated CGA-inhibited hepatic glucose production and fatty
acid synthesis, indicating that CAMKK could be the upstream
kinase that mediates the CGA-activated AMPK. This was further
supported by the observation that CGA raised intracellular level of
free calcium at the same time. Interestingly, in the in vivo study,
pretreatment with compound c did not fully block glucose-
lowering effect by CGA, suggesting that there could be other
mediators being activated at the same time. More importantly,
after 2-week treatment with CGA, inhibitory effect of compound c
was significantly decreased in which a doubled dose of compound
c was required to achieve the inhibitory effect observed initially.
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This suggests that there could be an intermediary molecule which
is stimulated by CGA and thus indirectly and chronically enhances
the activation of AMPK. It is highly possible that this molecule
could be the anti-diabetic adipokine, adiponectin, which has been
reported to be decreased in obesity, insulin resistance and T2DM
[37]. Adiponectin has also been shown to reverse insulin resistance
[37], enhance hepatic insulin action [38] and increase fatty acid
oxidation [39]. Consistent with this, restoration of adiponectin
levels in vivo by CGA showed improved glycemia, insulin
sensitivity and fatty acid metabolism. Moreover, very recently,
adiponectin has been demonstrated to activate AMPK via CAMKK
[40]. Therefore, restoration of adiponectin in vivo by CGA could
have enhanced the activation of AMPK and resulted in the above-
mentioned beneficial metabolic alterations (Fig. 9C).

In conclusion, our study demonstrated for the first time that
CGA regulates glucose and lipid metabolism via the activation of
AMPK. CGA inhibited hepatic G6Pase expression and activity,
attenuated hepatic steatosis, improved lipid profiles and skeletal
muscle glucose uptake, which in turn improve fasting glucose
levels, glucose tolerance, insulin sensitivity and dyslipidemia. All
these suggest that CGA could be the main component that
contributes to the beneficial effect of coffee and also the
paradoxical effect of coffee in T2DM.
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