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Abstract 

Activators of AMP-activated protein kinase (AMPK) increase the expression of the human 

microsomal fatty acid ω-hydroxylase CYP4F2.  A 24-h treatment of either primary human hepatocytes or 

the human hepatoma cell line HepG2 with 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside 

(AICAR), which is converted to ZMP, an activator of AMPK, caused an average 2.5- or 7-fold increase, 

respectively, of CYP4F2 mRNA expression but not of CYP4A11 or CYP4Fs 3, 11 and 12 mRNA. 

Activation of CYP4F2 expression by AICAR was significantly reduced in HepG2 cells by an AMPK 

inhibitor, compound C, or by transfection with siRNAs for AMPKα isoforms α1 and α2. A 2.5-fold 

increase in CYP4F2 mRNA expression was observed upon treatment of HepG2 cells with A-769662, a 

direct activator for AMPK.  Additionally, the indirect activators of AMPK, genistein and resveratrol 

increased CYP4F2 mRNA expression in HepG2 cells.  Pretreatment with compound C or splitomicin, an 

inhibitor of the NAD+ activated deacetylase SIRT1, only partially blocked activation of CYP4F2 

expression by resveratrol suggesting that a SIRT1/AMPK independent pathway also contributes to 

increased CYP4F2 expression. Compound C greatly diminished genistein activation of CYP4F2 

expression.  STO-609, a calmodulin kinase kinase (CaMKK) inhibitor, reduced the level of expression of 

CYP4F2 elicited by genistein, suggesting that CaMKK activation contributed to AMPK activation by 

genistein.  Transient transfection studies in HepG2 cells with reporter constructs containing the CYP4F2 

proximal promoter demonstrated that AICAR, genistein, and resveratrol stimulated transcription of the 

reporter gene.  These results suggest that activation of AMPK by cellular stress and by endocrine or 

pharmacologic stimulation is likely to activate CYP4F2 gene expression. 
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Introduction 

Fatty acid ω-hydroxylases provide a means to remove potentially toxic, excess non-esterified fatty 

acids that can disrupt mitochondrial function and lead to cellular damage by catalyzing the first step in the 

formation of dicarboxylic acids.  These dicarboxylic acids can be further degraded by peroxisomal β-

oxidation for excretion as shorter chain dicarboxylic acids (Reddy and Mannaerts, 1994). Additionally, ω-

hydroxylases degrade signaling molecules such as prostanoids and leukotrienes.  The major fatty acid ω-

hydroxylases found in human liver and kidney are P450 4A11, and three family 4F P450s 4F2, 4F3B and 

4F11 (Lasker, et al., 2000;Dhar, et al., 2008).  P450s 4F2, 4F3B, and 4F11 exhibit highly similar amino 

acid sequences (≥87%) and display overlapping substrate profiles.  P450s 4F2,  4F3B and 4F11 also 

provide pathways for the metabolic clearance of branched chain fatty acids, very long chain saturated 

fatty acids, xenobiotic substrates such as dietary phytanic acid, some drugs, as well as excess amounts of 

vitamins E and K (Hsu, et al., 2007a;Hardwick, 2008). 

Importantly, P450 4F2,  as well as P450s 4A11, 4F3B and 4F11, catalyze the ω-hydroxylation of 

arachidonic acid to form 20-hydroxyeicosatetraenoic acid (20-HETE)1, which has been demonstrated to 

promote vasoconstriction as well as to stimulate natriuresis in the kidney depending on the cellular site of 

its action (Capdevila and Falck, 2001;Miyata and Roman, 2005).  Genetic association studies suggest a 

role for P450 4F2 in the maintenance of normal blood pressure and prevention of vascular disease (Fu, et 

al., 2008;Fu, et al., 2009;Fava, et al., 2008;Ward, et al., 2008).  Increased risks for hypertension and 

vascular diseases have been reported for carriers of the relatively common minor allelic variant, 4F2 

V433M (Stec, et al., 2007) that exhibits lower catalytic efficiencies for 20-HETE formation from 

arachidonic acid.  Moreover, the 4F2 V433M allele appears to be associated with lower levels of 

expression in human liver microsomes (McDonald, et al., 2009).  The P450 4F2 V433M allelic variant 

has been associated also with an increased dose requirement for anticoagulants, such as warfarin 

(Caldwell, et al., 2008) and acenocoumarol (Perez-Andreu, et al., 2009).  This phenomenon is thought to 

reflect the role of P450 4F2 in hepatic clearance of vitamin K (McDonald, et al., 2009).  Finally, the 
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participation of P450s 4F2 and 4F3B in the biotransformation of VLCFA or phytanic acid in patients with 

X-linked adrenoleukodystrophy (Sanders, et al., 2006) or Refsum’s disease (Komen and Wanders, 2006), 

respectively, suggests that factors which modulate CYP4F2 expression may play an important role in 

alleviating these diseases and possibly other disorders of lipid metabolism. 

AMP-activated protein kinase (AMPK) is known to play an important role in regulating fatty acid 

oxidation, and the present studies were designed to assess whether activation of AMPK alters the 

expression of CYP4F2 and other human fatty acid ω-hydroxylases.  AMPK is activated when cellular 

AMP/ATP ratios are high, and subsequently modulates metabolic processes to increase ATP production 

(Fogarty and Hardie, 2010).  AMPK is a heterotrimeric enzyme consisting of a catalytic subunit α and 

two regulatory subunits β and γ.  Increased consumption or reduced production of ATP leads to elevated 

AMP concentrations, and the binding of AMP to the γ subunit of AMPK activates the kinase.  Activation 

of AMPK requires phosphorylation of Thr-172 on the α-subunit by upstream kinases. Thr-172 

phosphorylation combined with AMP binding to the enzyme leads to a >1000-fold increase in kinase 

activity.  Upon activation, AMPK phosphorylates key enzymes such as fatty acid synthase, acetyl-CoA 

carboxylase and glycogen synthase kinase, which leads to decreased ATP utilization for fatty acid, sterol 

and glycogen synthesis while increasing fatty acid oxidation and glycolysis for ATP production.  

Additionally, AMPK modulates the activity of a number of transcription factors that serve to augment 

these metabolic changes (Fogarty and Hardie, 2010;Canto, et al., 2010). 

In this study, we examined the effect of AICAR, a precursor of the AMPK activator ZMP, on CYP4 

gene expression in HepG2 cells and human hepatocytes as part of our ongoing studies to identify and 

characterize factors that govern the expression of CYP4 genes.  Our results indicate that CYP4F2 mRNA, 

but not CYP4F3B, CYP4F11, CYP4F12 or CYP4A11, is increased following AICAR treatment.  Utilizing 

an AMPK chemical inhibitor, namely compound C, as well as AMPKα siRNA knock-down, we 

demonstrated that the increased CYP4F2 expression by AICAR depends on AMPK.  Additionally, 
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resveratrol and genistein, which activate AMPK indirectly through independent pathways, were also 

found to increase CYP4F2 expression. 
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Methods 

Reagents and Antibodies. AICAR was obtained from Toronto Research Chemicals (North York, 

Ontario, Canada).  A-769662 was obtained from TOCRIS Bioscience (Ellisville, MO).  Resveratrol, 

genistein, compound C, 5-iodotubercidin, fulvestrant and splitomicin were purchased from EMD 

Biosciences (La Jolla, CA).  STO-609 and 17β-estradiol were obtained from Sigma-Aldrich.  Rabbit 

antibodies recognizing total AMPKα, phospho-Ser79 ACC and total ACC were purchased from Cell 

Signaling Technology (Beverly, MA).  β-Tubulin was used as a loading control, and a rabbit polyclonal 

antibody for β-tubulin was obtained from Thermo Fisher.  Rabbit polyclonal antibody recognizing 

cytochrome P450 reductase (H-300) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).  

Anti-rabbit IgG (monoclonal clone RG-96) was obtained from Sigma-Aldrich.  The Western Lightening 

Plus chemiluminescence reagent was purchased from Perkin-Elmer (Boston, MA). 

Cell Culture. The human hepatoma cell line, HepG2, was obtained from American Type Culture 

Collection (Manassas, VA) and was maintained in Dulbecco’s minimal essential medium (DMEM) 

(Mediatech, Herndon, VA) containing 10% fetal bovine serum (FBS) (Thermo Fisher Scientific).  The 

medium was supplemented with 10 mM HEPES, minimal essential medium nonessential amino acid 

mixture and penicillin/streptomycin.  For drug treatment of non-transfected HepG2 cells, the cells were 

seeded at a density that reached 80-90% confluence after 24 h.  Upon achieving the appropriate density, 

cells were incubated with fresh medium containing various concentrations of genistein, resveratrol, 

AICAR or the appropriate solvent controls (DMSO for genistein and resveratrol, phosphate-buffered 

saline (PBS) for AICAR) as indicated in the figure legends. 

For reporter gene transfection studies, HepG2 cells were transfected with CYP4F2-luciferase 

reporter constructs that have been described in detail elsewhere (Hsu, et al., 2007b) together with an 

expression vector for β-galactosidase using jetPEI reagent (VWR Scientific) according to the 

manufacturer’s protocol.  After 24 h, media was replenished with fresh media containing either test 
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compounds or corresponding vehicle.  Cells were harvested for luciferase and β-galactosidase 

measurement 24 h later. 

Primary Human Hepatocyte Culture. Primary human hepatocytes were obtained from CellzDirect 

(Tucson, AZ) or the Liver Tissue Cell Distribution System (LTCDS, Pittsburgh, Pennsylvania), the latter 

of which is funded by NIH contract #N01-DK-7-0004/HHSN26700700004C.  The anonymous donor 

subjects had no known history of overt drug or alcohol abuse, or of exposure to Hepatitis B, Hepatitis C, 

cirrhosis, biliary diseases or HIV, and they were non-smokers.  Demographic information was as follows: 

subject Hu374, a 77-year Caucasian female; subject Hu419, a 53-year Caucasian female; subject 

HM1516, a 47-year female; subject HM1521, a 47-year male; and subject HM1529, a 50-year female.  

Hepatocytes were seeded onto collagen-coated 6-well plates. Hepatocytes from LTCDS (HM1516, 

HM1521, and HM1529) were maintained in William's Medium E. Hepatocytes from CellzDirect (Hu374 

and Hu419) were also overlaid with Matrigel and maintained in Modified Chee’s Medium.    All media 

were supplemented with dexamethasone (0.1 µM) and an insulin-transferrin-sodium selenite media 

supplement (Sigma-Aldrich).  Media was changed daily.  Two days after receipt, the cells were treated 

with AICAR or PBS, and then, harvested 24 h later.  

AMPK siRNA study. Human AMPKα1 ON-TARGETplus SMARTpool (α1b, Cat# L-005027-00-

0020) and ON-TARGETplus Non-targeting pool (Cat# D-001810-10) siRNAs were obtained from 

Thermo Scientific Dharmacon.  AMPKα1 (α1a, Cat #HSC.RNAI.N006251.8.1), AMPKα2 (α2a, Cat# 

HSC.RNAI.N006252.9.4; and α2b, Cat # HSC.RNAI.N006252.9.10), DS Scrambled-Neg. (negative 

control) and HPRT-S1 DS (positive control) dicer-substrate siRNA duplexes were obtained from IDT 

Technology (San Diego, CA).  HepG2 cells were transfected with siRNAs at a final concentration of 10 

nM using Lipofectamine 2000 reagent (Invitrogen Life Technologies, Carlsbad, CA).  The final 

concentration of siRNA was chosen based on significant silencing of AMPKα and HPRT expression with 

target siRNAs (AMPKα and HPRT) but without any apparent cytotoxicity.  No significant difference was 

seen in the expression of AMPKα, CYP4F2 and HPRT between mock-transfected cells and cells 
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transfected with nontarget siRNA.  Twenty four hours later, cell culture media was replaced with fresh 

media containing the test compounds.  Total RNA was isolated 24 h later.  

Preparation of P450 4F2/3 Antibody.  Recombinant human P450 4F2, 4F11 and 4F12 were derived 

from hemin-fortified suspension cultures of Spodoptera frugiperda (Sf9) insect cells that had been 

infected with the corresponding CYP4F cDNA-containing baculovirus constructs.  After a 72 h infection 

period, Sf9 cells were harvested, lysed by sonication, and the recombinant P450 4Fs purified to near 

homogeneity from the lysates using a combination of hydrophobic, adsorption and/or metal ion affinity 

chromatography (Dhar, et al., 2008).  Additional details regarding CYP4F cDNA cloning, baculovirus 

construct preparation, and expressed enzyme purification will be published elsewhere.  Polyclonal 

antibodies to recombinant P450 4F2 were raised in male New Zealand white rabbits.  The cross-reactivity 

of the resultant antibody with P450 4F11 and 4F12 was then removed by back-adsorption of anti-P450 

4F2 IgG against a Affi-Gel 10 agarose gel solid-phase support to which P450 4F11 and 4F12 Sf9 lysate 

proteins had been coupled.  We previously employed a similar procedure to remove the cross-reactivity of 

murine CYP4A proteins with antibodies to human P450 4A11 (Savas, et al., 2009).  The final back-

absorbed antibody exhibited cross-reactivity with P450s 4F2 and 4F3, and was designated as anti-P450 

4F2/3 IgG (Supplemental Data, Fig. S1)  

Immunoquantitation. (A) AMPKα, ΑCC and β-tubulin protein expression.  Whole cell lysates 

from HepG2 cells were prepared as described (Nystrom and Lang, 2008).  PhosphoSTOP™ phosphatase 

inhibitor cocktail and Complete™ protease inhibitor cocktail (Roche Applied Science) were also included 

during the preparation of lysates.  Immunoblotting was performed using 10% NuPAGE Bis-Tris gels 

(Invitrogen).  Nitrocellulose membranes were incubated with anti-AMPKα, anti-phospho-Ser79 ACC and 

anti-total ACC and anti-β-tubulin antibodies overnight at 4°C according to the manufacturer’s 

instructions.   (B) P450 4F2/3 expression.  Immunoblotting of HepG2 microsomal proteins and 

Supersomes™ containing P450 4F2 or human P450 reductase (CPR) (BD Gentest, Woburn, MA) was 

also performed using 10% NuPAGE Bis-Tris gels (Invitrogen) as previously described (Hsu, et al., 
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2007b).  Nitrocellulose membranes were incubated with anti-human P450 4F2/3 IgG and anti-CPR 

antibody.  CPR protein levels were found to remain unaffected by treatments with AMPK activators by 

one-way ANOVA and Dunnett’s multiple comparison tests, and were thus used as a control (i.e., internal 

standard) for microsomal protein content.   After reaction with peroxidase-conjugated anti-rabbit IgG, the 

blots were developed using chemiluminescence (Western Lightening Plus, Perkin Elmer, Boston, MA).  

Total RNA Isolation, cDNA Generation and Real- Time PCR – Total RNA was isolated using Trizol 

reagent (Invitrogen).  First strand cDNAs were generated by reverse-transcriptase using the RevertAid 

First Strand cDNA Synthesis Kit (Fermentas, Glen Burmie, MD).  Amplicons corresponding to CYP4F2, 

CYP4F3, AMPKα1, AMPKα2, and PPIA mRNAs were generated by RT-PCR from HepG2 cells, 

subcloned into the pCRII-TOPO vector (Invitrogen), and the cloned sequences were confirmed by DNA 

sequencing.  The PCR primer sets used are listed in Supplemental Data, Table S1.  Serial dilutions of 

each amplicon were used as a reference to determine the mRNA copy number in each RT sample.  For 

real-time thermal cycling, triplicate aliquots of serially-diluted amplicon or RT sample were used in a 

reaction mixture that contained 250 nM of each primer with the Maxima SYBR Green Master Mix 

(Fermentas).  A BioRad iCYCLER iQ real-time PCR instrument was used.  The PCR conditions were 10 

min at 95°C, followed by 50-60 cycles of (95°C for 20 s, 60°C for 30 s and 72°C for 30 s).  Melting 

curves for the final products were analyzed to insure product uniformity and absence of primer-dimer or 

other non-specific products.  As CYP4F2 and CYP4F3B have highly similar nucleotide sequences, the 

CYP4F2 primer sets were checked with the CYP4F3 plasmid to rule out the potential for PCR cross-

reaction. The same was performed for the CYPs 4F3, 4F11 and 4F12 primer sets with the CYP4F2 

plasmid.  Copy numbers were calculated by mapping the threshold cycle to the corresponding plasmid 

copy number on standard curves.  Analyses of additional gene expression by qPCR used PPIA amplicons 

as the normalization control and the primer sets listed in Supplemental Data, Table S1.  The mRNA levels 

of examined genes were normalized to PPIA mRNA levels, which were not affected by the treatments of 

AMPK activators.  For each independent experiment, triplicate samples were used for each treatment. 
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Statistical Analysis.  Results were analyzed using GraphPad Prism or Microsoft Excel.  Statistical 

significance was determined by Student’s t-test or analysis of variance (ANOVA). 
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RESULTS 

AICAR increases CYP4F2 expression in HepG2 cells.  In order to test whether activation of AMPK 

modulates CYP4 gene expression in HepG2 cells, we examined the effects of AICAR, a compound 

widely used to activate AMPK (Fogarty and Hardie, 2010), on CYP4 expression.  The human hepatoma 

derived cell line, HepG2, expresses CYP4F2 and CYP4F3B constitutively and has been used to 

characterize the increased expression of CYP4F2 by statins (Hsu, et al., 2007b).  Treatment of HepG2 

cells with AICAR led to a time-dependent increase in the expression of CYP4F2 mRNA that was elevated 

by an average of 7-fold at 24 h, but remained relatively low until 18 h (Fig. 1A).  Similarly, the 

expression of the CYP4F2 gene in cultured human hepatocytes was increased by AICAR to 1.7 - 4.1-fold 

(mean, 2.5-fold), but no effect was seen on the expression of CYPs 4F3, 4F11, 4F12 and 4A11 genes 

(Fig. 1B).  Significant expression of the CYP4A11 gene was not evident in HepG2 cells as reported 

previously (Hsu, et al., 2007b), and the expression of the CYPs 4F3, 4F11 and 4F12 genes was not 

significantly affected by AICAR in HepG2 cells (Fig. 1C). These results indicate that AICAR increases 

CYP4F2 expression, and suggest that the HepG2 cell line could serve as a suitable model system for 

studying the effect of AICAR on CYP4F2 expression. 

Additionally, we found that actinomycin D, an inhibitor of transcription, blocked the increase of 

CYP4F2 expression regardless of whether it was co-administered with AICAR or given 6 h after AICAR 

treatment, thus indicating that increased CYP4F2 expression does not involve stabilization of existing 

CYP4F2 mRNA (Supplemental Data, Fig. S2A). 

The effect of AICAR on CYP4F2 expression is mediated through AMPK.  AICAR is converted by 

adenosine kinase to ZMP, which activates AMPK by mimicking the actions of AMP as an allosteric 

activator of the enzyme (Henin, et al., 1995).  In order to confirm that the enhancement of CYP4F2 

expression by AICAR depends on ZMP formation, 5-iodotubercidin was used to block the conversion of 

AICAR to ZMP in HepG2 cells.  In the presence of 5-iodotubercidin, the induction of CYP4F2 transcripts 

by AICAR was inhibited to levels seen for the vehicle control (Supplemental Data, Fig. S2B), suggesting 
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that the effect of AICAR on CYP4F2 mRNA expression requires its conversion to ZMP.  The activation 

of AMPK by AICAR in HepG2 cells was supported by the observations that the phosphorylated states of 

acetyl-CoA carboxylase 1 (ACC), a target for AMPK phosphorylation, were elevated by the AICAR 

treatment (Supplemental Data, Fig. S3). Additionally, expression of small heterodimer partner, SHP, was 

elevated following AICAR treatment in HepG2 cells (Supplemental Data, Fig. S4).  AMPK was shown to 

mediate the stimulation of SHP expression by AMPK activators (Kim, et al., 2008).  Confirmation of 

AMPK’s role in mediating the AICAR-increased CYP4F2 gene expression was provided by compound C, 

an AMPK inhibitor.  When HepG2 cells were pretreated with compound C, the increased CYP4F2 

mRNA expression elicited by AICAR was decreased by 82% (Fig. 2A).  Similarly, compound C blocked 

the increase of SHP expression in response to AICAR treatment (Supplemental Data, Fig. S4).   

RNA interference studies using AMPK siRNAs were performed to corroborate the role of AMPK in 

the increased CYP4F2 expression by AICAR.  As mRNAs for AMPKα isoforms, α1 and α2, are 

expressed in HepG2 cells, different pairs of siRNAs for the AMPKα1 and AMPKα2 isoforms, 1a+2a, 

1b+2a, and 1b+2b, were co-transfected into HepG2 cells.  No significant difference was seen between 

cells transfected with nontargeting/scrambled siRNA (NC) and mock-transfected cells (None) with 

regards to the expression of  hypoxanthine phosphoribosyl transferase (HPRT) , CYP4F2, and AMPKα1 

and AMPKα2  mRNAs (Supplemental Data, Fig. S5A).  Similar results were seen for the AMPKα 

protein expression (Fig. 2B).  These observations indicate that the concentration of nontargeting siRNA 

used for transfection did not affect the expression of AMPKα, CYP4F2 and HPRT.  When the AMPKα 

protein expression was examined in the HepG2 cells at 48 h after transfection of the AMPKα siRNAs, the 

protein level was reduced to 30 - 60% of the level seen with NC or None (mock-transfected) (Fig. 2B).  

The expression of mRNAs for the AMPKα1 and AMPKα2 isoforms was also reduced to 40% - 70% of 

control values at 48 h after transfection (Supplemental Data, Fig. S5).  When CYP4F2 mRNA levels were 

examined, it was found that these AMPK siRNAs did not significantly affect CYP4F2 expression in the 

absence of AICAR.  However, the increased CYP4F2 expression noted upon AICAR treatment was 
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significantly reduced to 30 - 70% by each combination of siRNAs (Fig. 2C).  The decrease in CYP4F2 

transcript levels was similar to the effects of these probes on the expression of mRNAs and protein for the 

AMPKα1 and AMPKα2 isoforms.  No effect on CYP4F2 mRNA was observed for scrambled control 

siRNA or for a siRNA targeting HRPT, although the latter suppressed the expression of HRPT mRNA to 

more than 80% of control values (Supplemental Data, Fig. S5A).  Such results further support the 

obligatory role of AMPK in mediating the enhancement of CYP4F2 expression by AICAR. 

A-769662, a direct activator of AMPK, increases the expression of CYP4F2 mRNA in HepG2 cells.  

As previously mentioned, both adenosine transporter and adenosine kinase are required for transport and 

transformation of AICAR to ZMP to mimic the effect of AMP on AMPK activation.  In contrast to 

AICAR, A-769662, a small-molecule thienopyridone, has been reported to activate AMPK directly in 

cell-free assays (Goransson, et al., 2007).  When HepG2 cells were exposed to various concentrations of 

A-769662 for 24 hr, CYP4F2 mRNA expression was found to increase 2.2- to 3.6-fold (average = 2.8-

fold) at 60 µM A-769662 (Fig. 3).  Additionally, A-769662 treatment elevated SHP expression, and this 

effect was abolished by compound C treatment (Supplemental Data, Fig. S4). 

AMPK mediates the increased expression of CYP4F2 by resveratrol and genistein.  Resveratrol 

(Hou, et al., 2008) has been reported to activate AMPK indirectly.  As such, CYP4F2 mRNA expression 

was found to exhibit a dose-dependent increase in response to resveratrol.  In contrast, resveratrol had 

little effect on CYP4F3B mRNA expression (Fig. 4A).  Resveratrol at 75 µM was chosen for further 

studies to optimize the response without producing overt cell cytotoxicity.  At this concentration, 

resveratrol increased CYP4F2 expression 3.7 to 11 fold (average ~7 fold) in HepG2 cells.  The activation 

of AMPK by resveratrol in HepG2 cells was demonstrated by increased phosphorylation of ACC 

(Supplemental Data, Fig. S3). 

Genistein, a dietary isoflavone and phytoestrogen, has been reported to activate AMPK indirectly 

(Hwang, et al., 2005).  In HepG2 cells, genistein elicited a dose-dependent increase in CYP4F2 mRNA 

expression, but, similar to resveratrol, had no effect on CYP4F3B mRNA (Fig. 4B).  A final concentration 
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of 100 µM genistein was chosen for further studies based on its efficacy and lack of apparent toxicity.  

This concentration of the isoflavone, which is similar to that used in other studies of AMPK activation 

(Hwang, et al., 2005), produced a 5.5 to 23 fold (average ~13 fold) increase in CYP4F2 expression in 

HepG2 cells.  Genistein treatment also increased ACC phosphorylation in HepG2 cells consistent with 

activation of AMPK by this isoflavone (Supplemental Data, Fig. S3). 

Upon pretreatment of HepG2 cells with compound C, an AMPK inhibitor, the increase in CYP4F2 

expression mediated by resveratrol was diminished to ~50% of that seen in the absence of compound C.  

In contrast, the induction of CYP4F2 expression by genistein was reduced more extensively to 16% when 

the cells were pretreated with compound C (Fig. 5A).  The expression of AMPK known target gene SHP 

was also elevated by genistein and resveratrol.  This stimulation of expression was blocked by compound 

C treatment (Supplemental Data, Fig. S4). These results indicate that the effect of genistein on CYP4F2 

expression is largely mediated by AMPK, whereas resveratrol induces CYP4F2 expression through 

AMPK-dependent and -independent pathways in roughly equal proportions. Similar results were also 

obtained when the cells were transfected with AMPKα siRNAs (Fig. 5B). 

AMPK activators elevate P450 4F2 protein expression.  As shown in Fig. 1 and 6A, CYP4F3B, 

CYP4F11 and CYP4F12 mRNA expression was not affected by AICAR treatment.  We also examined 

the effects of genistein and resveratrol on CYP4F11 and CYP4F12 mRNA expression.  Resveratrol did 

not elicit significant effects on CYP4F11 and CYP4F12 mRNA expression as seen with AICAR.  

Genistein also did not have an effect on CYP4F11 mRNA expression, whereas the expression of 

CYP4F12 mRNA was elevated approximately 2 fold (Fig. 6A).  This stimulatory effect of genistein on 

CYP4F12 mRNA expression is ~11% of that observed for CYP4F2 mRNA expression.  As CYP4F2 and 

CYP4F12 mRNAs are expressed at similar levels in HepG2 cells (Hart, et al., 2010), a more specific 

antibody was developed, which only recognizes P450 4F2 and 4F3B, but not 4F11 and 4F12 

(Supplemental Data, Fig. S1).  Immunoblots probed with this P450 4F2/3 antibody showed that P450 

4F2/3 protein expression was elevated 1.6- to 1.9-fold in HepG2 cells treated with AICAR, genistein or 
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resveratrol for 24 h compared to control values (Fig. 6C). Since CYP4F3B mRNA expression was not 

significantly affected by AMPK activators, the enhancement of total P450 4F2/3 protein noted in 

response to AICAR, genistein and resveratrol mainly stems from the increase in P450 4F2 expression.  

While the increase in P450 4F2 protein expression observed with AMPK activators is less than that noted 

with CYP4F2 mRNA, this difference may arise from a masking effect of P450 4F3B, which is also 

recognized by the 4F2/4F3 antibody but cannot be resolved electrophoretically from CYP4F2.  Therefore, 

the actual fold increase of P450 4F2 protein levels by AMPK activators is likely to be underestimated.  

Additionally, it should be noted that the increased expression of CYP4F2 mRNA elicited by AICAR is a 

delayed response, and did not become apparent until 18 h of treatment (Fig. 1A).  As the samples used for 

CYP4F2 protein analysis were derived from cells treated with AMPK activators for 24 h, a larger 

enhancement of P450 4F2 protein expression by AMPK activators may have occurred at a later time 

point.  

Role of upstream kinases in AMPK mediated induction of CYP4F2 expression.  Small molecules can 

activate AMPK indirectly by altering cellular AMP/ATP ratios and by stimulating upstream kinases such 

as LKB1 or Ca2+/calmodulin protein kinase kinase (CaMKK) (Fogarty and Hardie, 2010).  Resveratrol is 

thought to activate AMPK by stimulating the NAD+- dependent deacetylase SIRT1, which, in turn, 

deacetylates LKB1 to increase the enzyme’s activity (Hou, et al., 2008).  To test whether the effect of 

resveratrol was dependent on SIRT1 activation, we treated HepG2 cells with the SIRT1 inhibitor 

splitomicin (Bedalov, et al., 2001).  Splitomicin reduced the effect of resveratrol on CYP4F2 expression 

to roughly 60 %, which accounts for 55% of the AMPK-dependent activation seen for the experiment 

depicted in Fig. 7.  The inhibitory effect of splitomicin ranges from 55% to 80% of the AMPK dependent 

effect of resveratrol.  Moreover, the effect of splitomicin was not additive with compound C, suggesting 

that the SIRT1/LKB1 participates in the AMPK-mediated response to resveratrol, but not in the AMPK- 

independent response (Fig. 7). 
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The induction of CYP4F2 expression in HepG2 cells by genistein was not affected by splitomicin 

treatment (Supplemental Data, Fig. S6), which suggests that the effect of genistein is not mediated 

through activation of SIRT1 as seen for resveratrol.  The role of the AMPK upstream kinase, CaMKK, 

was also examined.  The genistein mediated increase of CYP4F2 mRNA levels in HepG2 cells was 

reduced to ~53% by treating the cells with the CaMKK specific inhibitor STO-609 (Fig. 8).  However, 

STO-609 treatment did not significantly affect the increase of CYP4F2 expression elicited by resveratrol.  

These results suggest that the CaMKK pathway contributes to AMPK mediated induction of CYP4F2 in 

response to genistein.  We also examined whether the estrogenic effects of genistein contributed to its 

ability to enhance CYP4F2 expression.  Fulvestrant, an estrogen receptor specific antagonist, did not 

affect the increase of CYP4F2 expression elicited by genistein.  Moreover, the estrogen receptor agonist, 

17β-estradiol, did not stimulate the expression of the CYP4F2 gene in HepG2 cells (Supplemental Data, 

Fig. S7). 

Role of SREBP-2 in the AMPK-mediated activation of CYP4F2 expression.  Genistein has been 

reported to activate the transcription of SREBP-regulated genes as well as increase the abundance of the 

mature, active form of SREBP-2 in nuclei of HepG2 cells (Mullen, et al., 2004).  SREBP-2 could also be 

activated due to the inhibitory effects of AMPK activation on cholesterol synthesis.  AMPK can 

phosphorylate and inactivate HMG-CoA reductase (HMGCR), the rate-limiting enzyme in cholesterol 

synthesis.  The generation of the mature, active form of SREBP-2 would increase if disruption of 

cholesterol synthesis significantly lowered cellular sterol concentrations.  Mullen et al. cultured HepG2 

cells in the absence of serum to further reduce cellular sterol levels, and demonstrated that 

supplementation of cultures with 25-hydroxycholesterol suppressed the effects of genistein on SREBP-2 

activation (Mullen, et al., 2004).  As CYP4F2 gene transcription is activated by SREBPs (Hsu, et al., 

2007b), the effect of genistein as well as other activators of AMPK on CYP4F2 expression could reflect, 

in part, SREBP-2 activation.  To test this hypothesis, HepG2 cells cultured in media containing serum (as 

in the other experiments described here) were treated with either 25-hydroxycholesterol or vehicle 
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control.  We first examined the expression of SREBP-2 target genes, such as LDLR and HMGCR.  In the 

absence of 25-hydroxycholesterol, the mRNA levels of these target genes were modestly elevated by the 

three AMPK activators, ~1.6 for AICAR and resveratrol and ~2 fold for genistein.  Addition of 25-

hydroxycholesterol suppressed the increased expression observed in response to AMPK activators 

(Supplemental Fig. S8).   These results suggested that SREBP-2 activation was suppressed by the addition 

of 25-hydroxycholesterol.   Then, the effect of 25-hydroxycholesterol on the expression of CYP4F2 

mRNA was examined.  In the absence of AMPK activators, 25-hydroxycholesterol suppressed the 

expression of CYP4F2 mRNA by roughly 2-fold (Fig. 9).  Nevertheless, each of the three activators of 

AMPK produced relative increases of CYP4F2 expression that were 70-90% of that seen in the absence of 

25-hydroxycholesterol.  Although this observation does not preclude contribution of SREBP-2 activation 

to the overall effect of AMPK activators on the CYP4F2 gene expression, the robust response noted in the 

presence of 25-hydroxycholesterol is highly suggestive that an additional pathway(s) is involved.   

Transcriptional activation of CYP4F2 gene expression by AMPK activators.  In order to test more 

directly whether AMPK activation leads to increased CYP4F2 gene transcription, we examined the effects 

of AMPK activators on expression of reporter constructs harboring CYP4F2 proximal promoter regions in 

HepG2 cells (Fig. 10).   Treatments of AMPK activators increased the expression of the luciferase 

reporter gene, and this increase was dependent upon the presence of the CYP4F2 promoter (Fig. 10B). 

These results provide evidence that the activation of CYP4F2 gene expression by AMPK activators 

results from increased promoter activity, and that the CYP4F2 reporter constructs can be used to delineate 

the underlying mechanism(s).  Two SREBP binding sites (SRE) have been identified in the -179/-6 

promoter region of the CYP4F2 gene (Hsu, et al., 2007b).  When reporter constructs containing the 

CYP4F2 (-179/464) proximal promoter region and reporters bearing disruptive mutations in the SREs 

were introduced into HepG2 cells, the effect of AMPK activators on CYP4F2 reporter activity was not 

significantly altered by the presence of SRE mutations (Fig. 10C). The disruptive mutations were shown 

previously to block transcriptional activation of the CYP4F2 reporter construct by an HMG-CoA 
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reductase inhibitor, lovastatin (Hsu, et al., 2007b).  This suggests that additional cis-acting control 

elements contribute to the effects of AMPK activators on the transcription of the reporter gene.  Work is 

in progress to identify these response elements and the cognate transcription factors.  
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Discussion 

This study demonstrates that the expression of CYP4F2 in HepG2 cells is increased following 

exposure to three distinct AMPK activators, namely AICAR, resveratrol, and genistein, and that 

activation of CYP4F2 expression is inhibited by an AMPK inhibitor, compound C. siRNAs targeting 

mRNAs encoding the alternative AMPKα subunits 1 and 2 suppressed the enhancement of CYP4F2 

mRNA expression by these three AMPK activators.  Furthermore, an elevated expression of CYP4F2 

mRNA was also seen in HepG2 cells when the cells were treated with A-769662, which activates AMPK 

directly.  The increased CYP4F2 mRNA and protein expression elicited by activators of AMPK appears 

to reflect transcriptional activation of the corresponding gene, as shown by the stimulatory effects of each 

AMPK activator on reporter gene transcription directed by the proximal promoter region of the human 

CYP4F2 gene, and inhibition of the responses of the native gene to activators of AMPK by actinomycin 

D. 

Changes in gene expression following activation of AMPK could reflect phosphorylation of 

transcription factors and consequent effects on their activity.  For example, phosphorylation of HNF4α by 

AMPK leads to decreased stability and loss of function (Hong, et al., 2003).  Similarly, the DNA binding 

activity of the carbohydrate response element binding protein is inactivated following phosphorylation by 

AMPK (Kawaguchi, et al., 2002).  It is possible that the increased expression of CYP4F2 shown here 

reflects inactivation or activation of a transcription factor involved in this P450’s regulation by AMPK-

mediated phosphorylation.  Some transcription factors are elevated following AMPK activation, including 

the small heterodimer partner, SHP (Kim, et al., 2008), and early growth response 1, Egr-1 (Berasi, et al., 

2006).  Preliminary evidence suggests that Egr-1 is unlikely to mediate the induction of the CYP4F2 

expression.  When Egr-1 was over-expressed in HepG2 cells, the basal activities of CYP4F2 gene 

reporters were suppressed but the responses to AMPK activators were retained.  SHP acts generally to 

inhibit other transcription factors.  The activation of SHP expression by AMPK activation is thought to be 
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mediated by upstream stimulus factor 1 (USF-1) (Kim, et al., 2008).   The effects of USF-1 on CYP4F2 

expression have yet to be investigated. 

Certain of the effects of AMPK activation noted on gene transcription are believed to be secondary 

responses to altered cellular metabolism (Leff, 2003).  Activation of AMPK inhibits cellular sterol 

synthesis, and if cellular sterol levels become sufficiently depleted, SREBP-2 will undergo proteolytic 

activation to increase the expression of enzymes and receptors involved in cholesterol synthesis and 

disposition (Amemiya-Kudo, et al., 2002).   In our previous study, we showed that lovastatin, an HMG-

CoA reductase inhibitor, induced CYP4F2 expression through activation of SREBP-2 (Hsu, et al., 2007b).   

Nevertheless, in HepG2 cells supplemented with the exogenous sterol 25-hydroxycholesterol, which 

inhibits SREBP-2 activation, the overall expression of the CYP4F2 gene was found to be diminished 

while responses to AICAR, resveratrol and genistein were retained (Fig. 9).  This diminished CYP4F2 

expression suggests that SREBP plays a role in regulating the basal expression of the CYP4F2 gene, and 

potentially contributes, at least in part, to the response to activators of AMPK.  However, the robust 

response noted upon supplementation of the cells with AMPK activators in the presence of 25-

hydroxycholesterol suggests that additional mechanisms of gene transactivation are likely involved.  The 

role for SREBP in CYP4F2 regulation was also tested in transient transfection studies (Fig. 10C), where it 

was shown that mutations which blocked transcriptional activation of the CYP4F2 reporter construct by 

lovastatin (Hsu, et al., 2007b), an HMG-CoA reductase inhibitor, did not significantly block activation of 

the reporter gene response to AMPK activators.  These results suggest the involvement of other cis-acting 

elements and additional regulatory mechanisms for enhanced CYP4F2 gene transcription observed in 

response to activation of AMPK. 

Our results suggest that the expression of CYP4F2 may become elevated in human liver under 

conditions of stress that increase the AMP/ATP ratio or that activate AMPK via a  pharmacological  

activation of upstream kinases (Fogarty and Hardie, 2010).  As summarized in Fig. 11, the AMPK 

activators examined in this study increase the phosphorylation of AMPK through different mechanisms.  
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AICAR serves as a precursor for ZMP, which activates AMPK by acting as an allosteric activator that 

stabilizes the phosphorylated state of the enzyme (Viollet, et al., 2009).  In contrast to AICAR, A-769662 

can activate AMPK directly in both cell-free assays and in intact cells by allosterically activating AMPK 

and inhibiting its dephosphorylation (Goransson, et al., 2007).  LKB1 serves as a constitutively-active 

upstream kinase for activation of AMPK by phosphorylation of the threonine residue found at position 

172 in the alpha subunit activation loop.  The induction of CYP4F2 expression by resveratrol appears to 

be mediated by both AMPK-dependent and -independent mechanisms based on the partial inhibition 

observed with compound C.  The AMPK-dependent component can mostly be attributed (55% to 80%) to 

resveratrol-mediated activation of SIRT1 which, in turn, activates LKB1 by deacetylation of the kinase 

(Hou, et al., 2008).  Compound C substantially inhibited the induction of CYP4F2 by genistein, 

suggesting that AMPK largely mediated the response to genistein.  Although genistein was reported 

previously to activate AMPK (Hwang, et al., 2005), the mechanism for this activation was unknown.  A 

screen of several inhibitors suggests that CaMKKβ, an AMPK upstream kinase, contributes to the 

activation of AMPK by genistein.  The regulation of AMPK activity by elevated ratios of AMP to ATP 

and upstream kinase-dependent phosphorylation contributes to the maintenance of cellular metabolic 

capacity in response to stresses including fasting, osmotic shock, exercise, hypoxia and hypoglycemia or 

to those that  result from exposure to therapeutic agents  such as metformin, thiazolidinediones, genistein 

and resveratrol (Fogarty and Hardie, 2010). 

CYP4F2 has the capacity to oxidize excess nutritive and non-nutritive substrates such as fatty acids, 

leukotrienes, prostanoids and lipid soluble vitamins, thereby facilitating their catabolism.  Excess non-

esterified fatty acids are thought to underlie lipotoxicity, which can disrupt mitochondrial function and 

potentially reduce ATP synthesis (Weinberg, 2006).  The induction of CYP4F2 in response to AMPK 

activation augments the capacity of hepatocytes to ω-oxidize excess non-esterified fatty acids.  Thus, the 

up-regulation of CYP4F2 gene expression is analogous to the protection provided by the induction of 

CYP4A P450s mediated by the nuclear receptor PPARα, when insulin levels decline and fatty acids are 
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released from adipocytes  (Hsu, et al., 2007a).  Under the latter conditions, hepatic lipid metabolism leads 

to the export of nutrients to other tissues.  AMPK is unlikely to be activated unless the liver is stressed by 

high levels of fatty acids and/or ATP levels fall.  Thus, the activation of AMPK may trigger a defensive 

mechanism that involves the induction of CYP4F2 gene expression, which can then eliminate excess fatty 

acids that can disrupt mitochondrial function and reduce ATP production.  Similarly, drugs and other 

xenobiotics can disrupt mitochondrial function, which can lead to liver injury (Labbe, et al., 2008).  In the 

latter case, AMPK activation appears to contribute to more generalized increase in capacity for P450 

catalyzed oxidizations of xenobiotics mediated by the nuclear receptor CAR  (Rencurel, et al., 2006).  In 

this sense, the regulation of CYP4F2 is complementary to that of CYP4A11 because CYP4F2 expression 

is increased during lipogenesis when SREBP’s are activated or by cellular stresses, whereas CYP4A11 is 

induced when hepatic lipid metabolism is increased to provide nutrients to other tissues.  Activation of 

CYP4F2 under these conditions is likely to contribute to the > 10-fold variation in CYP4F2 expression 

noted in liver and kidney tissue samples (Hirani, et al., 2008). 
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FIGURE LEGENDS 

Figure 1. AICAR elevates PPIA normalized CYP4F2 expression in HepG2 cells and human 

hepatocytes.   

(Panel A) HepG2 cells were treated with 0.5 mM AICAR for various times as indicated in the figure. 

Cells were harvested, RNA isolated, and subjected to qPCR analysis as described in “Methods”.  The 

mRNA levels of CYP4F2 and CYP4F3 were normalized to PPIA mRNA levels, which were not affected 

by the AICAR treatment.  For each independent experiment, triplicate samples were used for each 

treatment and triplicate determinations were performed for each sample.  The fold change for PPIA 

normalized CYP4F2 and CYP4F3 mRNA levels in each independent experiment was determined by 

comparing the mean value obtained from cells harvested at various time points to the mean obtained from 

the cells harvested at the zero time point.  Mean values and standard errors were determined from four 

independent experiments.  Statistically significant differences between the zero time point and each time 

point of AICAR treatments are indicated as follows:  **, p<0.01, ***, p<0.001.  ND: not determined.  

(Panel B) Primary human hepatocytes were treated with 0.5 mM AICAR for 24 h.  RNA was isolated, 

subjected to qPCR and the data were analyzed as described above.  The basal PPIA normalized CYP4F2 

expression level varied over a 10 fold range for hepatocytes obtained from 5 tissue donors.  The fold 

increase for PPIA normalized CYP4F2, CYP4F3, CYP4F11, CYP4F12 and CYP4A11 mRNA expression 

was determined by comparing the mean value obtained from hepatocytes treated with AICAR to the mean 

obtained from PBS treated cells.  Mean values and standard errors were determined for hepatocytes from 

five different tissue donors.  A statistically significant difference between PBS and AICAR treatment was 

seen for CYP4F2, **: p<0.01.  (Panel C)  HepG2 cells were treated with 0.5 mM AICAR for 24 h.  The 

fold increase for PPIA normalized CYP4F2, CYP4F3, CYP4F11, CYP4F12 and CYP4A11 mRNA 

expression by AICAR was determined by comparing to the cells treated with PBS.  Mean values and 

standard errors were determined from at least four independent experiments.  Statistically significant 
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differences between the PBS and AICAR treatments are indicated as follows:  ***, p<0.001.  ND: not 

determined.   

 

Figure 2. AMPK mediates the stimulatory effects of AICAR on PPIA normalized CYP4F2 mRNA 

expression in HepG2 cells. 

(Panel A) HepG2 cells were pretreated with either 10 µM compound C (an AMPK inhibitor) in DMSO or 

DMSO alone for 30 min prior to treatment with AICAR (0.5 mM) for 24 h.  The cells were harvested, 

RNA was isolated, and CYP4F2 and PPIA mRNA expression was assessed using qPCR.  Data were 

analyzed as described in the legend to Figure 1.  Results are expressed as fold change in PPIA normalized 

CYP4F2 mRNA levels by AICAR relative to the vehicle control in the same experiment.  Data represent 

means and standard errors determined from four independent experiments.  Statistically significant 

differences between PBS and AICAR treatments are shown, *: p<0.05, ***: p<0.001. Significant 

difference between DMSO and compound C treatments in the presence of AICAR, +++: p< 0.001.  

(Panels B and C)  HepG2 cells were co-transfected with both AMPKα1 (1) and AMPKα2 (2) siRNAs as 

described in “Methods”.  For each AMPKα isoform, two different siRNAs (a or b) were used.  Twenty 

four hours later, the culture media was replaced with fresh media containing 0.5 mM AICAR or PBS.  

Cells were harvested for total RNA isolation after another 24 h.  In addition, a siRNA targeting HPRT 

(HPRT) and a non-targeting/scrambled siRNA control (NC) were transfected into the HepG2 cells to 

monitor transfection efficiency and cellular cytotoxicity.  All siRNAs were used at a final concentration 

of 10 nM.  After 48 h of transfection, HPRT siRNA reduced the corresponding PPIA normalized HPRT 

mRNA levels by 80% relative to the scrambled siRNA controls (NC) (Supplemental Data, Fig. S5A).  No 

significant difference in the expression of HPRT was found between mock transfected cells (None) and 

cells transfected with the NC siRNA.  (Panel B) Effects of AMPKα siRNAs on the β-tubulin normalized 

AMPKα protein levels.  Whole cell lysates (80 – 100 µg protein per sample) were subjected to 

immunoblotting with anti-human AMPKα (AMPKα) and anti-beta-tubulin (Tubulin) and analyzed as 
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described in “Methods”.  The effect of AMPKα siRNA knockdown on β-tubulin normalized AMPKα 

protein expression was determined by comparing the expression of β-tubulin normalized AMPKα in the 

mock transfected control (None), which is set as 1.  Means and standard errors were determined from 

three independent experiments.  Statistically significant differences between NC and AMPK or HPRT 

targeting siRNAs are indicated as: *, p<0.05; **, p<0.01.  A representative immunoblot is shown as an 

insert.  (Panel C) Effects of AMPKα siRNAs on AICAR elevated PPIA normalized CYP4F2 mRNA 

expression.  The effect of AMPKα siRNA knockdown on PPIA normalized CYP4F2 mRNA expression 

was determined by comparing the mean fold change produced by AICAR in the presence of AMPK 

siRNAs to the mean fold change produced by AICAR in the presence of the NC siRNA, which is set as 

100%, in the same experiment.  As no significant differences in AMPKα protein/RNA and CYP4F2 

expression were noted between cells transfected with NC siRNA and mock transfected cells (None), the 

data obtained from the NC siRNA treated cells was used as control.  Means and standard errors were 

determined from three independent experiments.  Statistically significant differences from NC are 

indicated as follows: *, p<0.05; **, p<0.01; ***, p<0.001. 

 

Figure 3. A-769662 increases PPIA normalized CYP4F2 mRNA expression in HepG2 cells.   

A-769662 displays a dose-dependent increase of PPIA normalized CYP4F2 expression in HepG2 cells at 

24-h following treatment.  PPIA normalized CYP4F2 and CYP4F3 mRNA levels were expressed relative 

to the corresponding controls in the same experiment as described in the legend to Fig. 1.  Means and 

standard errors were determined from at least three independent experiments.  Statistically significant 

differences compared to DMSO (0 µM) treatments are indicated:  *, p<0.05; **, p<0.01.   

 

Figure 4. Resveratrol and genistein increase PPIA normalized CYP4F2 mRNA expression in 

HepG2 cells.  
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(Panel A) Resveratrol elicits a dose-dependent increase of PPIA normalized CYP4F2 expression in 

HepG2 cells at 24-h following treatment.  PPIA normalized CYP4F2 and CYP4F3 mRNA levels were 

expressed relative to the corresponding controls in the same experiment as described in the legend to Fig. 

1.  Means and standard errors were determined from at least three independent experiments.  Statistically 

significant differences compared to DMSO (0 µM) treatments are indicated:  ***, p<0.001.  (Panel B) 

Genistein dose response curve for PPIA normalized CP4F2 and CYP4F3 mRNA expression in HepG2 

cells was determined after a 24-h exposure.  The PPIA normalized CYP4F2 and CYP4F3 mRNA levels 

were expressed relative to the corresponding controls (0 µM) in the same experiment.  Means and 

standard errors were determined from at least three independent experiments.  Statistically significant 

differences between DMSO and genistein treatments are indicated as:  ***, p<0.001. 

 

Figure 5. Activation of PPIA normalized CYP4F2 mRNA expression by resveratrol and genistein in 

HepG2 cells is mediated by AMPK 

(Panel A) HepG2 cells were pretreated with compound C (10 µM) or DMSO for 30 min prior to addition 

of resveratrol (75 µM), genistein (100 µM) or DMSO.  After 24 h, the cells were harvested, total RNA 

was isolated, and the RNA was then subjected to qPCR analysis. Data was analyzed as described in the 

legend to Fig. 1.  Means and standard errors were determined from at least three independent 

experiments.  Statistically significant differences between DMSO and resveratrol/genistein treatments are 

depicted by the asterisks (**: p<0.01 and ***:  p<0.001); +++:  significant difference between DMSO and 

compound C treatments in the presence of resveratrol, p<0.001; ###:  significant difference between 

DMSO and compound C treatments in the presence of genistein, p<0.001. (Panel B) Effects of AMPKα 

siRNAs on the genistein or resveratrol stimulated PPIA normalized CYP4F2 mRNA expression.  HepG2 

cells were transfected with the combination of 1a+2b AMPKα siRNAs, and the cells were treated with 

genistein or resveratrol as described in the legend to Fig. 2B.  Data was analyzed as described in the 

legend to Fig. 1.  Means and standard errors were determined from three independent experiments.  
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Statistically significant differences between DMSO and resveratrol/genistein treatments are depicted by 

the asterisks *, p<0.05; **, p<0.01; ***, p<0.001); + significant difference between cells transfected with 

NC siRNA and AMPKα siRNAs, p< 0.05. 

 

Figure 6. P450 4F2 protein expression is elevated by treatment with AICAR, genistein or 

resveratrol.  

 (Panel A)  Effects of AMPKα activators on the expression of CYP4Fs mRNA expression in HepG2 cells.  

HepG2 cells were treated with resveratrol (75 µM), genistein (100 µM), AICAR (0.5 mM) or DMSO.  

After 24 h, the cells were harvested, total RNA was isolated, and the RNA was then subjected to qPCR 

anaylsis. Data was analyzed as described in the legend to Fig. 1.  Means and standard errors were 

determined from at least three independent biological replicates.  Statistically significant differences 

between DMSO and AMPK activator treatments are depicted by the asterisks (***:  p<0.001).   (B) 

Microsomes (30-70 µg protein) prepared from HepG2 cells that were treated with AICAR (0.5 mM), 

genistein (100 µM) or resveratrol (75 µM) for 24 h were subjected to immunoblotting with anti-human 

P450 4F2/3 IgG (P450 4F2/3) and anti-P450 reductase (CPR) as described in “Methods”. The P450 4F2/3 

antibody recognizes both 4F2 and 4F3, but not 4F11 or 4F12 (Supplemental Data, Fig. S1).  P450 4F2 

Supersomes™ (20 fmol) were included as positive controls. A representative immunoblot is shown.  (C) 

Exposed films of the P450 4F2/3 immunoblots were scanned, and the signals were analyzed with 

ImageQuant 5.2 software (GE Healthcare, Piscataway, NJ).  Standard curves were obtained with P450 

4F2 Supersomes™ to ensure the linearity of immunochemical staining.  P450 4F2/3 immunostaining 

intensity was normalized against that of CPR, which was not affected by treatment with AMPK 

activators.  The normalized P450 4F2/3 signals from the HepG2 cells treated with test compounds were 

compared to the corresponding DMSO controls, and are expressed as fold-change.  The means and 

standard errors are determined from at least four independent experiments.  Statistically significant 

differences from DMSO controls are indicated as: ***, p<0.001. 
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Figure 7. Involvement of SIRT1 in the activation of PPIA normalized CYP4F2 mRNA expression 

by resveratrol in HepG2 cells.    

HepG2 cells were pretreated with SIRT1 inhibitor splitomicin (100 µM) or DMSO for 24 h.  Compound 

C (10 µM) or DMSO was added to the medium 30 min prior to addition of resveratrol (75 µM) or vehicle 

control (DMSO), and the cells were harvested 24 h later.  Total RNA was isolated for qPCR assays, and 

data was analyzed as described in the legend to Fig. 1.  Two independent experiments were performed, of 

which one is shown.  Means and standard errors were determined from triplicate samples.  Statistically 

significant differences from DMSO controls are indicated as follows: *: p<0.05, **: p<0.01, ***: 

p<0.001; +: significant differences for the treatments with compound C and/or splitomicin in the presence 

of resveratrol, p< 0.05. 

 

Figure 8. Calmodulin kinase kinase/AMPK pathway participates in genistein-mediated activation 

of PPIA normalized CYP4F2 mRNA expression in HepG2 cells. 

HepG2 cells were pretreated with 1 µM STO-609 (a specific calmodulin kinase kinase inhibitor) or 

DMSO for 1 h before treatment for 24 h with genistein (100 µM), resveratrol (75 µM) or vehicle control 

(DMSO).  RNA was isolated, subjected to qPCR, and the data analyzed as given in the legend to Fig. 1.  

Means and standard errors were determined from three independent experiments.  Statistically significant 

differences between DMSO and treatments, ***: p<0.001; +++: significant difference between DMSO 

and STO-609 treatments in the presence of genistein, p<0.001. 

 

Figure 9. Effect of 25-hydroxycholesterol on the AMPK activator-mediated increase of PPIA 

normalized CYP4F2 mRNA expression in HepG2 cells.   

HepG2 cells were incubated with 25-hydroxycholesterol (25-OH cholesterol) (5 µg/ml) or vehicle control 

(DMSO, D) together with 0.5 mM AICAR (A), 100 µM genistein (G), or 75 µM resveratrol (R) for 24 h 
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in DMEM medium containing 10% FBS.  The cells were harvested for total RNA isolation and subjected 

to qPCR analysis.  At least four independent experiments were performed and a representative experiment 

is shown.  Means and standard errors were determined from triplicate samples for each treatment.  

Statistically significant differences between DMSO and treatments in the absence of 25-OH cholesterol (-

), **: p<0.01, ***: p<0.001; significant difference between DMSO controls in the presence or absence of 

25-OH cholesterol, ++: p<0.01; significant differences between DMSO and treatments in the presence of 

25-OH cholesterol (+), #: p<0.05, ###: p<0.001. 

 

Figure 10. Activators of AMPK increase transcription of CYP4F2 reporter constructs in HepG2 

cells   

(Panel A) A schematic of the CYP4F2 gene is shown to indicate the location of fragments relative to the 

start sites of transcription (+1) and translation (+463, ATG).  Site-directed mutagenesis was performed to 

mutate the identified SREBP binding sites in the CYP4F2 -179/464 reporter and the mutations are shown 

below in lower case italic bold. The SREm1 construct contains the mutations in the -169/-145 SRE site, 

the SREm2 contains the mutations in the -109/-83 SRE site, and SREm12 contains mutations in both two 

SRE sites (Hsu, et al., 2007b).  (Panel B) CYP4F2 reporter constructs, -753/+464 and -179/+464, or the 

control luciferase vector (pLuc) were transfected into HepG2 cells.  A β-galactosidase expression vector 

(pCMV-β-Gal) was also transfected to normalize transfection efficiency.  After 24 h, cells were treated 

with AICAR (0.5 mM), genistein (100 µM), or resveratrol (75 µM) or DMSO alone.  Cells were then 

harvested after 24h, and luciferase and β-galactosidase activities were assessed.  The fold activation by 

AMPK activators for each reporter is expressed relative to the data obtained from cells treated with 

DMSO.  At least three independent experiments were performed, and a representative experiment is 

shown.  Means and standard errors were determined for triplicate samples.  Statistically significant 

differences from DMSO are indicated as: **, p<0.01 and ***, p<0.001.  (Panel C) The CYP4F2 -

179/+464 reporter and mutants in which the two SREBP binding sites (SRE) were mutated were 
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transfected into HepG2 cells.  After transfection, the cells were treated with three activators as described 

in Panel B.    At least four independent experiments were performed and a representative experiment is 

shown.  Means and standard errors were determined from three replicate samples.  Statistically significant 

differences from DMSO for each reporter construct are indicated as: **, p<0.01 and ***, p<0.001.   

 

Figure 11.  Regulatory pathways implicated in the stimulation of CYP4F2 gene expression by 
AICAR, A-769662, genistein and resveratrol. 
 
AMP-activated protein kinase (AMPK) plays an important role in regulating fatty acid oxidation, and is 

activated when cellular AMP/ATP ratios are high, and subsequently modulates metabolic processes to 

increase ATP production (Fogarty and Hardie, 2010).  AMPK is a heterotrimeric enzyme consisting of a 

catalytic subunit α and two regulatory subunits β and γ.  Activation of AMPK requires phosphorylation of 

Thr-172 on the α-subunit by upstream kinases such as LKB1 or Ca2+/calmodulin protein kinase kinase 

(CaMKK). AMP binding to the gamma subunit allosterically increases Thr-172 phosphorylation, thereby  

significantly increasing kinase activity.  Upon activation, AMPK phosphorylates key enzymes in fatty 

acid, sterol and glycogen synthesis such as acetyl-CoA carboxylase (ACC) to decreased ATP utilization.  

The expression of CYP4F2 is increased at 24 h following treatment with three distinct AMPK activators, 

namely genistein, resveratrol and AICAR. These effects are inhibited by compound C, an AMPK 

inhibitor and by siRNAs targeting the mRNAs encoding the alternative subunits 1 and 2.  A-769662 is a 

direct activator of AMPK that binds to the beta subunit. In contrast, AICAR acts indirectly following its 

conversion by adenosine kinase to ZMP, an AMP analog.  5-iodotubercidin, an adenosine kinase 

inhibitor, blocks the increased CYP4F2 expression by AICAR (Henin, et al., 1995).  Reservatrol has been 

demonstrated to activate AMPK indirectly by stimulation of the NAD+ activated deacetylase SIRT1, 

which in turn activates the AMPK upstream kinase LKB1.  Splitomicin, a SIRT1 inhibitor, only partially 

blocked activation of CYP4F2 expression by resveratrol.  Calmodulin kinase kinase (CaMKK) is also an 

JPET#175851

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 4, 2011 as DOI: 10.1124/jpet.110.175851

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 

 - 40 -  

 

AMPK upstream kinase.  STO-609, a CaMKK inhibitor, reduced the level of expression of CYP4F2 

elicited by genistein.    
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TABLE S1 PCR primer sets used in this study. 

Gene                Oligonucleotide(5’ to 3’)                               Accession #                Location(bp)  

CYP4F2    CACCATGAGATCCTCCTGCATATT     NM_001082.3    756-779 

          TCTCTTTAGGCTCACGGTCCTTCA         1135-1158 

CYP4F3   CACCAGCAGATCCTCCTGTACATA     NM_000896      756-779 

          TCTCTTTAGGCTCACGGTCCTTCA            1158-1135 

CYP4F11   ATACCACCTTGCAAAGCACC     NM_021187                  1481-1500 

  TGGGTGGGTAGGACAGTCACT                        2029-2049 

CYP4F12   GCTGCCATTGCACCCAAGGATAAT     NM_023944       404-427 

    ACAGAAAGTCCATGTGCTGGAGGA                     777-800 

hAMPKα1   TTGCGTGTACGAAGGAAGAA      NM_006251.5     1333-1352  

          CCTTGAGCCTCAGCATCTGAA       1547-1527 

hAMPKα2   GGCAATTACGTGAAAATGAGC     NM_006252    1413-1433 

          GGTGAAACTGAAGACAATGTGCTT       1660-1630 

hPPIAa   CCATCTATGGGGAGAAATTTGA       NM_021130    274-295 

  GAGTTGTCCACAGTCAGCAATG                 536-515   

hHMGCR    GGCTGGGAGCATAGGAGGCTAC     NM_000859    2276-2297 

  TCTTGGTGCAAGCTCCTTGGAG            2685-2706   

hLDLR     CCTGCAAGGCTGTGGGCTCC       NM_000527    1340-1359 

     GCCCTTGGCTTGGAGCCGTT            1711-1730   

hSHP   GAAGATTCTGCTGGAGGAGCCC       NM_021969       386-407 

  GTCACCTGAGCAAAAGCATGTCC                      782-804      

 

a HMGCR, HMG-CoA reductase; LDLR, low density lipoprotein receptor; PPIA, cyclophilin A; SHP,   

small heterodimer partner 
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Figure S1.  Immunoreactivity of P450 4F2/3 antibody.    

Human liver microsomes and recombinant human CYP4F2, CYP4F11 and CYP4F12 Sf9 lysates were 
prepared as described in “Methods” and subjected to immunoblotting with anti-human P450 4F2/3 IgG.  
Blot lane identification: 1= human liver microsomes, UP878, 15.0 µg; 2 = 4F2 Sf9 lysates, 0.5 µg; 3 = 
4F3B Sf9 lysates, 0.5 µg; 4 = 4F11 Sf9 lysates, 0.5 µg; 5 = 4F12 Sf9 lysates, 1.0 µg; 6 = mixture of 4F12 
and 4F11 Sf9 lysates, 1.0 µg; and 7 = human liver microsomes, UC8911, 15.0 µg.  The immunoblot was 
developed using immunochemical staining.  The left blot shows that anti-P450 4F2/3 IgG does not exhibit 
extensive cross-reactivity with either P450 4F11 and/or P450 4F12.  
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Figure S2.  Actinomycin D (A) and 5-iodotubercidin (B) inhibit the AICAR stimulated PPIA 
normalized CYP4F2 mRNA expression in HepG2 cells.                                                                      

(Panel A) Actinomycin D, an inhibitor of gene transcription, was added with 0.5 mM AICAR at a final 
concentration of 5 µg/ml.  (Panel B) 5-iodotubercidin, a thymidine kinase inhibitor which inhibits the 
conversion of AICAR to ZMP, was administered with 0.5 mM AICAR to HepG2 cells at 10 µM final 
concentration.  Total RNA was isolated for qPCR to assess CYP4F2 and PPIA mRNA expression levels 
after a 24 h drug treatment.  The CYP4F2 mRNA levels were normalized to PPIA mRNA levels.  For 
each independent experiment, triplicate samples were used for each treatment and triplicate 
determinations were performed for each sample.  For each individual experiment, the fold change was 
determined by comparison to the mean value obtained from cells treated with vehicle controls which was 
set as 1.  Means and standard errors were determined from three independent experiments.  Statistically 
significant differences compared to vehicle controls are depicted by the asterisks, *: p<0.05, **: p<0.01, 
***: p<0.001; +++: significant difference between PBS and actinomycin D in the presence of AICAR, 
p<0.001, ##: significant difference between DMSO and 5-iodotubercidin treatments in the presence of 
AICAR, p<0.01.  
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Figure S3.  AMPK activators increase the 
phosphorylation of Acetyl-CoA carboxylase.    
 
Whole cell lysates (50 µg) from HepG2 cells treated 
with genistein (100 µM), resveratrol (75 µM), AICAR 
(0.5 mM) or DMSO for 2 h were prepared as described 
(Nystrom and Lang, 2008).  PhosphoSTOP™ 
phosphatase inhibitor cocktail and Complete™ protease 
inhibitor cocktail (Roche Applied Science) were also 
included during the preparation of lysates.  
Immunoblotting was performed using 10% NuPAGE 
Bis-Tris gels (Invitrogen).  Nitrocellulose membranes 
were incubated with anti-phospho-Ser79 acetyl-CoA 
carboxylase 1 (pACC), anti-total ACC (ACC) and anti-
β-tubulin (Tubulin) antibodies overnight at 4°C 
according to the manufacturer’s instructions. After 
reaction with peroxidase-conjugated anti-rabbit IgG, the 
blots were developed using chemiluminescence 
(Western Lightening Plus, Perkin Elmer, Boston, MA).  
Three independent biological experiments were 
performed, and the x-ray films of the immunoblots are 
shown in panel A.  X-ray films of the immunoblots 
were scanned, and the signals were analyzed with 
ImageQuant 5.2 software (GE Healthcare, Piscataway, 
NJ), and the results are shown in panel B.  For 
experiment I and II, pACC and total ACC immunoblot 
analysis was performed on separate membranes.  pACC 
and ACC signals were first normalized against that of 
tubulin.  The ratio of pACC/ACC was then determined 
by comparing the tubulin normalized pACC over the 
tubulin normalized ACC.  For experiment III, the pACC 
and total ACC immunoanalysis was performed on the 
same membrane.  The ratio of pACC/ACC was 
determined by comparing the immunoreactive intensity 
of pACC over that of ACC.  The ratio of pACC/ACC 
from the HepG2 cells treated with test compounds were 
compared to the corresponding DMSO controls, and are 

expressed as relative pACC/ACC ratio.   The means and standard errors were determined from these three 
independent experiments shown in panel A.  Statistically significant differences from DMSO controls are 
indicated as: *, p<0.05.      
 
 
 

Reference 
 

Nystrom GJ and Lang CH (2008) Sepsis and AMPK Activation by AICAR Differentially Regulate FoxO-
1, -3 and -4 mRNA in Striated Muscle. Int J Clin Exp Med 1:50-63. 
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Figure S4.  Compound C, an AMPK inhibitor, blocks stimulation of PPIA normalized small                           
heterodimer partner (SHP) mRNA expression by genistein, resveratrol, AICAR and A-769662.  
 
HepG2 cells were pretreated with compound C (10 µM) or DMSO for 30 min prior to addition of 
genistein (100 µM), resveratrol (75 µM), AICAR (0.5mM), A-769662 (50 µM) or DMSO.  Total RNA 
was isolated for qPCR to assess SHP and PPIA mRNA expression levels after a 4 h drug treatment.  The 
SHP mRNA levels were normalized to PPIA mRNA levels.  For each of three independent biological 
experiments, triplicate samples were used for each treatment and triplicate determinations were performed 
for each sample.  For each individual experiment, the fold change was determined by comparison to the 
mean value obtained from cells treated with controls which was set as 1.  Means and standard errors were 
determined from three independent biological replicates.  Statistically significant differences compared to 
controls are depicted by the asterisks, **: p<0.01, ***: p<0.001. 
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Figure S5.  Effect of siRNAs on the expression of PPIA normalized mRNA expression in HepG2 
cells. 
 
(Panel A) HepG2 cells were transfected with a siRNA targeting HPRT (HPRT), a non-
targeting/scrambled siRNA control (NC) or no siRNA (None) as described in “Methods”. Twenty four 
hours later, the culture media was replaced with fresh media.  Cells were harvested for total RNA 
isolation after another 24 h. All siRNAs were used at a final concentration of 10 nM.  The PPIA 
normalized AMPKα1, AMPKα2, CYP4F2 and HPRT mRNA expression was expressed relative to the 
PPIA normalized mRNA expression in the scrambled siRNA control (NC), which is set as 1 in the same 
experiment.  Means and standard errors were determined from at least three independent experiments.  
After 48 h of transfection, HPRT siRNA reduced the corresponding PPIA normalized HPRT mRNA 
levels by 80% relative to the scrambled siRNA controls (NC) (statistically significant at p<0.001,***).  
No significant difference in the expression of HPRT was found between mock-transfected and cells 
transfected with NC siRNA. No significant difference in the expression of AMPKα1, α2 and CYP4F2 
was seen between the cells transfected with NC siRNA and the cells without siRNA or HPRT siRNA.  
(Panel B)  HepG2 cells were co-transfected with both AMPKα1 (1) and AMPKα2 (2) siRNAs as 
described in “Methods”.  For each AMPKα isoform, two different siRNAs (a or b) were used.  Twenty 
four hours later, the culture media was replaced with fresh media containing 0.5 mM AICAR or PBS.  
Cells were harvested for total RNA isolation after another 24 h.  All siRNAs were used at a final 
concentration of 10 nM.  The effect of AMPKα siRNA knockdown on PPIA normalized AMPKα1 and 
AMPKα2 mRNA expression was determined by comparing the expression of PPIA normalized AMPKα1 
and AMPKα2 in the scrambled siRNA control (NC) ,which is set as 100%, in the same experiment.  
Means and standard errors were determined from at least three independent experiments.  Statistically 
significant differences between NC and AMPK or HPRT targeting siRNAs are indicated as: *, p<0.05; 
**, p<0.01.  
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Figure S6.  Stimulation of PPIA normalized CYP4F2 mRNA expression by genistein is independent 
of SIRT1 activation.                          

HepG2 cells were pretreated with 100 µM splitomicin (a SIRT1 inhibitor) for 24 h, and then 100 µM 
genistein was added to the culture medium.  After a 24-h genistein treatment, the cells were harvested for 
total RNA isolation and qPCR analysis.  The CYP4F2 mRNA levels were normalized to PPIA mRNA 
levels.  For each independent experiment, triplicate samples were used for each treatment and triplicate 
determinations were performed for each sample.  For each individual experiment, the fold change was 
determined by comparison to the mean value obtained from the cells treated with the vehicle control 
which was set as 1.  Means and standard errors were determined from three independent experiments.  
Statistically significant differences between DMSO and treatments are indicated as, ***: p<0.001; +++: 
significant difference between DMSO and genistein treatments in the presence of splitomicin, p< 0.001. 
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Figure S7.  Genistein increases PPIA normalized CYP4F2 mRNA expression independently of 
estrogen receptors.   HepG2 cells were pretreated with 1 µM fulvestrant (an estrogen receptor 
antagonist) or DMSO for 1 h before a 24 h treatment with genistein (100 µM) or 17ß-estradiol (0.1 µM, 
an estrogen receptor agonist) or DMSO.  Total RNA was isolated and subjected to qPCR to assess 
CYP4F2 and PPIA mRNA expression levels.  The CYP4F2 mRNA levels were normalized to PPIA 
mRNA levels.  For each independent experiment, triplicate samples were used for each treatment and 
triplicate determinations were performed for each sample.  For each individual experiment, the fold 
change was determined by comparison to the mean value obtained from the cells treated with DMSO 
which was set as 1.  Means and standard errors were determined from three independent experiments.  
Statistically significant differences between DMSO and drug treatments are shown, ***: p<0.001.    
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Figure S8.  Effect of 25-hydroxycholesterol on SREBP target gene expression in HepG2 cells.   

HepG2 cells were incubated with 25-hydroxycholesterol (25-OH cholesterol) (5 µg/ml) or vehicle control 
(DMSO, D) together with 0.5 mM AICAR (A), 100 µM genistein (G), or 75 µM resveratrol (R) for 24 h 
in culture medium containing 10% fetal bovine serum.  Total RNA was isolated and qPCR employed to 
assess low density lipoprotein receptor (LDLR), HMG-CoA reductase (HMGCR) and PPIA mRNA 
expression.  The LDLR (upper panel) and HMGCR (lower panel) mRNA levels were normalized to PPIA 
mRNA levels.  For each independent experiment, triplicate samples were used for each treatment and 
triplicate determinations were performed for each sample.  For each individual experiment, the fold 
change was determined by comparison to the mean value obtained from the cells treated with DMSO 
which was set as 1.  Means and standard errors were determined from three independent experiments.  
Statistically significant differences between DMSO and treatments in the absence of 25-OH cholesterol, 
*:p<0.05, **: p<0.01; significant difference between treatments in the presence or absence of 25-OH  
cholesterol, +: p<0.05, ++: p<0.01;  significant difference between DMSO and treatments in the presence 
of 25-OH cholesterol, #: p<0.05.  
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