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BACKGROUND AND PURPOSE
AMP-activated protein kinase (AMPK), an important regulator of energy metabolism, comprises three (α, β and γ) subunits,
each with a unique tissue distribution. As AMPK has a wide range of protein and gene targets, defining its role has been
difficult. Here, we have studied a transgenic mouse model overexpressing the constitutively active α1 subunit of AMPK in
endothelial cells (EC-AMPK) to elucidate its role in energy homeostasis.

EXPERIMENTAL APPROACH
Wild-type and EC-AMPK mice were fed with a high fat diet for 16 weeks. Drugs (or vehicles) were given daily by oral gavage.
Body weight, fat mass composition, glucose and lipid levels were monitored regularly. Tissues including aortae and liver were
collected for quantitative RT-PCR, Western blotting, ELISA, histological and biochemical evaluations.

KEY RESULTS
Compared with wild-type animals, high fat diet caused more severe metabolic defects in EC-AMPK mice, which exhibited
increased body weight and fat mass, elevated blood pressure, augmented glucose and lipid levels, impaired glucose tolerance,
hepatomegaly and steatohepatitis. Constitutive activation of AMPK α1 in endothelial cells induced COX-2 expression and
arterial inflammation. Genes involved in lipid metabolism were down-regulated in aortae and livers of EC-AMPK mice. Chronic
treatment with selective COX-2 inhibitors, celecoxib or nimesulide, significantly ameliorated arterial inflammation,
steatohepatitis and hyperlipidaemia in EC-AMPK mice, without altering their blood pressure or clotting.

CONCLUSIONS AND IMPLICATIONS
Constitutive activation of endothelial AMPK α1 promotes vascular inflammation and the development of obesity-induced fatty
livers largely via induction of COX-2.

Abbreviations
ALT, alanine aminotransferase; AMPK, 5′-adenosine monophosphate-activated protein kinase; AST, aspartate
aminotransferase; CA-AMPK, constitutively active AMPK; CD68, cluster of differentiation 68; EC-AMPK, transgenic mice
with endothelial-selective overexpression of CA-AMPK α1 subunit; EL, endothelial lipase; ICAM-1, intercellular
adhesion molecule-1; ipGTT, intraperitoneal glucose tolerance tests; LDLR, low-density lipoprotein receptor; NPC,
non-parenchymal cells;

BJP British Journal of
Pharmacology

DOI:10.1111/bph.12482
www.brjpharmacol.org

498 British Journal of Pharmacology (2014) 171 498–508 © 2013 The British Pharmacological Society

mailto:yuwanghk@hku.hk


Introduction

5′-Adenosine monophosphate-activated protein kinase
(AMPK), an evolutionarily conserved serine/threonine
kinase, plays a central role in maintaining energy homeosta-
sis (Hardie et al., 2012). AMPK functions by phosphorylation
of key metabolic enzymes, switching off biosynthetic path-
ways and switching on catabolic pathways. It also exerts
regulatory effects on gene expression and protein synthesis
(Hardie, 2011). AMPK has been considered as a potential drug
target for the treatment of cardiometabolic abnormalities
associated with obesity and type 2 diabetes. It is activated by
metformin, the most commonly used anti-diabetic drug
(Davis et al., 2006), and by salicylate, the breakdown product
of aspirin (Hawley et al., 2012).

Functional AMPK is a trimeric complex comprising one
catalytic α subunit and one each of the non-catalytic β and γ
subunits (Carling et al., 2012). Phosphorylation of the con-
served threonine residue (Thr172) within the α subunit stimu-
lates the activation of AMPK (Woods et al., 2003), which is
enhanced by AMP binding to the γ subunit (Chen et al.,
2009). The catalytic activity of AMPK α subunit is inhibited
by its auto-inhibitory domain (Stein et al., 2000). A truncated
α subunit containing only the kinase domain exhibits full
activity in the absence of AMP binding. When Thr172 is
replaced by aspartic acid (T172D), this truncated α subunit
acts as a constitutively active form of AMPK (CA-AMPK)
(Stein et al., 2000).

In blood vessels, AMPK triggers vasodilatation and partici-
pates in blood flow regulation. Activation of AMPK represents
an additional mechanism by which physiological and patho-
logical stresses, such as exercise, inflammation, hypoxia and
ischaemia, induce the dilation of large arteries (Ewart and
Kennedy, 2011). However, both AMPK α1 and AMPK α2
knockout mice are able to produce vasodilatation in response
to ACh stimulation. Thus, the overall contribution of
AMPK activation in endothelial NO formation is disputed
(Fisslthaler and Fleming, 2009). In fact, pharmacological acti-
vators of AMPK mainly act on the smooth muscle cells to
promote vascular relaxation (Goirand et al., 2007; Chang
et al., 2010).

In endothelial cells, the AMPK α1 subunit, but not the α2
subunit, is predominantly expressed (Ewart and Kennedy,
2011). While the α2 subunit is critical in maintaining the
non-atherogenic phenotype of endothelial cells (Wang et al.,
2010), the α1 subunit in the endothelium plays a pro-survival
and anti-apoptotic role, which involves the activation of pro-
inflammatory NF-κB signalling (Liu et al., 2010). The present
study demonstrated that in a transgenic mouse model with
selective overexpression of CA-AMPK α1 subunit in endothe-
lial cells (EC-AMPK), high fat diet induced more severe hepa-
tomegaly and steatohepatitis, which could be attenuated by
chronic treatment with selective COX-2 inhibitors.

Methods

Animals and drug treatment
All animal care and experimental procedures were approved
by the Institutional Committee on the Use of Live Animals in

Teaching and Research of the University of Hong Kong
(CULATR No. 2282-10). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 72 male mice were used
in the experiments described here. EC-AMPK mice were cross-
bred with C57BL/6J wild-type mice for more than 12 genera-
tions (Li et al., 2012). PCR genotyping was performed to select
transgenic mice using forward (5′-GGGGATATGACACCTGC-
3′) and reverse (5β-CGTCGTGCTTCTGCTT-3′) primers. The
wild-type littermates were included as experimental controls.
All animals were maintained in a temperature-controlled
facility under 12 h light–dark cycles and with free access to
water and chow. Starting from the age of 4 weeks, animals
were supplied with a high fat diet (D12451; Research Diet,
New Brunswick, NJ, USA) for another 16 weeks. Body weight,
food intake, fat mass composition and blood glucose levels
were monitored once every 2 weeks (Law et al., 2010). Drug
treatment was performed during the last 4 weeks of high-fat
diet feeding. Briefly, mice were randomly divided into two
subgroups for oral administration of vehicle (0.3% methyl
cellulose) or one of the selective COX-2 inhibitors, celecoxib
(25–50 mg·kg−1·day−1; Selleck Chemicals, Munich, Germany)
or nimesulide (25 mg·kg−1·day−1; Sigma-Aldrich, St. Louis,
USA). Unless specified, the comparisons were between mice
fed with high fat diet.

Metabolic evaluation
Intraperitoneal glucose tolerance test (ipGTT) was performed
using mice that were fasted overnight as described (Law et al.,
2010). Body composition of unanaesthetized mice was
assessed by NMR using a Brucker Minispec Live Mice Analyzer
(model mq7.5, LF50; Bruker Optics, Inc., Billerica, MA, USA).
At the end of treatment, mice were killed under deep anaes-
thesia with hypnorm/dormicum (fentanyl 0.4 mg·kg−1, flu-
anisone 12.5 mg·kg−1, dormicum 6.25 mg·kg−1, i.p., Roche).
Serum samples were collected from the saphenous vein of
mice after 16 h of fasting. Individual kits were purchased
from Stanbio Laboratory (Boerne, TX, USA) for measuring
serum concentrations of triglyceride, cholesterol, high- (HDL)
and low-density lipoprotein cholesterols (LDL), alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST).
The content of hepatic triglyceride was determined using
tissue lipids extracted by the Folch method with slight modi-
fications (Zhou et al., 2010).

Blood pressure measurements
Arterial blood pressure was measured with an automated
tail-cuff BP-2000 Blood Pressure Analysis System (Visitech
Systems, Apex, NC, USA) as described (Liu et al., 2012). The
systolic and diastolic blood pressure were recorded and aver-
aged from at least 10 consecutive readings.

Tail bleeding
The bleeding time protocol was adapted from methods
described previously (Henry et al., 2009). In brief, mice were
immobilized and tails were clipped 2 mm from the tip and
immediately immersed into 37°C saline. The time to bleeding
cessation was recorded by measuring the OD (405 nm) of
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samples mixing with the red blood cell lysis buffer. The
volume of blood loss was calculated for comparison.

Liver cell fractionation
Liver perfusion was performed as described (Zhou et al.,
2012). After removing tissue aggregates and debris, cell sus-
pensions were filtered through a strainer (mesh width
100 μm). Parenchymal and non-parenchymal cells (NPCs)
were fractionated by low-speed centrifugation.

AMPK activity assay
Tissues were homogenized in lysis buffer [20 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1%
Nonidet P40, 0.1% SDS, 1% sodium deoxycholate, 1 mM NaF,
1 mM Na3VO4, 1 mM DTT and protease inhibitor cocktails
(Roche, Mannheim, Germany)]. The tissue lysates (15 μg)
were re-suspended in assay buffer of CycLex AMPK kinase kit
(MBL International, Woburn, MA, USA) and incubated with
the IRS-1 peptide (LRLSSSSGRLR) substrate at 30°C for
30 min. Phosphorylation of the Ser789 was quantified with a
specific antibody for evaluating the activity of AMPK in tissue
samples.

Histological studies
Paraffin sections (5 μm) of liver tissues were stained with
haematoxylin and eosin. Images were acquired under a
microscope (Leica Microsystems, Bensheim, Germany).
Inflammatory foci (defined as groups of five or more inflam-
matory cells) were counted in at least 10 fields, each repre-
senting about 300 hepatocytes. Inflammation status was
graded as follows: grade 0, no inflammatory foci; grade 1, one
inflammatory foci per high powered field (hpf); grade 2, two
inflammatory foci per hpf; grade 3, three or more inflamma-
tory foci per hpf (Zhou et al., 2010).

Quantitative RT-PCR analysis
Quantification of gene expression was performed using SYBR
Green PCR Master Mix (Qiagen, Hamburg, Germany) and an
ABI PRISM 7900 HT Sequence Detection System (Life Tech-
nologies, Grand Island, NY, USA). The primer sequences are
listed in Supporting Information Table S1. After normaliza-
tion, data were calculated and presented as relative expres-
sion changes of the transcripts.

COX-2 activity assay
The COX-2 activity was evaluated in tissue lysates by
measuring the stable metabolite of prostacyclin, 6-keto-
prostaglandin F1α (PGF1α), using the commercial EIA Kit
(Cayman, Ann Arbor, MI, USA). The assay was performed
based on the competition between 6-keto-PGF1α and a tracer
for the anti-serum binding sites. In brief, aortae or liver
tissues were homogenized in lysis buffer included in the kit.
After incubation, the amount of tracer bound to the plate was
quantified by enzymatic colour reaction and measured at
412 nm. The amount of 6-keto-PGF1α was calculated by refer-
ring to the standard curves.

Western blotting and other immunoassays
Tissue lysates were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membrane, incubated with anti-

bodies against COX-2 and β-actin (Cell Signaling, Beverly,
MA, USA). The immune complexes were detected with
enhanced chemiluminescence reagents from GE Healthcare
(Uppsala, Sweden). The tissue contents of TNF-α were meas-
ured using commercial ELISA kits (Invitrogen, Grand Island,
NY, USA). TxB2, the stable metabolite of the COX product
TxA2, was measured with the TxB2 EIA Kit from Cayman.

Data analysis
All the results were derived from at least three independent
experiments. Values are expressed as means ± SEM. The sta-
tistical calculations were performed by one-way ANOVA fol-
lowed by Tukey’s multiple comparisons using Prism version 5
(GraphPad Software, San Diego, CA, USA). For all compari-
sons, a P < 0.05 was accepted to indicate statistically signifi-
cant differences.

Results

Severe hepatomegaly and steatohepatitis in
EC-AMPK mice maintained on a high fat diet
With standard chow, the body weight, fat mass composition,
fasting blood glucose and lipid levels were similar between
wild-type and EC-AMPK mice (Table 1). After 16 weeks of the
high fat diet, the body weight and percentage fat mass of
EC-AMPK mice were increased by ∼1.8- and ∼2.2-fold respec-
tively. The gain of body weight and fat mass, fasting blood
glucose levels, serum concentrations of triglyceride, total cho-
lesterol, HDL and LDL cholesterol, as well as systolic BP of
EC-AMPK mice were all augmented by the high fat diet, to
levels significantly greater than those of wild-type mice
(Table 1). Glucose tolerance was further impaired in
EC-AMPK mice, as revealed by the ipGTT (Supporting Infor-
mation Figure S1).

In EC-AMPK mice, the liver to body weight ratios and
hepatic triglyceride contents were significantly higher (by 23
and 57%, respectively) than those of wild-type mice
(Figure 1A). Histological analysis revealed a much wider
range of large and small lipid droplet accumulation, and a
higher grade of inflammation in liver sections of EC-AMPK
mice than those of wild-type mice (Figure 1B). More severe
liver injury in EC-AMPK mice was further confirmed by
biochemical measurement of serum ALT and AST levels
(Figure 1C), and by quantitative RT-PCR gene expression
analysis of the inflammatory markers F4/80 and CD68
(Figure 1D).

Thus, the high fat diet induced a more severe metabolic
syndrome in EC-AMPK mice, which was manifested in liver
as the characteristic phenotypes of enlargement (hepato-
megaly), lipid accumulation (steatosis) and inflammation
(hepatitis).

Overexpression of AMPK α1 subunit
promoted inflammation and COX-2
expression in arteries of EC-AMPK mice
The expression of the CA-AMPK α1 transgene was confirmed
in aortae of EC-AMPK mice by both RT-PCR and Western
blotting analysis (Figure 2A). As expected, a 36 kDa protein
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band corresponding to CA-AMPK α1 subunit was present in
the aortae of EC-AMPK mice, but not in that of wild-type
mice (Li et al., 2012). The mRNA and protein expression of
the transgene could not be detected in total tissue lysates of
EC-AMPK mice livers (Figure 2A). However, the mRNA

expression of CA-AMPK was revealed by RT-PCR in isolated
NPCs (Supporting Information Figure S2). AMPK activity in
the aortae of EC-AMPK mice was elevated by 2.7-fold when
compared to that of wild-type mice (Figure 2B). In livers of
EC-AMPK mice, the basal AMPK activity was increased by

Table 1
Metabolic parameters measured in 20-week-old wild-type and EC-AMPK mice fed with either standard chow (STD) or high fat diet (HFD)

Wild type (STD) Wild type (HFD) EC-AMPK (STD) EC-AMPK (HFD)

Body weight (g) 26.9 ± 1.28 44.9 ± 1.69 27.1 ± 0.80 50.1 ± 1.04*

Fat mass (%) 13.7 ± 0.30 26.7 ± 1.44 13.9 ± 0.64 31 ± 0.90*

Lean mass (%) 70 ± 1.11 53 ± 1.46 69.5 ± 0.67 48.8 ± 1.14*

Fasting glucose (mmol·L−1) 4.4 ± 0.47 7.8 ± 0.81 4.5 ± 0.56 9.4 ± 0.85*

Triglyceride (mg·L−1) 385 ± 54 621 ± 51.7 440 ± 55.7 935 ± 48.1*

Total cholesterol (mg·L−1) 578 ± 11.6 1360 ± 147 571 ± 29.9 1990 ± 122*

High-density lipoprotein cholesterol (mg·L−1) 287 ± 25.9 618 ± 54.7 335 ± 29.7 1254 ± 67.2*

Low-density lipoprotein cholesterol (mg·L−1) 549 ± 44 854 ± 89.5 609 ± 38.8 2121 ± 92.3*

Systolic blood pressure (mmHg) 101 ± 5.8 106 ± 6.3 101 ± 5.9 124 ± 7.0*

*P < 0.05, EC-AMPK (HFD) versus wild-type (HFD) group, n = 8–10.

Figure 1
Hepatomegaly and severe steatohepatitis in EC-AMPK mice fed with high-fat diet. After 16 weeks of high fat diet, liver tissues were collected from
wild-type and EC-AMPK mice for measuring the wet weights and triglyceride contents (A), and histological analysis after haematoxylin and eosin
staining (B). Magnification: 100× and 400×. Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were quantified
by commercial assay kits (C). The mRNA expression of inflammatory markers F4/80 and CD68 was evaluated by quantitative RT-PCR analysis and
calculated as percentage changes against samples derived from wild-type mice (D). *P < 0.05 versus wild type mice group, n = 5–8.
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1.5-fold (Figure 2B), due mainly to the augmented AMPK
activity in non-parenchymal liver cells (Supporting Informa-
tion Figure S2).

Quantitative RT-PCR analysis revealed that the expression
of inflammation-related genes, including E-selectin, intercel-
lular adhesion molecule-1 (ICAM-1), the chemokine CCL2
and TNF-α, were all significantly up-regulated in the aortae of
EC-AMPK mice when compared to those of wild-type mice
(Figure 2C). While the expression of these genes was similarly
elevated in the liver tissues of EC-AMPK mice (Figure 2C), the
expression of COX-2 was significantly augmented in the
aortae of EC-AMPK mice (Figure 2D). The mRNA levels of
COX-1 were not different between wild-type and EC-AMPK
mice. Up-regulated COX-2 expression and activity were
further confirmed by Western blotting and immunoassay
measurement of its metabolite, PGF1α. Compared with that of
aortae, the expression of COX-2 was barely detectable by

Western blotting in liver tissues of both groups of mice. The
expression of endothelial lipase (EL) and LDL receptor
(LDLR), two important regulators of lipoprotein cholesterol
metabolism, was significantly decreased in the aorta and liver
tissues of EC-AMPK mice (Supporting Information Figure S3).

The above results suggested that constitutive activation
of AMPK α1 in endothelial cells caused not only hepatic
inflammation but also vascular inflammation accompanied
by abnormal expression of key regulators of cholesterol
metabolism.

Chronic treatment with selective COX-2
inhibitors alleviated aortic inflammation and
steatohepatitis in EC-AMPK mice
COX-2 expression is normally absent from most tissues. Once
being induced to express, it acts as a major inflammatory
mediator. To evaluate whether increased COX-2 expression

Figure 2
Enhanced arterial and hepatic inflammation in EC-AMPK mice given a high fat diet. Aortae and liver tissues were collected from wild- type and
EC-AMPK mice as in Figure 1. The expression of CA-AMPK transgene was confirmed by RT-PCR and Western blotting (A). AMPK activity was
measured by biochemical assay as described in the Methods section (B). Quantitative RT-PCR was performed to compare the gene expression of
inflammatory markers, including E-selectin, ICAM-1, CCL2 and TNF-α in aortae and liver (C). The expression (both mRNA and protein) and activity
of COX-2 was measured and compared between wild-type and EC-AMPK mice by quantitative RT-PCR, Western blotting and ELISA of the metabolite
PGF1α respectively (D). All results were calculated and presented as percentage changes against the values of samples derived from aortae of
wild-type mice. *P < 0.05 versus wild-type mice, n = 3–5.
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Figure 3
Reduced hepatic lipid contents and alleviated liver injury in EC-AMPK mice treated with selective COX-2 inhibitors. Wild-type and EC-AMPK mice
given a high fat diet were treated with vehicle, celecoxib or nimesulide for a period of 4 weeks. At the end of treatment, parameters including
body weight and circulating glucose (A), serum triglyceride and cholesterol levels (B), liver to body weight ratios (LW/BW) and hepatic triglyceride
contents (C), as well as serum levels of ALT and AST (D) were measured and presented as percentage comparisons against those from
vehicle-treated wild-type mice. *P < 0.05 versus wild-type mice treated with vehicle; #P < 0.05 versus EC-AMPK mice treated with vehicle, n = 3–5.
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contributed to the systemic inflammation of EC-AMPK mice,
selective inhibitors of this enzyme, celecoxib and nimesulide,
were chronically administered to mice during the last 4 weeks
of high-fat diet feeding. The treatment with either drug
had no effects on body weight and blood glucose levels
(Figure 3A), but significantly decreased the circulating triglyc-
eride and cholesterol levels in EC-AMPK mice (Figure 3B).
Moreover, these drugs reduced the hepatomegaly, hepatic
triglyceride contents, and serum ALT and AST levels in
EC-AMPK mice (Figure 3C,D). After treatment, the PGF1α was
significantly decreased in the aortae of EC-AMPK mice
(Figure 4A), whereas the AMPK activity was not altered (Sup-
porting Information Figure S4A). In liver, while the concen-
tration of PGF1α was 10–20-fold lower than that of the aortae,
treatment with both drugs was able to further decrease the
production of this lipid metabolite. In addition, celecoxib or
nimesulide significantly blunted the elevated production of

TNF-α and CCL2 in both aortae and liver tissues of EC-AMPK
mice, but had no obvious effects in wild-type mice
(Figure 4C). The expression of EL and LDLR in livers of
EC-AMPK mice was significantly up-regulated after treatment
with both COX-2 inhibitors, whereas the expression of EL in
aortae was not increased (Figure 5). BPs were not affected by
treatment with celecoxib at different dosages (Supporting
Information Figure S5A). Although celecoxib and nimesulide
may also act on COX-1, blood clotting and TxB2 concentra-
tions were not significantly different before and after drug
treatment in all experimental groups (Supporting Informa-
tion Figure S5B, C).

These data indicated that selective inhibition of COX-2
eliminated most of the metabolic defects and inflammatory
responses caused by constitutive activation of AMPK α1 in
endothelial cells of EC-AMPK mice. There were no toxic
effects observed due to COX-1 inhibition.

Figure 4
Celecoxib or nimesulide treatment inhibited arterial and hepatic inflammation in EC-AMPK mice given a high fat diet. Tissues were collected from
wild-type and EC-AMPK mice treated as in Figure 3 and PGF1α concentrations measured (A), TNF-α contents (B) and CCL2 mRNA expression (C).
Relative comparisons were calculated against samples from wild-type mice treated with vehicle. *P < 0.05 versus wild-type mice treated with
vehicle; #P < 0.05 versus EC-AMPK treated with vehicle, n = 3–5.
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Discussion
Many pathological conditions of the cardiometabolic
system, such as myocardial infarction, hypertension and dia-
betes, are associated with increased cellular stresses that can
activate AMPK (Ewart and Kennedy, 2011). While the major-
ity of studies have focused on the energy sensing and the
beneficial metabolic effects of AMPK, there is considerable
evidence suggesting a close relationship between AMPK acti-
vation and COX-2 induction. AMPK regulates COX-2 expres-
sion through stimulating the production of intracellular NO
and mitochondrial reactive oxygen species, promoting the
cytoplasmic localization of the human antigen R, and the
activation of NF-κB, TGFβ-activated protein kinase 1 and
PKCθ signalling (Faour et al., 2008; Hou et al., 2008; Zhang
and Bowden, 2008; Chang et al., 2010; Kim et al., 2012; Lee
et al., 2012). Long-term AMPK activation also alters gene
expression and protein synthesis by modulation of transcrip-
tion factors, such as myocyte enhancer factor-2, mammalian
target of rapamycin and eukaryotic elongation factor 2
(Kahn et al., 2005). Increased expression of COX-2 would
represent a pro-inflammatory function that may offset some
protective effects of AMPK activation. The present study
demonstrated that constitutive activation of AMPK α1
subunit in endothelial cells of arteries resulted in vascular
inflammation and COX-2 induction, in turn, promoting the
metabolic syndrome and fatty liver injury induced by a high
fat diet.

COX-2 is expressed at low levels in resting endothelial
cells and can be markedly induced by shear stress, reactive
oxygen intermediates and fatty acid derivatives (Feng et al.,
1995; Eligini et al., 2001; 2005; Di Francesco et al., 2009; Brkic
et al., 2012). The activation of COX-2 plays a healing role in
promoting vasodilation (through prostacyclin) and endothe-
lial repair (Eligini et al., 2009; Cannon and Cannon, 2012; Li
et al., 2012). It modulates endothelial NO production, plate-
let aggregation and the local inflammatory response during
the development of atherosclerosis and thrombosis (Sanchez
et al., 2010; Santilli et al., 2012; Yu et al., 2012). High levels of
COX-2 expression have been found in coronary arterioles of
diabetic patients (Szerafin et al., 2006; Tong et al., 2013). In
addition, increased COX-2 expression is correlated with
obesity-related renal damage (Dey et al., 2004), cardiac abnor-
malities (Cao et al., 2011) and fatty liver injuries (Hsieh et al.,
2009). The expression levels of COX-2 are extremely low in
normal liver tissues, but up-regulated under pathological con-
ditions such as acute liver failure (Demirel et al., 2012),
hepatic fibrosis and cirrhosis (Kwon et al., 2012), as well as
hepatocarcinogenesis (Giannitrapani et al., 2009). Genetic
polymorphism of COX-2 has been linked with liver disease
progression in human (Miyashita et al., 2012). Both clinical
and animal studies demonstrate that selective inhibition of
COX-2 attenuates liver dysfunctions associated with hepatic
inflammation, fibrosis, cirrhosis and cancer (Planaguma et al.,
2005; Breinig et al., 2007; Tu et al., 2007; Hsieh et al., 2009;
Paik et al., 2009). In the present study, blocking COX-2 activ-

Figure 5
Treatment with celecoxib or nimesulide restored the gene expression of EL and LDLR in liver tissues of EC-AMPK mice. Tissues were collected from
wild-type and EC-AMPK mice treated as in Figure 3 for quantitative RT-PCR analysis of EL (A) and LDLR (B) mRNA expressions. Relative comparisons
were calculated against samples from wild-type mice treated with vehicle. *P < 0.05 versus wild-type mice treated with vehicle; #P < 0.05 versus
EC-AMPK treated with vehicle, n = 3–5.
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ity with the selective inhibitors, celecoxib or nimesulide,
alleviated hepatic inflammation and steatosis in EC-AMPK
mice. Treatment with these two drugs also reduced circulat-
ing lipid levels and inhibited arterial inflammation. The drug
applications did not affect AMPK activity, suggesting that this
kinase is an upstream signal of COX-2 activation in vascular
endothelium and this pathway may represent a pro-
inflammatory arm of AMPK function.

AMPK exists as a heterotrimeric complex composed of
different subunits. The isoform abundance of each subunit
varies in different types of cells and even in different arteries.
Thus, when AMPK is artificially activated by treatment with
its activators, complex effects may be expected in different
organs. Although activation of AMPK has a number of poten-
tially beneficial anti-atherosclerotic effects, including reduc-
ing adhesion of inflammatory cells to the endothelium,
preventing lipid accumulation in blood vessel walls, and
stimulating cellular antioxidant defences and enzymes
responsible for NO formation, data from the present study
suggest that prolonged activation of AMPK in endothelium
may elicit adverse effects on liver functions under obese con-
ditions. A previous study also found that expression of con-
stitutively active AMPK α2 led to fatty liver due to a switch
from glucose production to lipid generation (Foretz et al.,
2005). Collectively, these lines of evidence indicate that while
AMPK activation may have beneficial potential in the treat-
ment of cardiometabolic abnormalities, it needs to be con-
trolled temporally and spatially in order to prevent unwanted
pro-inflammatory effects.

The present study also suggests that endothelial dysfunc-
tion represents a common aetiology for both cardiovascular
and non-alcoholic fatty liver diseases. Hyperactivation of
AMPK signalling promotes senescence in endothelial cells
and enhances the production of pro-inflammatory cytokines
and lipid metabolites (Zu et al., 2010; Wang et al., 2011; Bai
et al., 2012), in turn, mediating systemic inflammation in
blood vessels and organs, such as liver. In addition, the gene
expression levels of EL and LDLR were decreased in endothe-
lial cells of EC-AMPK mice, which contributed to the elevated
lipid levels in circulation and the abnormal lipid metabolism
in liver. The above two arms of defects are largely blocked by
chronic treatment with COX-2 inhibitors, confirming that
endothelial dysfunction represents a primary cause of meta-
bolic syndrome in EC-AMPK mice. Nevertheless, further
investigations are needed to uncover the mechanisms under-
lying the augmented plasma glucose levels and systolic BPs.
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Figure S1 Impaired glucose tolerance in EC-AMPK mice
given a high fat diet. The ipGTT was performed in wild-type
and EC-AMPK mice fed with the high fat diet for 16 weeks.
Results are presented as percentage changes of blood glucose
levels against time zero (A). The areas under the curve (AUC)
were calculated and are presented as means ± SEM (B). *P <
0.05, compared with wild-type mice (n = 5).

Figure S2 Increased AMPK activity in non-parenchymal
cells isolated from liver tissues of EC-AMPK mice. Liver cell
fractionation was performed as described in the Methods
section. Samples derived from non-parenchymal cells were
subjected to RT-PCR (A) and AMPK activity (B) analysis for
monitoring the CA-AMPK transgene expression. The elevated
AMPK activity was also confirmed by probing the phospho-
rylation levels of acetyl-CoA carboxylase (ACC) (C), a down-
stream substrate of AMPK. *P < 0.05, compared with wild-type
mice (n = 5).
Figure S3 Decreased EL and LDLR expression in tissues of
EC-AMPK mice. After 16 weeks of high fat diet, the aortae and
liver tissues were collected from wild-type and EC-AMPK
mice. Quantitative RT-PCR was performed to evaluate the
gene expression of EL and LDLR. *P < 0.05 versus wild-type
mice group (n = 3–5).
Figure S4 COX-2 selective inhibitor treatment did not
change the AMPK activity in the aorta. Wild-type and
EC-AMPK mice given a high fat diet were treated with vehicle
or celecoxib (50 mg·kg−1·day−1) for 4 weeks. At the end of
treatment, aorta tissues were collected and subjected to the
measurement of AMPK activity. Relative comparisons were
calculated against samples from wild-type mice treated with
vehicle. *P < 0.05 versus wild-type mice treated with vehicle
(n = 3–5).
Figure S5 Treatment with COX-2 selective inhibitors did not
affect the blood pressure, blood clotting capacity and tissue
TxB2 concentrations. (A) After 4 weeks of treatment with
vehicle or celecoxib, systolic (left panel) and diastolic (right
panel) blood pressures were measured in wild-type mice given
a high fat diet. (B) Wild-type (left panel) and EC-AMPK (right
panel) mice under high-fat diet were treated with vehicle,
celecoxib (50 mg·kg−1·day−1) or nimesulide (25 mg·kg−1·day−1)
for a period of 4 weeks. At the end of treatment, the blood
clotting capacity of the mice was evaluated. (C) The aortae
and liver tissues were collected from mice treated as in panel
(B) and TxB2 concentrations were measured. Relative changes
were calculated against samples from mice treated with
vehicle (n = 3–5).
Table S1 List of primers used for quantitative PCR analysis.
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