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Cyclooxygenase Inhibition Is Associated With Downregulation of
Apolipoprotein AI Promoter Activity in Cultured Hepatoma Cell Line HepG2

Mohamad H. Horani, Freij Gobal, Michael J. Haas, Norman C.W. Wong, and Arshag D. Mooradian

rostanoids have been implicated in the transcriptional control of several genes. Since prostanoid synthesis inhibitors are

ommonly used in subjects with coronary heart disease we studied the effect of cyclooxygenase (COX) inhibition on

polipoprotein AI (apoAI) expression in a human hepatoma cell line (HepG2) transfected with full-length apoAI promoter

ttached to the chloramphenicol acetyl transferase (CAT) reporter gene. To control for transfection efficiency, the cells were

otransfected with the plasmid pCMV.SPORT-�-gal containing the �-galactosidase gene driven by the cytomegalovirus

romoter. Treatment of these cells with varying concentrations of indomethacin (INDO, 0, 50, 100, and 300 �mol/L) resulted

n a dose-dependent decrease in apoAI promoter activity (% acetylation corrected for �-galactosidase activity: were 46.1 � 2.6,

9.9 � 1.2, 25.2 � 2.9, and 17.2 � 2.8, respectively, P < .001). INDO treatment did not cause significant changes in

-galactosidase activity. A similar reduction in apoAI promoter activity was found after treating the cells with 50 �mol/L

cetylsalicylic acid (ASA) (31.8 � 1.8%, P < .001), suggesting that the effect of INDO is related to COX inhibition rather than

peculiar effect of INDO. Nuclear run-off assays indicated that treatment of cells with 50 �mol/L INDO resulted in 31.4%

eduction in apo A1 transcription rate (P < .0002). Northern blot analysis of RNA from HepG2 cells treated with 50 �mol/L of

NDO for 72 hours showed that the apoAI mRNA concentration relative to G3PDH mRNA was 4,043.0 � 84.6 and 3,064.0 � 49.8

n control and INDO-treated cells, respectively (P < .0006). Kinetic studies of apoAI mRNA in HepG2 cells indicated that the

alf-life of apoAI mRNA was not significantly altered with 50 �mol/L INDO treatment. Apo AI mRNA half-life was 25.3 hours

n control cells and 26.9 hours in INDO-treated cells. Western blot analysis of culture media of HepG2 cells treated with 50

mol/L of INDO for 72 hours showed a significant reduction in apoAI protein (6,760.0 � 318.1 v 4,773.0 � 112.0 arbitrary units,

< .004). Treatment of cells with either arachidonic acid (COX substrate) or various prostanoids including prostaglandin I2,

hromboxane B2, (�)5-HETE, or (�)12-HETE did not significantly alter apoAI promoter activity. However, prostaglandin E1 and

2 at the highest concentration tested (50 nmol/L) significantly repressed apoAI promoter activity. COX activity measure-

ents in HepG2 cells verified the efficacy of COX inhibition by INDO. It is concluded that COX inhibition with INDO or ASA

ownregulates apoAI expression at the transcriptional level. This effect could not be attributed to either arachidonic acid

xcess or to a deficiency in various prostanoids tested.
2004 Elsevier Inc. All rights reserved.

h
s
l
p
o

s
o
T
(
p
e
o

M

c
p
a
c
(
i
w
(

C

POLIPOPROTEIN AI (apoAI) is the major apoprotein of
the high-density lipoprotein (HDL) particle and has been

redited for several anti-atherogenic properties.1-4 Several hor-
onal and nutritional factors modulate the expression of

poAI.5-15 However, the effect of prostanoids on apoAI expres-
ion has not been well studied.

Previously published studies have shown an important role
f prostanoids in the transcriptional control of several
enes.16-21 Some but not all of these effects are mediated
hrough peroxisome proliferator activator (PPAR) recep-
ors.22,23 Since PPARs are also implicated in the regulation of
poAI expression,24,25 it is possible that prostanoids may also
ave a role in modulating apoAI expression. Such a role would
ave clinical implications since prostanoid synthesis inhibitors,
uch as aspirin, are commonly used in subjects with coronary
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eart disease. In addition, prostanoids are implicated in insulin
ignaling in the liver.26,27 Since insulin is an important upregu-
ator of apoAI expression,5 it is possible that interference with
rostanoid production within the liver may alter insulin effects
n apoAI expression.
To test the hypothesis that prostanoids alter apoAI expres-

ion, we studied the effect of cyclooxygenase (COX) inhibition
n apoAI expression in a human hepatoma cell line (HepG2).
he results show that COX inhibition with indomethacin

INDO) or acetylsalicylic acid (ASA) downregulates apoAI
rotein and mRNA expression at the transcriptional level. This
ffect could not be attributed to either arachidonic acid excess
r to a deficiency in various prostanoids tested.

MATERIALS AND METHODS

aterials

Acetyl-coenzyme A, ASA, arachidonic acid, and INDO were pur-
hased from Sigma Chemical Co (St Louis, MO). Lipofectamine was
urchased from Life Technologies (Gaithersburg, MD), and 14C-chlor-
mphenicol was from New England Nuclear (Boston, MA). Tissue
ulture media and fetal calf serum were purchased from BioWittaker
Walkersville, MD). Prostanoids were purchased from Cayman Chem-
cal (Ann Arbor, MI). All other chemicals were of reagent grade and
ere purchased from either Sigma Chemical Co or Fisher Scientific

Pittsburg, PA).

ell Culture

HepG2 cells were maintained in Dulbecco’s modified essential me-

ium (DMEM) supplemented with 10% fetal bovine serum (FBS), and

Metabolism, Vol 53, No 2 (February), 2004: pp 174-181
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175COX INHIBITION DOWNREGULATES APO AI PROMOTER ACTIVITY
enicillin and streptomycin (100 U/mL and 100 �g/mL, respectively).
aco-2 cells were grown in Earl’s modified essential medium (EMEM)

upplemented with 15% FBS, nonessential amino acids, 0.11 mg/mLl
odium pyruvate, and penicillin and streptomycin. Cells were housed in
humidified incubator at 37°C with 5% CO2 and 95% air.

lasmids and Transient Transfection

HepG2 cells were transfected with the plasmids pAI.474.CAT and
CMV.SPORT-�-gal (Life Technologies) The plasmid pAI.474.CAT
ontains the full-length rat apoAI promoter in front of the chloram-
henicol acetyl transferase (CAT) reporter gene. This promoter frag-
ent contains all the cis-elements necessary for apoAI expres-

ion.10,12,28 The latter plasmid expresses �-galactosidase under the
ontrol of the cytomegalovirus (CMV) immediate-early promoter and
as used to normalize for transfection efficiency. One microgram of

ach plasmid was transfected into HepG2 cells using 5 �L of Lipo-
ectamine as described by the manufacturers, and after 24 hours, treated
ith varying concentrations of INDO (0, 50, 100, and 300 �mol/L) or
0 �mol/L ASA. After 24 hours, the cells were harvested and assayed
or CAT29 and �-galactosidase activity,30 as previously described. To
est for the effects of various metabolites of prostanoid synthesis on
poAI promoter activity, the cells were also treated with arachidonic
cid (COX substrate) or various prostanoids including prostaglandin I2,
hromboxane B2, (�) 5-HETE or (�)12-HETE, and prostaglandin E1

nd E2.

uclear Run-Off Transcription Assays

HepG2 cells in 75-cm2 flasks were exposed in triplicate either to
NDO (50 �mol/L) or an equivalent volume of dimethyl sulfoxide
DMSO) solvent for 24 hours. The culture medium was then removed
nd the cells were washed twice with phosphate-buffered saline (PBS),
emoved by scraping, and collected by centrifugation at 500 � g for 5
inutes at 4°C. While vortexing, 4 mL of NP-40 lysis buffer (10
mol/L Tris-Cl, pH 7.4, 10 mmol/L NaCl, 3 mmol/L MgCl2, 0.5%
onidet P-40) was added, and continued for another 10 seconds. After
5-minute incubation on ice, the nuclei were collected by centrifuga-

ion at 500 � g for 5 minutes at 4°C. The nuclear pellet was resus-
ended in another 4 mL of NP-40 lysis buffer while vortexing as
escribed above, and the nuclei collected by centrifugation at 500 � g
or 5 minutes at 4°C. The pellet was then resuspended in 200 mL of
lycerol storage buffer (50 mmol/L Tris-Cl, pH 8.3, 40% glycerol, 5
mol/L MgCl2, and 0.1 mmol/L EDTA) and stored in liquid nitrogen.
To perform the run-off reaction, 200 �L of nuclei were thawed and

ncubated with 200 mL of 2X reaction buffer (10 mmol/L Tris-Cl, pH
.0, 2 mmol/L MgCl2, 0.3 mol/L KCl, 1 mmol/L adenosine triphos-
hate [ATP], 1 mmol/L guanosine triphosphate [GTP], 1 mmol/L
ytosine triphosphate [CTP], 5 mmol/L diothiothreitol [DTT]) and 10
l of [�-32P] uridine triphosphate (UTP; 760 Ci/mmol, 10 mCi/mL)

nd incubated at 30°C for 30 minutes. Each reaction was then incubated
n 0.6 mL of high salt buffer (HSB) buffer containing RNase-free
NaseI (40 �L of a 1-mg/mL solution), and incubated at 30°C for

nother 5 minutes before addition of 200 �L of 0.5% sodium dodecyl
ulfate (SDS), 0.5 mol/L Tris-Cl, pH 7.4, 0.125 mol/L EDTA, and 10
L of 20-mg/mL proteinase K. The samples were incubated for 30
inutes at 42°C, and then extracted with phenol/chloroform/isoamy-

alcohol (25:24:1). Two milliliters of dH2O and 10 �L of 10 mg/mL
scherichia coli tRNA were added to the samples before addition of 3
L of 10% tricholoracetic acid (TCA) containing 60 mmol/L phyro-

hosphate. Samples were incubated on ice for 30 minutes, then the
recipitate collected onto Whatman GF/A glass fiber filters (Clifton,
J), and washed 3 times with 10 mL of 5% TCA, 30 mmol/L pyro-
hosphate. The filters were transferred to glass scintillation vials and
ncubated in RNase-free DNase I (37.5 �L of a 10-mg/mL solution per

ample) in 20 mmol/L HEPES, pH 7.5, 5 mmol/L MgCl2, 1 mmol/L a
aCl2, for 2 minutes at 37°C. The reaction was stopped by addition of
5 �L of 0.5-mol/L EDTA and 68 �L of 20% SDS, and heated to 65°C
or 10 minutes. The RNA was transferred to another tube while the
lter was soaked in 1.5 mL elution buffer (1% SDS, 10 mmol/L
ris-Cl, pH 7.5, 5 mmol/L EDTA), incubated for 10 minutes at 65°C,
nd combined with the previous tube. The samples were then digested
ith proteinase K (4.5 �L of a 20-mg/mL solution) for 30 minutes at
7°C, extracted with phenol/chloroform, isoamyl alcohol, and trans-
erred to a 30-mL Corex tube (Corning, NY). To the RNA, 0.75 mL of
-mol/L NaOH was added, incubated on ice 10 minutes, then the pH
djusted by the addition of 1.5 mL of 1-mol/L HEPES (free acid). The
NA was precipitated by addition of 0.53 mL of 3-mol/L sodium
cetate, 14.5 mL absolute ethanol, and incubation at �20°C overnight,
nd collected by centrifugation at 10,000 � g for 30 minutes at 4°C.
ne milliliter of TES solution (10 mmol/L N-tris(hydroxymethyl)-
ethyl-2-aminoethanesulfonic acid [TES], pH 7.4, 10 mmol/L EDTA,

.2% SDS) was added to the RNA and when dissolved, 5 �L was
ounted in a scintillation counter. Equivalent CPM were prepared in a
otal volume of 1 mL TES solution, to which 1 mL of TES/NaCl (10
mol/L TES, pH 7.4, 10 mmol/L EDTA, 0.2% SDS, 0.6 mol/L NaCl)
as added then allowed to hybridize to immobilized probes on strips of
ylon (Hybond, Amersham, Arlington Heights, IL) for 24 hours at
5°C. The membranes were then washed 2 times in 2X SSC for 1 hour
ach at 65°C. They were then incubated in 8 mL of 2X SSC containing
�L of 10-mg/mL Rnase A at 37°C for 30 minutes, washed again in

X SSC for 1 hour at 37°C, and exposed to film for autoradiography.

orthern Blot Analysis

RNA was isolated using phenol-guanidium isothiocyanate as previ-
usly described.31 Recombinant plasmid pBR322 containing the rat
poAI cDNA (NE-477) was kindly provided by Dr J.I. Gordon of
ashington University (St Louis, MO). Amplification and preparation

f plasmid DNA was accomplished using established procedures.32 The
12-bp NE-477 insert was cleaved from the purified recombinant
lasmid DNA with EcoRI and SacI using conditions specified by the
upplier of the restriction endonucleases. The cleaved insert was sep-
rated from the vector DNA and random prime-labeled with [�-32P]
CTP (33) The isolated RNA was electrophoresed in an 1.5% agarose
el containing 2.2 mol/L formaldehyde,34 transferred to a nylon mem-
rane by diffusion blotting, and finally hybridized with the apoAI
DNA insert.35 After exposing the membrane to x-ray film for autora-
iography, the blots were stripped and reprobed with a glyceralde-
yde-3 phosphate dehydrogenase (G3PDH) cDNA to normalize the
hanges in apoAI mRNA.

easurements of apoAI mRNA Turnover

ApoAI mRNA half-life was measured in HepG2 cells treated either
ith INDO (50 �mol/L) or an equivalent volume of DMSO solvent for
, 3, 6, 24, and 48 hours, and 1 �g/mL actinomycin D as previously
escribed.36,37 Total RNA was isolated as described above and sub-
ected to Northern blot analysis. Best-fit linear curves were determined
sing Statistica (StatSoft, Tulsa, OK). Under these conditions, no
oxicity was apparent.

estern Blot Analysis

Serum free culture media from HepG2 cells treated with COX
nhibitors were collected and protein concentrations determined using
he Bradford assay.38 Protein samples (20 �g) were dissolved in
aemmli sample buffer,39 fractionated by SDS–polyacrylamide gel
lectrophoresis (SDS-PAGE), transferred to nitrocellulose,40 and incu-
ated with the primary anti-apoAI antiserum (1:500) for 16 hours. To
etect primary antibody binding, horseradish peroxidase–linked goat

nti-rabbit IgG was used at a final dilution of 1:10,000 for 1 hour at
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176 HORANI ET AL
oom temperature. Blots were developed using enhanced chemilumi-
escence (ECL) Western blotting reagents as described by the manu-
acturer (Amersham-Biosciences, Arlington Heights, IL). The apoAI
oncentration was determined by densitometry using the personal den-
itometer from Molecular Dynamics (Sunnyvale, CA). Absorbance was
nalyzed after background subtraction. The reproducibility of the
poAI quantitation was established with gels loaded with different
mounts of authentic apoAI.13,14 The correlation coefficient between
he amount of apoAI applied to the gel and the optical density of the
and found on immunoblot was 0.99.

OX 2 mRNA Expression by Reverse-Transcription
olymerase Chain Reaction

COX 2 mRNA expression was examined in HepG2 and Caco-2 cells
y reverse- transcription polymerase chain reaction (RT-PCR). Total
NA was isolated from HepG2 and Caco-2 cells treated with 50
mol/L INDO or an equivalent volume of solvent (DMSO) for 24
ours as previously described.31 One microgram of RNA was reverse-
ranscribed in a reaction mixture containing 10 mmol/L tris-(hydroxy-
ethyl) aminoethane hydrochloride (Tris-Cl) (pH 9.0), 50 mmol/L
Cl, 1.5 mmol/L MgCl2, 250 �mol/L deoxynucleotide triphosphates,
0 pmol each primer, 2.5 U Taq polymerase (Fisher Biotech, Pitts-
urgh, PA), and 200 U M-MLV reverse transcriptase (Promega, Mad-
son, WI), and incubated at 45°C for 60 minutes, 95°C for 2 minutes.
OX 2 mRNA was amplified as follows: 95°C, 1 minute; 55°C, 1
inute, 15 seconds; and 72°C, 5 minutes, for 40 cycles with the

rimers COX-2S, 5�-TCC TGT TGC GGA GAA AGG AG-3� and
OX-2AS, 5�-ATT GGA AAC ATC GAC AGT GT-3�. A 10-�L
liquot of each sample was fractionated by electrophoresis on a 1%
garose gel containing 1 �g/mL ethidium bromide in 1x TBE buffer,
nd photographed. The reverse-transcriptase reaction was performed

Fig 1. Effect of COX inhibition on apoAI promoter activity. HepG2 c

4 hours, treated with various concentrations of INDO or ASA. After

-galactosidase activity. The positions of the acetylated chloram

hloramphenicol (3-Ac-Chl.), as well as the unacetylated chloramphe

osidase activity, was significantly decreased with all treatments. Se
ith the same primers as the PCR. �
easurement of COX Activity

COX activity was measured in Caco-2 and HepG2 cells treated with
0 �mol/L INDO or an equivalent volume of solvent for 24 hours using
commercially available kit (Cox Activity Assay, Cayman Chemical,
nn Arbor, MI). Briefly, cells were scraped from 6-well cluster dishes and

onicated briefly in 0.1 mol/L Tris-Cl (pH 7.8), 1 mmol/L EDTA,
50 mmol/L mannitol, and 0.3 mol/L diethyldithiocarbamic acid. Super-
atant fractions were obtained by centrifugation at 10,000 � g for 15
inutes at 4°C. Aliquots were assayed for COX peroxidase activity

olorimetrically by measuring the accumulation of oxidized N,N,N�,N�-
etramethyl-p-phenylenediamine at 590 nm.41

tatistical Analysis

All results are expressed as mean � SEM. Analysis of variance
ANOVA) followed by the Neuman-Keuls procedure for subgroup
nalysis was performed using the statistical package Statistica for
indows (Statsoft). Significance was defined as a 2-tailed P � .05.

RESULTS

A representative example of the experiments on apoAI pro-
oter activity in HepG2 cells treated with either INDO or ASA

s shown in Fig 1. The cell viability determined with trypan
lue exclusion was confirmed in each experiment to be greater
han 95 %.42 Treatment of HepG2 cells with varying concen-
rations of INDO (0, 50, 100, and 300 �mol/L) resulted in a
ose-dependent decrease in apoAI promoter activity (% acet-
lation corrected for �-galactosidase activity: 46.1 � 2.6,
9.9 � 1.2, 25.2 � 2.9, and 17.2 � 2.8, respectively, P �
001). INDO treatment did not cause significant changes in

ere transfected with pAI.474.CAT and pCMV.SPORT-�-gal, and after

urs of treatment the cells were harvested and assayed for CAT and

col derivatives, 1-acetyl chloramphenicol (1-Ac-Chl.) and 3-acetyl

substrate (Chl.), are indicated. CAT activity, normalized to �-galac-

t for details.
ells w

24 ho

pheni

nicol

e tex
-galactosidase activity. A similar reduction in apoAI promoter
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177COX INHIBITION DOWNREGULATES APO AI PROMOTER ACTIVITY
ctivity was found after treating the cells with 50 �mol/L ASA
31.8% � 1.8%, P � .001), suggesting that the effect of INDO
s related to COX inhibition rather than a peculiar effect of
NDO. These experiments were performed twice independently
ith n � 3 in each experiment.
The results of studies on the effect of arachidonic acid and

elect prostanoids on apoAI promoter activity are summarized
n Table 1. Treatment of cells with either arachidonic acid
COX substrate) or various prostanoids including prostaglandin

2, thromboxane B2, (�)5-HETE, or (�)12-HETE did not
ignificantly alter apoAI promoter activity. However, prosta-
landin E1 and E2 at the highest concentration tested (50
mol/L) significantly repressed apoAI promoter activity (Table
).
Nuclear run-off assays indicated that treatment of cells with

0 �mol/L INDO resulted in a 31.4% reduction in apoA1
ranscription rate (P � .0002) (Fig 2). ApoAI mRNA levels in
ontrol cells and INDO treated cells were 4,307 � 29.7 and
,956 � 52.8 arbitrary units, respectively, while the G3PDH
RNA levels in control cells and INDO-treated cells were

,180 � 31.2 and 6,128 � 15.1, respectively. Background
evels for pBR322 hybridization were negligible (Fig 2). These
xperiments were repeated 3 times in duplicates.

Table 1. Effect of Arachidonic Acid and Various Prostaglandins, HE

Treatment Control

AA 27.1 � 1.1 26
PGI2 39.2 � 0.1 37
PGE1 41.4 � 1.0 37
PGE2 42.0 � 1.5 39
(�)5-HETE 35.6 � 0.7 34
(�)12-HETE 37.5 � 0.5 36
TXB2 40.9 � 0.7 40

NOTE. HepG2 cells were transfected with the apoAI reporter constr
he indicated compounds at 3 different doses. Arachidonic acid (AA)
high). Prosteglendin (PG) I2, PGE1, and PGE2 were added to final co
dded to final concentrations of 100 (low), 200 (middle), and 400 nmo
00 (middle), and 200 nmol/L (high). Thromboxane (TX)B2 was added
fter another 24 hours, CAT and �-galactosidase activity were measu
nly at the highest doses used (50 nmol/L). N � 6.
*P � .002.

Fig 2. Effect of INDO on apoAI transcription rate. Nuclear run-off

ssays were performed using nuclei isolated from HepG2 cells

reated with either 50 �mol/L INDO or an equivalent volume of

olvent (control). The labeled RNA was hybridized to immobilized

robes for G3PDH, apoAI, and the plasmid pBR322. Treatment with
fNDO significantly suppressed apoAI gene transcription rate.
To determine if changes in apoAI promoter activity correlate
ith the changes in apoAI mRNA or protein levels, Northern

nd Western blot analyses were performed. Samples were
repared from cells exposed to 50 �mol/L INDO for 72 hours.

representative Northern blot of apoAI mRNA from HepG2
ells is shown in Fig 3. The apoAI mRNA concentration
elative to G3PDH mRNA was 4,043.0 � 84.6 and 3,064.0 �
9.8 in control and INDO-treated cells respectively (n � 9; P �

0006).
Kinetic studies of apoAI mRNA in HepG2 cells indicated

hat the half-life of apoAI mRNA was not significantly altered
ith 50 �mol/L INDO treatment (Fig 4). ApoAI mRNA half-

ife was 25.3 hours in control cells, while in INDO-treated cells
poAI mRNA half-life was 26.9 hours.

A representative Western blot of apoAI secreted into the
ulture media after 72 hours of treatment with 50 �mol/L
NDO is shown in Fig 5. The apoAI concentration in the media
as significantly reduced in the presence of INDO. The apoAI

ontent of the culture media (in arbitrary units adjusted for
nternal controls) was 6,760.0 � 318.1 versus 4,773.0 � 112.0
n controls and INDO-treated cells, respectively (n�9; P �
004). Gels stained with Coomassie Blue showed that treatment
f HepG2 cells with 50 �mol/L INDO did not result in a
ignificant change in overall profile of proteins secreted by
epG2 cells in the culture media (data not shown).
Finally, to determine if HepG2 cells express INDO-suppress-

ble COX activity, cells were cultured in 50 �mol/L INDO or
n equivalent volume of DMSO for 24 hours. COX activity was
lso measured in Caco-2 intestinal epithelial cells as an internal
ontrol since they have been shown to express COX activity.43

n Caco-2 cells, COX activity decreased 53.9% from 93.0 �
.5 to 42.9 � 0.9 nmol/min/mL (n � 6; P � .00001). COX
ctivity in solvent-treated HepG2 cells decreased 41.2% from
4.1 � 2.3 to 37.7 � 0.5 nmol/min/mL (n � 6; P � .00003).

In order to verify that HepG2 cells express COX 2, COX 2
RNA expression was examined by RT-PCR. Caco-2 cells

xpressed COX 2 mRNA as shown by others43 (Fig 6, lane 2).
epG2 cells also expressed COX 2 mRNA (Fig 6, lane 4). No

ranscript was detected when reverse transcriptase was omitted

, and Thromboxane B2 on apoAI Promoter Activity in HepG2 cells

Middle High

.7 26.0 � 0.1 26.8 � 0.3

.2 37.5 � 1.1 40.8 � 0.8

.7 34.6 � 1.2 29.7 � 1.2*

.3 37.8 � 1.8 29.6 � 1.8*

.0 34.7 � 0.5 36.0 � 0.7

.3 36.7 � 1.1 36.0 � 1.0

.2 39.9 � 0.7 39.9 � 1.2

AI 474.CAT and pCMV.SPORT-�-gal, and after 24 hours, treated with
added to final concentration of 2 (low), 10 (middle), and 50 �mol/L

rations of 2 (low), 10 (middle), and 50 nmol/L (high). (�)5-HETE was
gh), while (�)12-HETE was added to final concentrations of 50 (low),
al concentrations of 250 (low), 750 (middle), and 1,500 pg/mL (high).
GE1 and PGE2 significantly suppressed apoAI promoter activity, but
TE’s

Low

.3 � 0

.8 � 1

.4 � 0

.5 � 1

.7 � 1

.7 � 1

.6 � 1

uct p
was

ncent
l/L (hi
to fin
red. P
rom the reaction (Fig 6, lanes 1 and 3).
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178 HORANI ET AL
DISCUSSION

Although a multitude of prostaglandin-initiated signals arise
t cell surface receptors, some prostaglandins may act directly
t nuclear signaling sites.44 One such notable nuclear site is the
ctivation of PPAR receptors.23 Since apoAI expression is
odulated by PPAR receptors,24,25 we evaluated the effect of

rostaglandin synthesis inhibitors on apoAI expression in a
uman hepatoma cell line known to express apoAI. This cell
ine retains multiple characteristics of primary hepatocytes in-
luding production of albumin and apoAI and has been exten-
ively used as a model system to study apoAI gene expres-
ion.45-48 The results of these experiments show that treating
hese cells with prostaglandin synthesis inhibitors such as

Fig 3. A representative Northern blot of RNA isolated from HepG2

ells treated with 50 �mol/L of INDO for 72 hours (lanes 4-6) or

ontrol culture media (lanes 1-3). The blots were hybridized with the

poAI cDNA. The expressed 0.9-kb apoAI band (A), G3PDH band (B),

nd ethidium bromide stained gel (C) are shown. INDO treatment

epressed apoAI mRNA levels.
NDO and ASA significantly downregulates apoAI promoter r
ctivity. In addition, apoAI mRNA and protein levels were also
ignificantly reduced with INDO treatment. To determine if this
ffect could be attributed to accumulation of arachidonic acid
r to one of the prostanoids, additional experiments were per-
ormed. None of the prostanoids tested could account for the
uppressive effect of INDO on apoAI expression. The adipo-
enic prostanoid, 15-deoxy-delta 12, 14-prostaglandin J2,49

as not tested since it targets PPAR gamma receptor, and we
ave previously found that PPAR gamma activation with tro-
litazone in this model does not alter apoAI promoter activ-
ty.50 Since only limited number of prostanoids were tested
t is still possible that the inhibition of a critical prostanoid with
poAI-inducing activity may have accounted for the changes
bserved with COX activity inhibition. Alternatively, the ef-

Fig 4. Effect of INDO on apoAI mRNA half-life. HepG2 cells were

reated with either DMSO or 50 �mol/L INDO in the presence of

ctinomycin D for up to 48 hours. ApoAI mRNA levels were measured

y Northern blot analysis and percent apoAI mRNA remaining during

he course of treatment determined and plotted as percent remain-

ng. INDO had no effect on apoAI mRNA half-life. ApoAI mRNA

alf-life was 25.3 hours in control cells, while in INDO-treated cells

poAI mRNA half-life was 26.9 hours.

Fig 5. Representative Western blots of protein samples of culture

edia (20 �L) from HepG2 cells treated with 50 �mol/L of INDO for

2 hours (lanes 4-6) or control culture media (lanes 1-3). The blots

ere probed with a rabbit anti-human apoAI antiserum at a 1:1,000

ilution for 2 hours and developed with ECL. The expected single

8-kd apoAI band is apparent. INDO treatment significantly reduced

poAI protein levels in the culture media. The experiments were
epeated twice in triplicate.



f
i
b
C
p
a
w

r
c
p
n
i
a
c
i
s
r
u
t
p
a
a
m
n
a
t
t
f
s
a
t
I
s

d
(
s

i
a
i
a

C
a
l
a
r
o
h
a
t
i
c

w
a
n
t
f
t

a
v
c
f
t
C
s

p
a
c
a
b
e
p
o
l

w
t
a
n
c
C
f
s
e
o
p
d
m
p
p

c

r

p

179COX INHIBITION DOWNREGULATES APO AI PROMOTER ACTIVITY
ects of INDO and inhibition of COX activity may have been
ndependent of prostaglandin synthesis. This speculation is
ased on previously published observations indicating that
OX-induced cell cycle arrest does not require the synthesis of
rostaglandins.51 The latter is an unlikely hypothesis since the
poAI downregulation was also documented after treatment
ith ASA, another known COX inhibitor.
The precise underlying mechanism of INDO-related down-

egulation of apoAI expression is not known. The observed
hanges could be related to COX inhibition or could be inde-
endent of COX inhibition. Although normal hepatocytes do
ot express COX, it is possible that inhibition of COX activity
n nonparenchymal hepatic cells, such as Kupfer cells, would
lter paracrine signaling. Alternatively, the observed effects
ould be independent of COX activity. Indeed several COX-
ndependent effects of INDO have been previously de-
cribed.52,53 In addition, INDO, as well as some other nonste-
oidal anti-inflammaorty drugs, behave as mitochondrial
ncouplers,54,55 and some also alter H�–adensoine triphospho-
ase (ATPase) activity,54 as well as intracellular pH, membrane
otential, and Cl� channels.56 Alterations in intracellular pH
nd in plasma membrane ionic channels have been found to
lter apoA1 expression through specific pH-responsive ele-
ents in apoAI promoter.8 Finally, aspirin is found to inhibit

ulear factor kappaB (NF-�B)57 and inhibit the activity of
ctivated protein-1 (AP-1) by altering intracellular H� concen-
rations58 or by blocking activation of mitogen-activated pro-
ein kinases (MAPKs).59 the apoAI gene contains binding sites
or several transcriptional factors, including an AP-1 binding
ite,60 and previous studies have shown that insulin action on
poAI gene transcription may occur through MAPK activa-
ion.61 Thus, the latter pathways may also be implicated in the
NDO- or aspirin-related downregulation of apoAI gene tran-
cription.

It is noteworthy that aspirin but not INDO has been shown to
ecrease the expression of another lipoprotein, apolipoprotein
a) [apo (a)] in human hepatocytes by suppressing the tran-

62

Fig 6. COX 2 mRNA expression in HepG2 (lanes 3,4) and Caco-2

ells (lanes 1,2) by RT-PCR. No band is present in samples when

everse transcriptase was omitted. The 550-bp COX 2 band is the size

redicted from the primers.
criptional activity. This effect was independent of COX t
nhibition. It is possible that both apoAI and apo (a) genes have
spirin-responsive regions in the promoter. Large clinical stud-
es are needed to address the clinical relevance of the effects of
spirin on apoAI and apo (a) expression.

Previously published studies have failed to demonstrate
OX activity in isolated hepatocytes and the hepatic COX
ctivity has been attributed to the nonparanchymal cells of the
iver.19 Therefore, it was paramount that we demonstrate COX
ctivity and its inhibition with INDO in HepG2 cells. The
esults from both COX activity measurements and the presence
f COX mRNA indicate that HepG2 cells, unlike isolated
epatocytes, express COX mRNA and have COX enzymatic
ctivity. It is likely that when hepatocytes undergo neoplastic
ransformation, COX activity is expressed. Indeed, COX activ-
ty can be induced in a variety of hyperplastic pathological
onditions.51

It is noteworthy that prostaglandin E2 or E1 treatment of cells
as associated with significant reduction in apoAI promoter

ctivity at the highest doses tested (Table 1). Since tumor
ecrosis factor alpha (TNF�) increases prostaglandin E2 syn-
hesis,63,64 it is possible that the reduced expression of apoAI
ollowing treatment with TNF�65-68 may be mediated by pros-
aglandin E2.

The observed effect of COX inhibitors on apoAI promoter
ctivity could not be attributed to nonspecific toxicity since cell
iability, documented by trypan blue exclusion, was un-
hanged. Furthermore, the �-galactosidase activity in the trans-
ected cells was not altered following INDO treatment. Finally,
he examination of the proteins secreted in the culture media by
oomassie blue staining showed no significant alterations as-

ociated with treating the cells with 50 �mol/L INDO.
A potential limitation in these studies is that the range of

rostanoids used was limited. Since it is not practical to screen
ll the available prostanoids, only a handful of representative
ompounds were tested. Thus it is likely that downregulation of
poAI expression with COX inhibition may well be mediated
y a product of COX that has stimulatory effects on apoAI
xpression. The identification of such product may have im-
ortant clinical implications, as it may be the basis for devel-
ping a therapeutic agent to increase high-density lipoprotein
evels in people with hypoalphalipoproteinemia.

These results taken together suggest that COX inhibition
ith INDO or aspirin downregulates apoAI expression at the

ranscriptional level. This effect could not be attributed to either
rachidonic acid excess or to a deficiency in various prosta-
oids tested. Despite our failure of attributing the observed
hanges in apoAI to a specific prostanoid deficiency following
OX inhibition, the present results highlight an important role

or some prostanoids in regulating apoAI gene expression and
uggest potential adverse effects of COX inhibition on apoAI
xpression. However, caution should be exercised when extrap-
lating the results of this study in a transformed cell line to
otential changes in the intact liver. Because of a lack of
efinitive establishment of mechanism, a direct role of COX in
odulating apoAI gene expression remains unproven. The

hysiologic implications of the experiments from the stand-
oint of human apoAI metabolism are not clear at the present

ime.



b
t
H

l
A

m
C

d
N

i
1

a
k

t
b

e
M

a
2

h
f

e
d

f
i
1

a
1

c
2

t
P

u
y
2

l
p

c
t

r
1

t
d

180 HORANI ET AL
REFERENCES
a
1

o

t
c
2

o
t
T

r
m
b

l
m

e
m

D
i

w
M

d
C

a

p
c

r
c

w
t

f
5

s
C

b
c

o
b

b

p
A

t

1. Brewer HB Jr, Santamarina-Fojo S, Hoeg JM: The molecular
iology of the human plasma apolipoiproteinemia, lipoprotein recep-
ors, and lipoprotein lipase, in Steiner G, Shafrir E (eds): Primary
yperlipoproteinemia. New York, NY, McGraw-Hill, 1990, pp 43-74
2. Gordon DJ, Probstfield JL, Garrison RJ, et al: High-density

ipoprotein cholesterol and cardiovascular disease: Four prospective
merican studies. Circulation 79:8-15, 1989
3. Kawahiri M, Maugeais C, Rader D: High-density lipoprotein
etabolism: Molecular targets for new therapies for atherosclerosis.
urr Atheroscler Rep 2:363-372, 2000
4. Schultz JR, Verstuyft JG, Gong EL, et al: Protein composition

etermines the anti-atherogenic properties of HDL in transgenic mice.
ature 365:762-764, 1993
5. Murao K, Wada Y, Nakamura T, et al: Effects of glucose and

nsulin on rat apolipoprotein A-I gene expression. J Biol Chem 273:
8959-18965, 1998
6. Haas MJ, Pun K, Reinacher D, et al: Effects of ketoacidosis on rat

polipoprotein A1 gene expression: A link with acidosis but not with
etones. J Mol Endocrinol 25:129-139, 2000
7. Haas MJ, Reinacher D, Pun K, et al: Induction of the apolipopro-

ein A1 gene by fasting: A relationship with ketosis but not with ketone
odies. Metabolism 49:1572-1578, 2000
8. Haas MJ, Reinacher D, Li JP, et al: Regulation of ApoA1 gene

xpression with acidosis: Requirement for a transcriptional repressor. J
ol Endocrinol 27:43-57, 2001
9. Haas MJ, Sawaf R, Horani MH, et al: Effect of chromium on

polipoprotein A-I expression in HepG2 cells. Nutrition 19:353-357,
003
10. Romney JS, Chan J, Carr FE, et al: Identification of the thyroid

ormone responsive mRNA-S11 as apolipoprotein A1 mRNA and ef-
ects of the hormone on the promoter. Mol Endocrinol 6:943-950, 1992

11. Mooradian AD, Wong NCW, Shah GN: Apolipoprotein A1
xpression in young and aged rats is modulated by dietary carbohy-
rates. Metabolism 46:1132-1136, 1997
12. Taylor AH, Wishart P, Lawless DE, et al: Identification of

unctional positive and negative thyroid hormone-responsive elements
n the rat apolipoprotein A1 promoter. Biochemistry 35:8281-8288,
996
13. Shah GN, Wong NCW, Mooradian AD: Age-related changes in

polipoprotein A1 expression. Biochim Biophys Acta 1259:277-282,
995
14. Taylor AH, Raymond J, Dionne JM, et al: Glucocorticoid in-

reases rat apolipoprotein A-1 promoter activity. J Lipid Res 37:2232-
243, 1996
15. Mooradian AD, Wong NCW, Shah GN: Age-related changes in

he responsiveness of apolipoprotein A1 to thyroid hormone. Am J
hysiol 271:R1602-R1607, 1996
16. Efsen E, Bonacchi A, Pastacaldi S, et al: Agonist-specific reg-

lation of monocyte chemoattractant protein-1 expression by cycloox-
genase metabolites in hepatic stellate cells. Hepatology 33:713-721,
001
17. Mater MK, Pan D, Bergen WG, et al: Arachidonic acid inhibits

ipogenic gene expression in 3T3-L1 adipocytes through a prostanoid
athway. J Lipid Res 39:1327-1334, 1998
18. Riquet FB, Lai WF, Birkhead JR, et al: Suppression of type I

ollagen gene expression by prostaglandins in fibroblasts is mediated at
he transcriptional level. Mol Med 6:705-719, 2000

19. Mater MK, Thelen AP, Jump DB: Arachidonic acid and PGE2
egulation of hepatic lipogenic gene expression. J Lipid Res 40:1045-
052, 1999
20. Dibbs KI, Anteby E, Mallon MA, et al: Transcriptional regula-

ion of human placental corticotropin-releasing factor by prostaglan-

ins and estradiol. Biol Reprod 57:1285-1292, 1997 t
21. Gardner DG, Schultz HD: Prostaglandins regulate the synthesis
nd secretion of the atrial natriuretic peptide. J Clin Invest 86:52-59,
990
22. Willson TM, Brown PJ, Sternbach DD, et al: The PPARS: From

rphan receptors to drug discovery. J Med Chem 43:527-550, 2000
23. Dussault I, Forman BM: Prostaglandins and fatty acids regulate

ranscriptional signaling via the peroxisome proliferator activated re-
eptor nuclear receptors. Prostaglandins Other Lipid Mediat 62:1-13,
000
24. Lefebre AM, Peinado-Onsurke J, Leitersdorf I, et al: Regulation

f lipoprotein metabolism by thiazolidinediones occurs through a dis-
inct but complementary mechanism relative to fibrates. Arterioscler
hromb Vasc Biol 17:1756-1764, 1997
25. Vu-Dac N, Chopin-Delannoy S, Gervois P, et al: The nuclear

eceptors peroxisome proliferator-activated receptor � and Rev-erb �

ediate the species-specific regulation of apolipoprotein A1 expression
y fibrates. J Biol Chem 273:25713-25720, 1998
26. Wasner HK, Weber S, Partke HJ, et al: INDO treatment causes

oss of insulin action in rats: Involvement of prostaglandins in the
echanism of insulin action. Acta Diabetol 31:175-182, 1994
27. Christensen JR, Hammond BJ, Smith GD: Indomethacin inhibits

ndocytosis and degradation of insulin. Biochem Biophys Res Com-
un 173:127-133, 1990
28. Sastry KN, Seedorf U, Karathanasis SK: Different cis-acting

NA elements control expression of the human apolipoprotein A1 gene
n different cell types. Mol Cell Biol 8:605-614, 1988

29. Gorman CM, Moffat LF, Howard BH: Recombinant genomes
hich express chloramphenicol acetyltransferase in mammalian cells.
ol Cell Biol 2:1044-1051, 1982
30. Herbomel P, Bourachot B, Yaniv M: Two distinct enhancer with

ifferent cell specificities coexist in the regulatory region of polyoma.
ell 39:653-662, 1984
31. Goodman HM, McDonald RJ: Cloning of hormone genes from
mixture of cDNA molecules. Methods Enzymol 68:75-90, 1979
32. Clewell DB, Helsinki DR: Supercoil circular DNA-protein com-

lex in Escherichia coli: Purificationand induced conversion to an open
ircular DNA form. Proc Natl Acad Sci USA 63:1159-1166, 1969

33. Feinberg AP, Vogelstein B: A technique for radiolabeling DNA
estriction endonuclease fragments to high specific activity. Anal Bio-
hem 132:6-13, 1983

34. Lehrach H, Diamond D, Wozney JM, et al: RNA molecular
eight determinations by gel electrophoresis under denaturing condi-

ions: A critical reexamination. Biochemistry 16:4743-4751, 1977
35. Thomas PS: Hybridization of denatured RNA and small RNA

ragments transferred to nitrocellulose. Proc Natl Acad Sci USA 77:
201-5205, 1980
36. Sariban E, Luebbers R, Kufe D: Transcriptional and posttran-

criptional control of c-fos gene expression in human monocytes. Mol
ell Biol 8:340-346, 1988
37. Cosgrove DE, Cox GS: Enhancement by theophylline of the

utyrate-mediated induction of choriogonadotropin a-subunit in HeLa
ells. Arch Biochem Biophys 280:95-102, 1990

38. Bradford MM: A rapid and sensitive method for the quantitation
f microgram quantities of protein utilizing the principle of protein-dye
inding. Anal Biochem 72:248-254, 1976
39. Laemmli UK: Cleavage of structural proteins during the assem-

ly of the head of bacteriophage T4. Nature 227:680-685, 1970
40. Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of

roteins from polyacrylamide gels to nitrocellulose sheets. Proc Natl
cad Sci USA 76:4350-4354, 1979
41. Kulmacz RJ, Lands WEM: Requirements for hydroperoxide by

he cyclooxygenase and peroxidase activities of prostaglandin H syn-

hase. Prostaglandins 25:531-540, 1983



P
Y

s
f
1

A

c
a

o
2

s
6

m

1
P

A
2

c
g

r
r
o
1

p
M

u
m
a

r
B

n
m

a
S

p
2

o
l

t
p

a

p
o

fi
f
2

u
n
p
p

I
i

d
A

s
H

p
B

181COX INHIBITION DOWNREGULATES APO AI PROMOTER ACTIVITY
42. Phillips HJ: Dye exclusion tests for cell viability, in Kruse PF,
atterson MK (eds): Tissue Culture: Methods and Applications. New
ork, NY, Academic Press, 1973, pp 406-408
43. Kutchera W, Jones DA, Matsunami N, et al: Protaglandin H

ynthase 2 is expressed abnormally in human colon cancer: Evidence
or a transcriptional effect. Proc Natl Acad Sci USA 93:4816-4820,
996
44. Smith WL: Prostanoid biosynthesis and mechanism of action.

m J Physiol 263:F181-191, 1992
45. Knowles BB, Howe CC, Aden DP: Human hepatocellular car-

inoma cell lines secrete the major plasma proteins and hepatic surface
ntigen. Science 209:497-499, 1980

46. Zannis VI, Breslow JL, SanGiacomo TR, et al: Characterization
f the apolipoproteins secreted by human hepatoma cell lines. Biochem
0:7089-7096, 1981
47. Rash JM, Tothblat GH, Sparks CE: Lipoprotein apolipoprotein

ynthesis by human hepatoma cells in culture. Biochim Biophys Acta
66:294-298, 1981
48. Wang SR, Pessah M, Infante J, et al: Lipid and lipoprotein
etabolism in HepG2 cells. Biochim Biophys Acta 961:351-363, 1988
49. Forman BM, Tontonoz P, Chen J, et al: 15-Deoxy-delta 12,

4-prostaglandin J2 is ligand for the adipocyte determination factor
PAR gamma. Cell 83:803-812, 1995
50. Mooradian AD, Haas MJ, Wong NCW, et al: Apolipoprotein

-I expression in rats is not altered by troglitazone. Exp Biol Med
27:1001-1005, 2002
51. Trifan OC, Smith RM, Thompson BD, et al: Overexpression of

yclooxygenase-2 induces cell cycle arrest. Evidence for a prosta-
landin-independent mechanism. J Biol Chem 274:34141-34147, 1999
52. Planaguma A, Titos E, Lopez-Parra M, et al: Aspirin (ASA)

egulates 5-lipoxygenase activity and peroxisome proliferator-activated
eceptor alpha-mediated CINC-1 release in rat liver cells: Novel actions
f lipoxin A4 (LXA4) and ASA-triggered 15-epi-LXA4. FASEB J
6:1937-1939, 2002
53. Corssmit EP, Romijin JA, Endert E, et al: Modulation of glucose

roduction by indomethacin and pentoxifylline in healthy humans.
etabolism 45:1458-1465, 1996
54. Moreno-Sanchez R, Bravo C, Vasquez C, et al: Inhibition and

ncoupling of oxidative phosphorylation by non-steroidal anti-inflam-
atory drugs: Study in mitochondria, submitochondrial particles, cells,

nd whole heart. Biochem Pharmacol 57:743-752, 1999
55. Petrescu I, Tarba C: Uncoupling effects of diclofenac and aspi-
in in the perfused liver and isolated hepatic mitochondria of rat.
iochim Biophys Acta 1318:385-394, 1997
56. Kilic G, Fitz JG: Heterotrimeric G-proteins activate Cl� chan-

els through stimulation of a cyclooxygenase-dependent pathway in a
odel liver cell line. J Biol Chem 277:11721-11727, 2002
57. Grilli M, Pizzi M, Memo M, et al: Neuroprotection by aspirin

nd sodium salicylate through blockade of NF-kappaB activation.
cience 274:1383-1385, 1996
58. Dong Z, Huang C, Brown RE, et al: Inhibition of activator

rotein 1 activity and neoplastic transformation by aspirin. J Biol Chem
72:9962-9970, 1997
59. Huang C, Ma WY, Hanenberger D, et al: Inhibition of ultravi-

let B-induced activator protein-1 (AP-1) activity by aspirin in AP-1-
uciferase transgenic mice. J Biol Chem 272:26325-26331, 1997

60. Widom RL, Ladias JAA, Kouidou S, et al: Synergistic interac-
ions between transcription factors control expression of the apoli-
oprotein AI gene in liver cells. Mol Cell Biol 11:677-687, 1991
61. Lam JK, Matsubara S, Mihara K, et al: Insulin induction of

polipoprotein A: Role of SP1. Biochemistry 42:2680-2690, 2003
62. Kagawa A, Azuma H, Akaike M, et al: Aspirin reduces apoli-

oprotein (a) (apo(a)) production in human hepatocytes by suppression
f apo (a) gene transcription. J Biol Chem 274:34111-34115, 1999
63. Diaz A, Munoz E, Johnston R, et al: Regulation of human lung

broblasts alpha 1 (I) procollagen gene expression by tumor necrosis
actor alpha, interleukin-1 beta, and prostaglandin E2. J Biol Chem
68:10364-10371, 1993
64. Rapuano BE, Bockman RS: Tumor necrosis factor-alpha stim-

lates phosphatidyl-inositol breakdown by phospholipase C to coordi-
ately increase the levels of diacylglycerol, free arachidoic acid and
rostaglandins in an osteoblast (MC3T3-E1) cell line. Biochem Bio-
hys Acta 1091:374-384, 1991
65. Hardardottir I, Moser AH, Memon R, et al: Effects of TNF,

L-1, and the combination of both cytokines on cholesterol metabolism
n Syrian hamsters. Lymphokine Cytokine Res 13:161-166, 1994

66. Ettinger WH, Varma VK, Sorci-Thomas M, et al: Cytokines
ecrease apolipoprotein accumulation in medium from HepG2 cells.
rterioscler Thromb 14:8-13, 1994
67. Song H, Saito K, Fugigaki S, et al: IL-1 beta and TNF-alpha

uppress apolipoprotein (apo) E secretion and apoA-I expression in
epG2 cells. Cytokine 10:275-280, 1998
68. Haas MJ, Horani M, Mreyoud A, et al: Suppression of apoli-

oprotein AI gene expression in HepG2 cells by TNF� and IL-1�.
iochim Biophys Acta 1623:120-128, 2003


	Cyclooxygenase Inhibition Is Associated With Downregulation of Apolipoprotein AI Promoter Activity in Cultured Hepatoma Cell Line HepG2
	MATERIALS AND METHODS
	Materials
	Cell Culture
	Plasmids and Transient Transfection
	Nuclear Run-Off Transcription Assays
	Northern Blot Analysis
	Measurements of apoAI mRNA Turnover
	Western Blot Analysis
	COX 2 mRNA Expression by Reverse-Transcription Polymerase Chain Reaction
	Measurement of COX Activity
	Statistical Analysis

	RESULTS
	DISCUSSION
	REFERENCES


