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ABSTRACT

5-Aminoimidazole-4-carboxyamide-ribonucleoside (AICAR), a
prodrug activator of AMP-activated protein kinase (AMPK), in-
creased hepatic expression of cytochrome P450 4a10, 4a14, and
4a31 mRNAs 2-, 3-, and 4-fold, respectively, and liver microsomal
lauric acid w-hydroxylation increased 2.8-fold. Likewise, mRNA
levels of the peroxisome proliferator-activated receptor «
(PPAR)-responsive genes, Acox1, Acadm, Cptia, and Fabp1,
were also increased by AICAR treatment. AICAR did not elicit
these changes in PPARa null mice. In isolated murine hepato-
cytes, AICAR and adenosine produced similar effects, and these
responses were blocked by the PPAR« antagonist [(2S)-2-[[(12)-
1-methyl-3-oxo-3-[4-(trifluoromethyl)phenyl]-1-propenyllamino]-
3-[4-[2-(5-methyl-2-phenyl-4-oxazolyl)ethoxy]phenyl]propyl]-
carbamic acid ethyl ester (GW6471). Inhibition of AMPK using
compound C (dorsomorphin or 6-[4-(2-piperidin-1-ylethoxy)phe-
nyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine) did not block the in-
duction of the PPARa-responsive genes by AICAR or adenosine,

and 6,7-dihydro-4-hydroxy-3-(2'-hydroxy[1,1’-biphenyl]-4-yl)-6-
oxo-thieno[2,3-b]pyridine-5-carbonitrile (A-769662), a non-
nucleoside, direct activator of AMPK, did not increase expression
of PPARa-responsive genes. An inhibitor of adenosine kinase,
5-iodotubercidin, blocked these responses, suggesting that the
phosphorylation of AICAR and adenosine to AICAR 5’-mono-
phosphate (ZMP) or AMP, respectively, was required. Concentra-
tions of ZMP and AMP were elevated and ATP levels diminished
at 24 h. The PPARa-dependent responses were associated with
increased concentrations of oleic acid, a potent PPAR« agonist,
and diminished levels of oleoyl-CoA. Oleoyl-CoA synthase activity
was inhibited by ZMP and AMP with IC5,, values of 0.28 and 0.41
mM, respectively. These results suggest that PPAR« is activated
by increased concentrations of free fatty acids that may arise from
impaired fatty acid metabolism caused by altered levels of ATP,
AMP, and ZMP after AICAR or adenosine treatment.
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Introduction

Members of cytochrome P450 family 4 (Cyp4) contribute to
the w-hydroxylation of fatty acids in liver and kidney (Hsu et
al., 2007; Hardwick, 2008). Previous studies performed in our
laboratory revealed that human CYP4F2, a prominent fatty
acid w-hydroxylase in liver and kidney, is up-regulated by the
pharmacological activation of AMP-activated protein kinase

ABBREVIATIONS: Cyp4, cytochrome P450 family 4; AMPK, AMP-activated protein kinase; PPAR«, peroxisomal proliferator-activated receptor «;
Acox1, acyl CoA oxidase 1; Acadm, acyl CoA dehydrogenase, medium chain; Cpt1a, carnitine palmitoyltransferase 1A; Fabp1, fatty acid binding protein;
AICAR, 5-aminoimidazole-4-carboxyamide-ribonucleoside; ZMP, AICAR 5’-monophosphate; Shp, small heterodimer partner; DMSO, dimethyl sulfox-
ide; gPCR, quantitative real-time polymerase chain reaction; ACSL, ATP-dependent long-chain fatty acyl-CoA synthetase; A-769662, 6,7-dihydro-4-
hydroxy-3-(2'-hydroxy[1,1’-biphenyl]-4-yl)-6-oxo-thieno[2,3-b]pyridine-5-carbonitrile; compound C, dorsomorphin or 6-[4-(2-piperidin-1-
ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine; WY14643, [[4-chloro-6-[(2,3-dimethylphenyl)amino]-2-pyrimidinylJthio]acetic acid; GW6471,
[2S)-2-[[(12)-1-methyl-3-oxo-3-[4-(trifluoromethyl)phenyl]-1-propenylJamino]-3-[4-[2-(5-methyl-2-phenyl-4-oxazolyl)ethoxy]phenyl]propyl]-carbamic

acid ethyl ester.
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(AMPK) by AICAR, genistein, or resveratrol in human hepa-
tocytes and the human hepatoma-derived HepG2 cell line
(Hsu et al., 2011). AMPK is a serine/threonine protein kinase
that serves as a sensor of cellular stress and a modulator of
lipid and glucose metabolism. AMPK is a heterotrimeric com-
plex that consists of a catalytic subunit (o) and two regula-
tory subunits (B and ) (Viollet et al., 2007). Theoretically,
AMPK can exist in 12 possible heterotrimeric complexes
because multiple isoforms of each subunit have been identi-
fied, namely, oy, as, By, B2, Y1, Vo, and vy5. Furthermore, it
seems that the combination of AMPK subunits can vary
according to cell type and tissue (Hardie et al., 2006). The
activation of AMPK involves the phosphorylation of threo-
nine-172 within the activation loop of the catalytic domain of
the a-subunit by upstream kinases and allosteric activation
by AMP, which increases when ATP is depleted during met-
abolic stress. Once activated, AMPK acts to increase ATP-
generating catabolic pathways, including fatty acid oxidation,
and decrease ATP-consuming processes such as gluconeogene-
sis. AMPK is activated under stress conditions such as glucose
deprivation, hypoxia, and oxidative stress. Pharmacological ac-
tivation of AMPK by AICAR requires phosphorylation by
adenosine kinase to form ZMP, an AMP mimic. Chemically
unrelated activators such as 6,7-dihydro-4-hydroxy-3-(2’'-
hydroxy[1,1’-biphenyl]-4-yl)-6-oxo-thieno[2,3-b]pyridine-5-
carbonitrile (A-769662) can activate AMPK directly by binding
to allosteric effector sites. In addition, a number of drugs and
drug-like molecules have been shown to activate AMPK indi-
rectly by increasing cellular AMP/ATP ratios and/or stimulat-
ing upstream kinases. These compounds include biguanides
such as metformin (Zhou et al., 2001) and polyphenols such as
resveratrol and genistein (Zang et al., 2006).

Fatty acid oxidation plays an important role in the produc-
tion of ATP, and for some cell types, fatty acids are the major
nutrient for ATP production during fasting. Under normal
conditions, mitochondrial and peroxisomal B-oxidation path-
ways are the primary route of fatty acid catabolism with a
relatively minor contribution from the microsomal w-oxida-
tion pathway (Hsu et al., 2007; Hardwick, 2008). However,
during periods of cellular stress, including starvation, the
levels of intracellular free fatty acids can increase, resulting
in an increased contribution of the w-hydroxylation pathway
to overall fatty acid oxidation. The w-hydroxylated metabo-
lites can be oxidized by an alcohol dehydrogenase, and the
resulting w-oxo-fatty acid product can be subsequently me-
tabolized by an aldehyde dehydrogenase to a dicarboxylic
fatty acid. The dicarboxylic fatty acid product can either
enter the B-oxidation pathway or be excreted in the urine. In
addition, the w-oxidation of fatty acids can decrease the ac-
cumulation of free fatty acids and reduce the potential for
lipotoxicity. AMPK activation increases mitochondrial fatty
acid oxidation by inactivating acetyl-CoA carboxylase, which
reduces the inhibition of carnitine palmitoyl transferase-1 by
malonyl-CoA. In addition, activation of AMPK triggers
changes in gene transcription to augment the production of
ATP from catabolism of glucose and fatty acids (Canté and
Auwerx, 2010; McGee and Hargreaves, 2010).

In the present study, we tested whether activators of
AMPK would stimulate the expression of murine Cyp4 genes
in vivo to further elucidate the role of AMPK in the regula-
tion of hepatic fatty acid w-hydroxylation. In doing so, we
found that Cyp4al0O, Cyp4al4, and Cyp4a31l mRNAs are
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increased after treatment of mice with AICAR in vivo and in
primary cultures of mouse hepatocytes in vitro. Cyp4a 10 and
Cyp4al4 are established PPARa-responsive genes; however,
this had yet to be determined for other mouse Cyp4a genes
(Hsu et al., 2007). PPAR« is a ligand-activated transcription
factor that serves as a biological sensor for intracellular fatty
acid levels (Kersten et al., 2000; Pégorier et al., 2004; Des-
vergne et al., 2006; Lefebvre et al., 2006). Therefore, we
tested whether other PPAR«a-responsive genes are up-regu-
lated by AICAR treatment. To this end, acyl CoA oxidase 1
(Acox1), acyl CoA dehydrogenase, medium chain (Acadm),
carnitine palmitoyltransferase 1A (Cptla), and fatty acid
binding protein (Fabpl) mRNAs were measured after AICAR
treatment and compared with vehicle controls. Similar to
Cyp4al0, Cyp4al4, and Cyp4a3l, these mRNAs were also
increased by AICAR treatment. These responses were not seen
in PPARa null mice, indicating that the effect depended on
PPARa. However, in all cases, the response to AICAR was
insensitive to pharmacological inhibition of AMPK activation
by compound C (dorsomorphin or 6-[4-(2-piperidin-1-ylethoxy)
phenyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine). Moreover,
A-769662, a mechanistically distinct, direct activator of AMPK
(Cool et al., 2006), did not increase the expression of these
PPAR« target genes. Furthermore, results are presented that
demonstrate that the formation of ZMP from AICAR or AMP
from adenosine is required for the up-regulation of the PPAR«-
responsive genes examined. In addition, because PPAR« is ac-
tivated by free fatty acids, the concentrations of free fatty acids
in hepatocytes 24 h after treatment with AICAR were mea-
sured. Oleic acid and stearic acid were increased significantly
after AICAR and adenosine treatment. This elevation was not
blocked by compound C; however, this did require conversion of
AICAR and adenosine to ZMP and AMP, respectively. Pretreat-
ment of hepatocytes with a PPARa antagonist blocked the
AICAR-mediated increase in PPAR«a-responsive mRNAs, sug-
gesting that ligand-dependent activation of PPARa underlies
the increase in these mRNAs after AICAR treatment. There-
fore, our studies detailed herein suggest that AICAR and aden-
osine increase the expression of PPARa target genes by an
AMPK-independent mechanism that depends on ZMP or AMP
formation, respectively.

Materials and Methods

Animals and Treatments. All handling of mice was in accor-
dance with protocols that were approved by the Institutional Animal
Care and Use Committee of The Scripps Research Institute. Eight-
week-old C57BL/6 or 129/Sv mice were injected intraperitoneally
with 0.5 ml of a saline solution of AICAR (0.7 mg/g body weight;
Toronto Research Chemicals Inc., North York, ON, Canada) or saline
alone 2 h after the onset of the dark cycle. Control and treated mice
were provided with chow and water ad libitum. Lighting was on a
12-h light/dark cycle. For the time-course studies, mice were sacri-
ficed 6, 12, 24, and 48 h after injection, and livers were harvested. In
addition, mice were injected intraperitoneally twice with 24 h be-
tween injections, and then sacrificed 24 h after the final injection.
Liver microsomes were isolated as described previously (Raucy and
Lasker, 1991) for the measurement of lauric acid w-hydroxylase
activity.

Quantitative Real-Time Polymerase Chain Reaction. He-
patic RNA was prepared using TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Reverse transcrip-
tion of total RNA (5 png) was performed using AffinityScript multiple
temperature reverse transcriptase (Agilent Technologies, Santa
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Clara, CA). The RNA concentration was determined spectrophoto-
mically. The primers used for measurement of Cyp4al2, Cyp4al4,
L27, and PPARa mRNA were described previously (Savas et al.,
2009). The sequences for all other primers used for qPCR are listed
in Table 1. The mouse ribosomal protein L27 served as the house-
keeping gene for normalization of mRNA levels. L27 mRNA levels
were used for normalization because this gene did not exhibit sen-
sitivity to any of the treatments used in this study. Before perform-
ing qPCR, Cyp4al0, Cyp4al4, Cyp4a3l, Cyp4fl4, and L27 PCR
products were generated using the above primers and conventional
PCR, and the isolated products were ligated into the EcoRI site of the
pCRII-TOPO vector for subcloning (Invitrogen). Sequence determi-
nations confirmed the identity of the cloned insert. Serial dilutions of
the resulting plasmids were used to generate standard curves for the
measurement of mRNA levels using qPCR. Relative levels of
Cyp4f14, Cyp4fl5, Cyp4fl6, and Cyp4fl7 were determined from the
standard curves using serial dilutions of the Cyp4fl4 plasmid as a
template, whereas the L27 plasmid was used as reference standard
for qPCR to measure Acox1, Acadm, Cptla, Acsll, Fabpl, and small
heterodimer partner (Shp) expression. The cycling reactions were
carried out by denaturation for 5 min at 95°C followed by 50 cycles of
denaturation at 94°C for 15 s and annealing/extension at 60°C
for 30 s.

Primary Mouse Hepatocytes. Hepatocytes were isolated from
8-week-old male C57BL/6 or 129/Sv mice using a collagenase/EGTA
perfusion method (Lee et al., 2004). Viability was determined by Trypan
blue exclusion, and preparations were only used if more than 85%
viability was achieved. Hepatocytes were cultured on collagen I-coated
six-well plates (BD Biosciences, San Jose, CA) using Williams’ medium
E containing insulin, transferrin, and selenium (Sigma, St. Louis, MO),
0.1 pM dexamethasone, L-glutamine, penicillin, and streptomycin. The
cultures were maintained at 37°C and 5% CO,. After the cultures had
been incubated for 24 h, the medium was changed to Williams’ medium
E containing only L-glutamine, penicillin, and streptomycin. The cul-
tured hepatocytes were then treated with AICAR (500 pM), A-769662
(Tocris Bioscience, Ellisville, MO; 1 or 10 uM), adenosine (10 nM),
fenofibrate (100 M), [[4-chloro-6-[(2,3-dimethylphenyl)amino]-2-

TABLE 1
Oligonucleotides used for gPCR

pyrimidinyl]thiolacetic acid (WY14643) (Tocris Bioscience; 10 pM), or
the equivalent amount of the delivery solvent 4 h after changing the
medium. For inhibition studies, the cell cultures were preincubated
with compound C (10 uM), 5-iodotubercidin (10 uM), or [(2S)-2-[[(12)-
1-methyl-3-0x0-3-[4-(trifluoromethyl)phenyl]-1-propenyl]amino]-3-[4-
[2-(5-methyl-2-phenyl-4-oxazolyl)ethoxylphenyllpropyl]-carbamic acid
ethyl ester (GW6471) (Tocris Bioscience; 20 uM) for 30 min before the
addition of the above-mentioned compounds. After 24 h the cells were
harvested for RNA isolation. Stock solutions were prepared in DMSO,
and the final concentration of DMSO in the medium was 0.1%.

Lauric Acid Metabolism. The w-hydroxylation of lauric acid was
measured by using liver microsomes (100 pg) isolated from mice
injected with a saline solution of AICAR or saline twice with a 24-h
interval in between injections, then mice were sacrificed 24 h after
the final injection (48-h treatment). The enzymatic reaction was
carried out as described previously (Savas et al., 2009).

Detection of Free Fatty Acids, Fatty Acyl-CoAs, and Nucle-
otides. Free fatty acids (oleic acid, stearic acid, linoleic acid, arachi-
donic acid, palmitic acid, and palmitoleic acid; all standards were
purchased from Sigma) were measured in primary hepatocytes iso-
lated from 8-week-old male C57BL/6 mice. Sample extraction and
liquid chromatography-mass spectrometry analysis were performed
according to the method described by Nomura et al. (2010). Fatty
acyl-CoAs were measured according to the protocol described previ-
ously (Haynes et al., 2008). Fatty acyl-CoA standards were pur-
chased from Avanti Polar Lipids (Alabaster, AL). Both were analyzed
using a Waters (Milford, MA) ACQUITY UPLC System interfaced to
an AB SCIEX (Foster City, CA) QTRAP 5500 mass spectrometer.
The internal standard used for free fatty acid sample extraction was
[*3C]oleic acid (Sigma), whereas the internal standard for fatty acyl-
CoA extraction was pentadecanoyl CoA. ATP, ADP, AMP, and ZMP
were isolated and measured using the method described by
Aymerich et al. (2006). A Waters ACQUITY UPLC System equipped
with a photo diode array detector was used to measure relative
absorbance of the nucleotides at 260 nm using authentic standards
for quantitation. ATP, ADP, AMP, and ZMP standards were ob-

Target Accession No. Coordinates Orientation Sequence (5’ to 3')
Cyp4al0 NM_010011.2 45-445 Forward GAGTGTCTCTGCTCTAAGCCCA
Reverse AGGCTGGGGTTAGCATCCTCCT
Cyp4a30b NM_001100185 84-360 Forward GTGGTCTCTTTGCTTGGCCTACTG
Reverse CCGTAGCCAATCCAGGGAGCAAAG
Cyp4a3l NM_201640 165-369 Forward AGCAGTTCCCATCACCGCCC
Reverse TGCTGGAACCATGACTGTCCGTTT
Cyp4a32 NM_001100181 238-557 Forward GGGCATGAGCAGTTCAAAGGC
Reverse GAGTCCTGACCAGCCAGCCT
Cyp4f13 NM_130882 354-685 Forward GTGTACCCAATCCTGCGACTCG
Reverse TGCTGTCAGACTCTTGGCAGTTGC
Cyp4f14 NM_022434 267-533 Forward CCCATGGAAGACCCTGCTACTGCT
Reverse CCTTGAGTGCAACAGCGGCTGA
Cyp4fl5 NM_134127 254-487 Forward GAGCTTCCTGGCTCTTGGCCCGTG
Reverse GGGCTACCGAAGCTGAGGCATTG
Cyp4fl16 NM_024442 61-259 Forward CTGCGGCTAAGTGTGTCTGGGC
Reverse TGGAAAGTCTGGCCCATTTCGGTA
Cyp4fl7 NM_001101445 359-634 Forward GCCTGCAGTTGTTGACTGAAAGGA
Reverse CGCTGCCACTTGGCATGCATGATG
Cyp4f39 NM_177307 405-742 Forward GCTGGGTCACATGAGCATGTATCT
Reverse GTCACTGAGCCCTCTGCCAGATGT
Shp NM_011850 224-438 Forward GCACCTGCAGGGAGGCCTTG
Reverse CGGTCTGATGGCTGGGCACC
Acox1 NM_015729 526-821 Forward AAGCCAGCGTTACGAGGT
Reverse CTGTTGAGAATGAACTCTTGG
Acadm NM_007382 1060-1403 Forward ACTCCGGTCGCCGGAACACT
Reverse CCTCCGCCATGGGAATCCGC
Cptla NM_013495 660-983 Forward ACGCATGACAGCACTGGCCC
Reverse CCTCCCCAGGGATGCGGGAA
Fabpl NM_017399 53-233 Forward TGCCACCATGAACTTCTCCGGC

Reverse TCCAGTTCGCACTCCTCCCCC
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tained from Sigma. Concentrations of nucleotides were normalized to
cell lysate protein content.

Measurement of Acyl-CoA Synthetase Activity. Lysates from
primary mouse hepatocytes were used to measure total acyl-CoA
synthetase activity by determination of the formation of [*H]oleoyl-
CoA from [°HJoleic acid (Moravek Biochemicals, Brea, CA) as de-
scribed previously (Askari et al., 2007). The data are expressed as a
rate of formation using 200 pg of lysate protein under initial rate
conditions.

Statistical Analysis of Data. Results are expressed and plotted
as mean values * S.D. Comparisons of control versus treated mice
and hepatocytes were performed using an unpaired one-tailed Stu-
dent’s ¢ test (Prism 5 software; GraphPad Software Inc., San Diego,
CA); p values <0.05 were considered statistically significant. Non-
linear regressions were performed and subsequent IC;, values were
calculated using Prism 5 software.

Results

AICAR Increases Cyp4al0, Cyp4al4, and Cyp4a3l
mRNA Expression in Murine Liver. Male and female
C57BL/6 mice were injected intraperitoneally with AICAR,
and mRNA expression of hepatic Cyp4a and Cyp4f subfamily
members was measured for samples collected 6, 12, 24, and
48 h later. Cyp4al0, Cyp4al4, and Cyp4a31 mRNA levels
were the most consistently increased, and the maximal fold
difference in mRNA abundance was observed at 24 h after
injection (approximately 2-, 3-, and 3.4-fold, respectively),
and expression returned to basal levels at 48 h after a single
injection (Fig. 1). Cyp4f16 mRNA abundance was increased
approximately 2-fold, but statistically significant (p < 0.05)
elevations of Cyp4f16 were observed only in male mice at the
24-h time point (Fig. 1). Cyp4a29, Cyp4a30b, Cyp4a32,
Cyp4137, Cyp4f39, and Cyp4f40 hepatic mRNA expression
levels were near or below the limit of detection. Significant
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effects of AICAR on the mRNA levels of Cyp4al2, Cyp4fl3,
Cyp4fl14, Cyp4fl5, and Cyp4fl7 were not evident.

AICAR Treatment Increases the w-Hydroxylation of
a Prototypic Cyp4a Substrate. To determine whether the
AICAR-mediated increase in mRNA levels of Cyp4alo,
Cyp4al4, and Cyp4a31 would result in a subsequent increase
in microsomal enzyme activity, assays were performed to
measure the metabolism of a Cyp4a substrate, lauric acid,
using liver microsomes isolated 24 h after single daily injec-
tions of male C57BL/6 mice with AICAR on 2 consecutive
days. This treatment resulted in a 2.8-fold increase in the
microsomal rate of 12-hydroxylauric acid formation, which
corresponded with relative increases in mRNA expression for
Cyp4al0 and Cyp4al4 determined for this treatment proto-
col (Fig. 2).

Activation of Cyp4al0, Cyp4al4, and Cyp4a31 mRNA
Expression by AICAR Is PPAR«a-Dependent. Cyp4al0
and Cyp4al4 are PPARa-responsive genes, and AICAR has
been reported to increase the expression of PPARa and
PPARa target genes in murine skeletal muscle (Lee et al.,
2006). Thus, studies were performed to determine whether
the effect of AICAR on Cyp4al0O, Cyp4al4, and Cyp4a3l
mRNA expression is PPARa-dependent. Wild-type and
PPAR« null 129/Sv mice were injected intraperitoneally with
AICAR or saline and sacrificed 24 h after injection. Cyp4al0,
Cyp4al4, and Cyp4a31 mRNA levels were increased 2- to
3-fold in wild-type 129/Sv mice treated with AICAR com-
pared with saline-treated controls (Fig. 3). However, the ef-
fect of AICAR on expression of these genes was abrogated in
the PPAR« null 129/Sv mice (Fig. 3). Cyp4f16 was elevated
approximately 1.7-fold in the 129/Sv mice and 1.5-fold in
PPAR« null mice (data not shown); however, these increases
in mRNA expression were not statistically significant. Shp
mRNA was measured as a positive control because it has
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Fig. 1. Time course for induction of
hepatic Cyp4 mRNA after treatment
with AICAR. Eight-week-old male
C57BL/6 mice were injected intraperi-
toneally with saline (control) or
» AICAR (0.7 mg/g) then sacrificed at
the indicated times after injection,
and mRNA was analyzed using real-
time PCR. Data are expressed relative
to control (n = 4 mice per time point).
Student’s ¢ tests were performed to
determine significance. *, p < 0.05; s,
p < 0.01. Results were similar when
the same studies were performed with
female mice.

48 hrs

M Control
AICAR

0 : 0 \ N

O A X N > e o A IS I IR
Q"é\ Qb:b\ Qb:b\ Qhéb Q&\\ Qb‘\\ Qb'\\ Qb‘\\ Qb'k\ F I Q”‘éb FLSLFE
PN N N RN RO RS



890

Bumpus and Johnson

-4

B Control
AICAR

S

mRNA Fold Difference
N

0

NS
F &
oY

AN D B> WO N0 A
b:b'\ bng Q(\ b‘l\\ b‘l\\ b‘l\\ s\'\

S
KX KK KKK

2.0

'

nmol 12-OHLA/min/mg protein

Fig. 2. Repeated doses of AICAR increase the metabolism of lauric acid (a Cyp4a substrate). Liver microsomes were isolated from 8-week-old male
C57BL/6 mice that were intraperitoneally injected with saline (control) or AICAR daily for 2 days. Mice were euthanized 24 h after the final injection.
Liver microsomes and total mRNA were prepared as described under Materials and Methods. Left, relative mRNA expression was determined as
described in the legend to Fig. 1. Right, rates of liver microsomal metabolism of [**C]lauric acid were determined as described under Materials and
Methods (n = 4 mice). Student’s ¢ tests were performed to determine significance. **, p < 0.01.
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been demonstrated that Shp mRNA expression is increased
by AICAR in an AMPK-dependent manner (Kim et al., 2008).
Shp mRNA levels were increased by AICAR in both wild-type
and PPARa null 129/Sv mice. To determine whether our
findings could be extended to other PPARa-responsive genes,
the mRNA levels for Acox1, Acsmd, Cptla, and Fabpl were
measured 24 h after AICAR treatment. Similar to Cyp4aloO,
Cyp4al4, and Cyp4a31, mRNA levels for Acoxl, Acsmd,
Cptla, and Fabpl were increased in AICAR-treated wild-
type 129/Sv mice but not in the PPARa null 129/Sv mice
(Fig. 4). To confirm that AICAR induces the PPARa-respon-
sive genes at the transcriptional level, hepatocytes isolated
from 8-week-old C57BL/6 mice were preincubated with acti-
nomycin D and then treated with AICAR. The presence of
actinomycin D inhibited the activation of Cyp4al0, Cyp4al4,
Cyp4a31, Acoxl, Acsmd, Cptla, and Fabpl mRNAs by
AICAR (P < 0.01) (data not shown).
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PPAR (-/-)

B Control
Nacar Fig. 3. AICAR-mediated induction of
Cyp4a mRNA is PPARa-dependent.
Eight-week-old wild-type 129/Sv mice
[PPARa(+/+)] (left) or PPARa-
null(—/-) (right) mice (129/Sv back-
ground) were injected intraperitoneally
with AICAR or saline. Livers were har-
vested 24 h after injection, and mRNA
expression was analyzed using qPCR
(n = 4). Shp was used as an AMPK-
responsive positive control. Student’s ¢
tests were performed to determine sig-
nificance. *, p < 0.05; #*, p < 0.01.

Because Cyp4a31 had yet to be established as a PPARa-
responsive gene, we measured the expression of Cyp4a3l
mRNA in hepatocytes isolated from PPAR«a null 129/Sv mice
or heterozygous littermates that express PPAR« treated with
either fenofibrate or vehicle control. Cyp4a31 mRNA expres-
sion was increased 23-fold after fenofibrate treatment in
hepatocytes isolated from mice expressing PPAR«, whereas
no increase in Cyp4a31 mRNA levels was observed in hepa-
tocytes isolated from PPAR« null mice treated with fenofi-
brate versus the vehicle control (data not shown).

Inhibition of AMPK Does Not Block AICAR-Medi-
ated Increases in Cyp4al0, Cyp4al4, Cyp4a3l, Acoxl,
Acsmd, Cptla, and Fabpl mRNAs. To test whether the
effects of AICAR on Cyp4al0, Cyp4al4, Cyp4,a31, and Acox1
mRNA expression depend on the activation of AMPK, pri-
mary mouse hepatocytes were pretreated with the AMPK
inhibitor compound C (Zhou et al., 2001) and then incubated

PPAR () M Control

AICAR  Fig. 4. AICAR-treatment increases
the expression of the PPARa-respon-
sive genes Acox1, Acsmd, Cptla, and
Fabpl in a PPARa-dependent man-
ner. Eight-week-old wild-type 129/Sv
(left) or PPARa-null mice (129Sv
background) (right) were injected in-
traperitoneally with AICAR or saline.
Livers were harvested 24 h after in-
jection, and mRNA expression was
analyzed using qPCR (n = 4). Stu-
dent’s ¢ tests were performed to deter-
mine significance. **, p < 0.01.
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with AICAR. Shp, an established AMPK-responsive gene
(Kim et al., 2008), was not increased by AICAR in the hepa-
tocytes pretreated with compound C. The presence of com-
pound C did not affect, however, the AICAR-mediated in-
crease in Cyp4al0O, Cyp4al4, Cyp4a3l, Acsmd, Cptla, or
Fabpl mRNAs, suggesting that AICAR induces the expres-
sion of the corresponding genes by an AMPK-independent
mechanism (Fig. 5). For comparison to AICAR-mediated in-
creases in Cyp4al0 (4-fold), Cyp4al4 (4-fold), and Cyp4a3l
(6-fold) mRNA levels, treatment of hepatocytes isolated from
male C57BL/6 mice treated with the PPARa agonist
WY14643 were measured and exhibited 10.6 = 0.15-, 10.7 =
0.13-, and 9.0 = 0.12-fold activation of Cyp4al0, Cyp4al4,
and Cyp4a31 mRNA expression, respectively.

The AMPK Activator A-769662 Does Not Increase
Cyp4al0, Cyp4al4, Cyp4a3l, Acox1, Acsmd, Cptla, and
Fabpl mRNA Expression. To further probe our finding
that AICAR increases the expression of PPARa-responsive
genes in an AMPK-independent manner, the effects of
A-769662, a non-nucleoside, direct activator of AMPK that
does not depend on AMP/ZMP formation were tested. Shp
mRNA expression was increased in hepatocytes treated with
A-769662; however, Cyp4al0, Cyp4al4, Cyp4a3l, Acoxl,
Acsmd, Cptla, and Fabpl mRNAs were not increased com-
pared with vehicle-treated controls (Fig. 6).

Adenosine Increases Cyp4al0, Cyp4al4, Cyp4a3l,
Acox1, Acsmd, Cptla, and Fabpl mRNA Expression.
Adenosine has been reported to activate AMPK, and this
effect depends on conversion of adenosine to AMP by adeno-
sine kinase (Aymerich et al., 2006). The ability of adenosine
to increase Cyp4al0, Cyp4al4, Cyp4a3l, and Acox]l mRNA
expression in hepatocytes was tested. Adenosine treatment
activated expression of the PPARa-responsive mRNAs as
well as Shp mRNA (Fig. 7). However, pretreatment with
compound C only blocked the increase in Shp mRNA expres-
sion, suggesting that activation of AMPK was necessary for
activation of Shp expression. Inhibition of adenosine kinase
using 5-iodotubercidin abrogated the increase of all mRNAs
measured. Although the induction of Cyp4al0, Cyp4al4,
Cyp4a31, Acox1, Acsmd, Cptla, and Fabpl mRNA by aden-

B DVSO
AICAR
> [ Compound C
# AICAR + Compound C

*

i

mRNA Fold Difference
.?

pr7zz227277777777:

Fig. 5. Increased Cyp4al0, Cyp4al4, Cyp4a3l, Acox1, Acsmd, Cptla, and
Fabpl mRNA expression in response to AICAR is not affected by AMPK
inhibition. Hepatocytes were pretreated with compound C or DMSO
(vehicle control). After 30 min, AICAR was added to the culture medium,
and the cells were harvested after 24 h by the addition of TRIzol. Expres-
sion was then analyzed using qPCR and normalized to L27 mRNA for
triplicate samples. The data are representative of hepatocyte prepara-
tions from four individual mice. Student’s ¢ test was performed to deter-
mine significance. ##, p < 0.01.
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Fig. 6. The AMPK activator A769662 does not increase Cyp4aloO,
Cyp4al4, Cyp4a3l, Acoxl, Acsmd, Cptla, and Fabpl mRNA expression.
Hepatocytes were treated with A-769662 or DMSO (vehicle control).
Twenty-four hours after treatment, the cells were harvested by the ad-
dition of TRIzol. Expression was then analyzed using gPCR and normal-
ized to L27 mRNA for triplicate samples. The data are representative of
hepatocyte preparations from four individual mice. Student’s ¢ tests were
performed to determine significance. #*, p < 0.01.

osine was AMPK-independent, the inhibitor studies suggest
that the effect of adenosine depends on the formation of AMP
or downstream metabolites. Likewise, AICAR has to be phos-
phorylated by adenosine kinase to form ZMP, which activates
AMPK. We tested therefore whether conversion of AICAR to
ZMP is necessary for the activation of the PPARa-responsive
genes. When hepatocytes were incubated with 5-iodotuberci-
din (Henderson et al., 1972), followed by treatment with
AICAR 5-iodotubercidin blocked the increase in mRNA ex-
pression of Cyp4al0, Cyp4al4, Cyp4a3l, Acsmd, Cptla, and
Fabpl by AICAR, suggesting that although AICAR-mediated
increase in the expression of PPARa-responsive genes is
AMPK-independent, it depends on the formation of ZMP or
downstream metabolites (Fig. 8). To assess whether either
AICAR or adenosine treatment had an effect on adenine
nucleotide levels at the 24-h time point, levels of AMP, ADP,
and ATP were measured as well as those of ZMP. As shown
in Table 2, these treatments elevated levels of AMP 2.3- to
3.5-fold but reduced ATP levels to 44 to 51% of controls at
24 h. In addition, the level of ZMP exceeded that of ATP or
AMP at 24 h after AICAR treatment.

Adenosine and AICAR Alter the Abundance of Free
Fatty Acids and Their CoA Esters. To investigate the
mechanism by which AICAR and adenosine increase the
expression of PPARa-responsive genes independently of
AMPK, studies were performed to determine whether these
compounds induced changes in the concentrations of free
fatty acids. Nonesterified fatty acids were demonstrated pre-
viously to activate PPAR« transcriptional activity (Forman
et al., 1997; Kliewer et al., 1997). Treatment of primary
human hepatocytes with AICAR and adenosine resulted in
an increase in the abundance of oleic acid by 2.7- and 2.4-fold,
respectively, compared with vehicle-treated samples (Fig. 9,
A and B). Stearic acid was also significantly increased by 2.4-
and 2.2-fold after AICAR and adenosine treatment, respec-
tively. Although linoleic acid, arachidonic acid, palmitic acid,
and palmitoleic acid showed a trend toward being increased
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Fig. 7. Adenosine increases Cyp4al0, Cyp4al4, Cyp4a31, Acox1, Acsmd,
Cptla, and Fabpl mRNA expression in a AMP-dependent and AMPK-
independent manner. Hepatocytes were isolated from 8-week-old male
C57BL/6 mice by EGTA/collagenase perfusion. Hepatocytes were pre-
treated with 5-iodotubercidin (adenosine kinase inhibitor) or DMSO (ve-
hicle control). After 30 min, adenosine (10 wM) was added to the culture
medium, and the cells were harvested after 24 h by the addition of TRIzol.
Expression was then analyzed using qPCR and normalized to L27 mRNA
for triplicate samples. The data are representative of hepatocyte prepa-
rations from four individual mice. Student’s ¢ tests were performed to
determine significance. #*, p < 0.01.
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Fig. 8. Conversion of AICAR to ZMP is necessary for the activation of
Cyp4a, Acox1, Acsmd, Cptla, and Fabpl mRNA expression. Hepatocytes
were isolated from 8-week-old male C57BL/6 mice by EGTA/collagenase
perfusion. Hepatocytes were pretreated with 5-iodotubercidin (adenosine
kinase inhibitor) or DMSO (vehicle control). After 30 min, AICAR was
added to the culture medium, and the cells were harvested after 24 h by
the addition of TRIzol. Expression was then analyzed using qPCR and
normalized to L27 mRNA for triplicate samples. The data are represen-
tative of hepatocyte preparations from four individual mice. Student’s ¢
tests were performed to determine significance. **, p < 0.01.

after AICAR and adenosine treatment, these increases did
not reach statistical significance. Preincubation of hepato-
cytes with 5-iodotubercidin, but not compound C, blocked
this increase in the concentration of free fatty acids mea-
sured (Fig. 9, A and B). Although treatments with compound

TABLE 2

C decreased the concentrations of the free fatty acids mea-
sured, this small effect was not significant. To further test a
role for ligand-dependent activation of PPAR«, hepatocytes
were treated with AICAR and adenosine in the presence of
the PPAR« antagonist ligand GW6471. The use of this an-
tagonist blocked the up-regulation of PPARa-responsive
mRNAs by AICAR and adenosine (Fig. 9, E and F). Oleic acid
is an abundant high-affinity agonist for PPAR«, exhibiting a
2 nM dissociation constant (Hostetler et al., 2005). Thus, the
elevation of oleic acid concentrations could contribute to the
activation of PPAR«a observed in these studies.

Because in vitro studies indicate that both saturated and
unsaturated acyl-CoAs are high-affinity PPAR« ligands that
can increase coactivator recruitment (Hostetler et al., 2005),
the relative abundance of fatty acyl-CoAs was measured by
using mass spectrometry. In contrast to the observed eleva-
tion of oleic acid and stearic acid, levels of oleoyl-CoA and
stearoyl-CoA were decreased by >50% after treatment with
AICAR or adenosine. Furthermore, this effect was 5-iodotu-
bercidin-sensitive, indicating that the formation of ZMP or
AMP was necessary (Fig. 9, C and D). This suggested that the
observed elevation of the two fatty acids might reflect a
reduction in the rate of esterification to CoA catalyzed
by ATP-dependent long-chain fatty acyl-CoA synthetases
(ACSLs), which might reflect diminished levels of ATP.
Moreover, AMP has been demonstrated to inhibit long-chain
fatty acyl-CoA synthesis (Pande and Mead, 1968; Alexandre
et al., 1969). To determine whether ZMP inhibits the forma-
tion of oleoyl-CoA from oleic acid, its effects on oleoyl-CoA
formation in liver lysates were examined (Fig. 10). ZMP was
observed to inhibit the oleoyl-CoA synthesis with an ICj,
value of 280 pM, which is less than the concentration of
AICAR used to treat hepatocytes. Likewise, AMP inhibited
the reaction with an apparent IC;, of 406 pM, which is
within the range of AMP concentrations observed after aden-
osine treatments at the concentration used to treat hepato-
cytes to activate AMPK (Aymerich et al., 2006). As a positive
control, the established ACSL inhibitor triascin C exhibited
an IC;, value of 6.1 M with a maximum inhibition of ap-
proximately 70%, which is consistent with published values
(Igal et al., 1997; Askari et al., 2007).

Discussion

Results presented here indicate that treatment of mice
with AICAR induces the expression of mRNAs for Cyp4alo,
Cyp4al4, and Cyp4a31l 2- to 4-fold at 24 h after injection. A
commensurate elevation of microsomal lauric acid w-hydrox-
ylase activity was observed after twice-daily injections of
AICAR. Consistent with this finding, other PPAR« target
genes, AcoxI, Acsmd, Cptla, and Fabpl, were also elevated
after AICAR treatment in a PPARa-dependent manner.

Nucleotide concentrations in hepatocytes after treatment with AICAR or adenosine
Data are means += S.D. (n = 4). To determine significance Student’s ¢ tests were performed for AICAR or adenosine versus DMSO (vehicle control, 0.1% final concentration).

ATP ADP AMP ZMP
Untreated 1211.4 + 320.1 450.4 = 20.3 230.3 = 29.7 N.D.
DMSO 1132.4 = 120.2 371.0 = 40.0 169.8 = 9.7 N.D.
AICAR 493.0 = 70.3* 299.8 = 10.2 600.4 = 110.1** 900.4 * 49.9%*
Adenosine 579.6 = 60.1* 249.8 = 10.3 390.3 = 8.2% N.D.

N.D., not detected.
# P < 0.05; #*, P < 0.01.
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Fig. 9. Ligand activation of PPAR« is required for AICAR- and adenosine-stimulated increased mRNA expression of PPARa-responsive genes. A to
D, hepatocytes were treated with AICAR (A and C) or adenosine (B and D) in the presence and absence of compound C or 5-iodotubercin, and free fatty
acids and fatty acyl-CoAs were isolated from hepatocytes followed by quantitation using ultra performance liquid chromatography- tandem mass
spectrometry as described under Materials and Methods. Free fatty acid and fatty acyl-CoA concentrations were normalized to total protein
concentration of cells that were lysed for analysis. E and F, for the experiments using the PPAR« antagonist GW6471 hepatocytes were preincubated
with this compound or DMSO (vehicle control) followed by treatment with AICAR (E) or adenosine (F) 30 min later. The hepatocytes were harvested
after 24 h by the addition of TRIzol, and the mRNA levels were measured using PCR and normalized to L27 mRNA for triplicate samples. Hepatocytes
were isolated from four individual mice, and Student’s ¢ tests were performed to determine significance. ##, p < 0.01.

These responses were not observed in PPARa null mice.
AICAR was used in these studies as a prodrug to activate
AMPK after conversion to ZMP by adenosine kinase. These
studies monitored the expression of Shp as a positive control
for activation of AMPK, and the stimulation of Shp expres-
sion by AICAR was not affected by the absence of PPAR«x in
the null animals.

Primary cultures of mouse hepatocytes were used to exam-
ine whether the effect of AICAR depended on AMPK. AICAR
treatment of hepatocytes elicited similar effects as observed
in vivo for the PPAR« target genes and Shp. The 4- to 6-fold
responses to AICAR observed for Cyp4alO, Cyp4al4, and
Cyp4a31 are approximately 50% of the 10-fold response ob-
served for the synthetic PPAR«a agonist, Wy14,643, and the
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Fig. 10. ZMP inhibits oleoyl-CoA formation by hepatocyte lysates. Ly-
sates (200 pg of total protein) from primary mouse hepatocytes were
incubated in the presence of [*H]oleic acid, ATP, CoA, and ZMP (A), AMP
(B), or triascin C (C) for 20 min at 37°C. The resulting [*H]oleoyl-CoA was
isolated, and radioactivity was measured by using a scintillation counter.
The results represent experiments that were performed using hepato-
cytes from four separate isolations, and the incubations were carried out
in duplicate.

responses to AICAR were abrogated by the PPAR«a antago-
nist GW6471. In contrast to Shp, the PPAR«a-dependent re-
sponses to AICAR were not significantly diminished by com-
pound C, an AMPK inhibitor, or elicited by a non-nucleoside,
direct-acting AMPK activator, A769662, suggesting that the
response did not depend on AMPK activation. Nevertheless,
the adenosine kinase inhibitor 5-iodotubercidin inhibited the
PPARa-dependent responses, and the PPARa-mediated re-
sponses depended on conversion of AICAR to ZMP. Moreover,
adenosine that is converted to AMP upon import by adeno-
sine kinase produced a similar stimulation of PPAR« activ-
ity, which was also inhibited by 5-iodotubercidin and insen-
sitive to compound C. Direct measurements of nucleotide
levels indicated that concentrations of AMP were elevated 2-
to 3-fold, and concentrations of ATP were reduced by half

24 h after AICAR or adenosine treatment. In addition, the
concentration of ZMP was elevated to levels exceeding that of
ATP or AMP at 24 h after AICAR treatment. These results
suggested that elevation of AMP or ZMP led to the activation
of PPARa.

PPARs are ligand-activated transcription factors that are
activated by the binding of fatty acids and related endoge-
nous activators to these receptors (Kersten et al., 2000; Pé-
gorier et al., 2004; Desvergne et al., 2006; Lefebvre et al.,
2006). For this reason, a highly sensitive ultra performance
liquid chromatography-tandem mass spectrometry approach
was used to characterize the effects of AICAR or adenosine on
the concentrations of the most abundant long-chain fatty
acids. Both AICAR and adenosine elicited a >2-fold increase
in the concentrations of oleic acid and stearic acid at 24 h
after treatment, but suppressed levels of their corresponding
CoA esters. These effects were inhibited by 5-iodotubericidin
but not by compound C. Because oleic acid is a prominent,
high-affinity agonist for PPAR«, these results suggest in-
creased concentrations of oleic acid could contribute to the
observed activation of PPAR«a. This does not preclude addi-
tional mechanisms for activation of PPAR«a that might arise
from AMPK-independent effects of AMP or ZMP on signal
transduction pathways that in turn might modulate the
phosphorylation state of PPAR« or modulate the activity of
coactivators (Kersten et al., 2000; Pégorier et al., 2004; Des-
vergne et al., 2006; Lefebvre et al., 2006).

The elevation of nonesterified oleic acid and stearic acid
and diminished levels of oleoyl-CoA and stearoyl-CoA sug-
gested that elevated concentrations of ZMP or AMP coupled
with reduced levels of ATP might lead to partial inhibition of
ACSLs. Inhibition of ACSLs by triascin C has been shown
previously to activate PPAR« (Forman et al., 1997), and it is
likely that this reflects elevation of nonesterified fatty acids
that can activate PPARa of which oleic acid is a potent
example. Although AMP has been reported previously to
inhibit ACSLs (Pande and Mead, 1968; Alexandre et al.,
1969), the effects of ZMP were unknown. The studies re-
ported here indicate that ZMP inhibited oleoyl-CoA synthase
activity in liver lysates with an IC;, of 0.28 mM. Likewise,
AMP was observed to inhibit oleoyl-CoA synthesis with an
IC;, of 0.40 mM. Because basal concentrations of AMP are
reported to be approximately 0.26 mM in hepatocytes (Beis
and Newsholme, 1975; Noma, 2005), a significant inhibitory
effect would be predicted for the 2- to 3-fold elevation of AMP
concentrations described in this article. Our results also in-
dicate that concentrations of AMP and ZMP are elevated at
the 24-h time point and associated with reduced levels of ATP
consistent with other reports (Guigas et al., 2007; Jacobs et
al., 2007). The diminished concentrations of ATP observed
after AICAR or adenosine treatment may also have a nega-
tive impact on ACSL activity. ACSLs use ATP to generate a
bound fatty acyl AMP intermediate (Soupene and Kuypers,
2008; Ellis et al., 2010). CoA subsequently reacts with the
bound acyl AMP to form acyl CoA by displacing AMP. As a
result, ACSLs produce AMP as well as consume ATP, and
thus, contribute directly to an elevated AMP/ATP. Moreover,
another ATP is used for the phosphorylation of AMP to form
ADP that can serve as substrate for ATP formation by gly-
colysis or fatty acid oxidation. Thioesterases may further
exacerbate this effect by hydrolyzing the acyl-CoA, creating a
futile cycle. The diminished concentrations of ATP observed
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after AICAR or adenosine treatment may also have a nega-
tive impact on the B-oxidation of fatty acids or incorporation
of fatty acids into glycerolipids because acyl-CoAs are re-
quired for these pathways. Thus, a reduction in ACSL activ-
ity could increase concentrations of free fatty acids and di-
minish their utilization. In this regard, it is interesting that
several ACSLs are PPARa target genes (Soupene and
Kuypers, 2008; Ellis et al., 2010), which provides a mecha-
nism to enhance ACSL activity in response to increased
concentrations of free fatty acids.
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