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Ascorbic acid and a-tocopherol down-regulate apolipoprotein A-I gene

expression in HepG2 and Caco-2 cell linesB
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Abstract

HepG2 cells and Caco-2 cells were treated with various concentrations of select antioxidants to study some of the molecular pathways

underlying antioxidant-related changes in apolipoprotein A-I (apoA-I) expression. Both a-tocopherol and ascorbate treatment over a time

course of 72 hours caused a significant reduction in apoA-I messenger RNA and protein levels in a dose-dependent fashion. Albumin levels

did not change with any treatment, suggesting that the effect is protein-specific. Similar changes were seen in Caco-2 cells. In contrast,

apoA-I messenger RNA and protein levels significantly increased after 28 and 280 lmol/L dimethyl sulfoxide (DMSO) treatment. Cells were

transfected with chloramphenicol acetyltransferase (CAT) reporter gene plasmid containing the full-length apoA-I promoter to determine if

these changes occur at a transcriptional level, and after 24 hours, the HepG2 or Caco-2 cells were treated with varying concentrations of

ascorbate or a-tocopherol. At the highest concentration of ascorbate and a-tocopherol used (5 mmol/L), there was a significant reduction in

apoA-I promoter activity. DMSO treatment up-regulated apoA-I promoter activity, whereas increasing oxidative load with 50, 100, and

200 lmol/L hydrogen peroxide treatment did not significantly alter apoA-I promoter activity. Studies with deletional constructs of the

promoter containing or lacking the antioxidant response element (ARE) indicated that the effect of ascorbate and a-tocopherol, unlike that of
DMSO, was independent of this ARE. Using a series of apoA-I deletion constructs, it was shown that site A–containing segment of the

promoter has a critical regulatory element. However, electromobility shift assays indicated that there was no significant change in nuclear

factor binding activity to site A as a result of treatment with ascorbate or a-tocopherol. As expected, treatment with DMSO increased factor

binding to the previously described ARE. It is concluded that the apoA-I promoter-stimulating effect of DMSO may be independent of its

antioxidant activity and that some antioxidants at very high concentrations may have suppressive effect on the apoA-I gene expression. It

appears that the inhibitory effect of ascorbate or a-tocopherol on the apoA-I promoter is either indirect or is the result of posttranslational

modifications of the nuclear binding factors. The previously described ARE is not a response element for the ascorbate or a-tocopherol.
D 2006 Elsevier Inc. All rights reserved.
1. Introduction

Several epidemiological studies have shown that con-

sumption of food rich in antioxidants may protect against

atherosclerosis [1-3]. However, interventional trials using
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various antioxidant supplements have failed to show consis-

tent benefits [1-3]. Even more disconcerting is that treatment

with probucol, a potent antioxidant, was associated with a

reduction in high-density lipoprotein (HDL) and its principle

protein constituent, namely, apolipoprotein A-I (apoA-I) [4].

More recently, studies have shown that antioxidant supple-

mentation was associated with blunting of HDL2 cholesterol

increase after treatment with a combination of simvastatin

and niacin [5,6]. However, in these studies, antioxidant

therapy alone did not significantly alter the plasma concen-

trations of HDL cholesterol or apoA-I [7].

Previously published studies have identified a positive

regulatory element within the apoA-I promoter that is

responsive to antioxidants [8]. Thus, apoA-I expression in

HepG2 cells (a human hepatoma cell line) was found to

increase in response to treatment with a potent antioxidant,
xperimental 55 (2006) 159–167
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dimethyl sulfoxide (DMSO) [8]. This change was attributed

to increased transcriptional activity of the apoA-I promoter

where a putative antioxidant response element (ARE) was

identified [8]. However, gramoxone, a compound capable of

generating reactive oxygen species, was also shown to

increase apoA-I promoter activity through interaction with

the ARE [9]. Therefore, the effect of antioxidants and

prooxidants on apoA-I expression is complex and may be

related to peculiarities of the individual compounds used. It

is not known whether other commonly used antioxidants are

capable of positively modulating apoA-I gene expression in

a fashion similar to DMSO. Given the conceptual impor-

tance of the problem and the potential clinical implications,

we elected to study the effect of select antioxidants on

apoA-I gene expression in cultured HepG2 cells. Because

intestinal tissue is a significant source of apoA-I production

[10], some additional confirmatory experiments were

carried out in the human intestinal cell line, Caco-2.
2. Materials and methods

2.1. Materials

Acetyl-coenzyme A was purchased from Sigma (St.

Louis, MO). Lipofectamine was purchased from Life

Technologies (Gaithersburg, MD) and 14C-chloramphenicol

was from New England Nuclear (Boston, MA). Tissue

culture media and fetal calf serum were purchased from

BioWhittaker (Walkersville, MD). All other chemicals were

of reagent grade and were purchased from either Sigma or

Fisher Scientific (Pittsburg, PA).

2.2. Cell culture

HepG2 cells were maintained in Dulbecco modified

Eagle medium supplemented with 10% fetal bovine serum

and penicillin and streptomycin (100 U/mL and 100 lg/mL,

respectively). Caco-2 cells were maintained in Earl modified

essential medium supplemented with 15% fetal bovine

serum, nonessential amino acids, 0.11 mg/mL sodium

pyruvate, and penicillin and streptomycin. Cells were

housed in a humidified incubator at 378C with 5% CO2

and 95% air. Cell viability after treatment with various

agents was measured by trypan blue exclusion [11]. HepG2

cells are a transformed human hepatoma cell line that retains

many of the functions of normal hepatocytes such as

synthesis of albumin, lipoproteins, and other liver-specific

proteins [12-15]. Caco-2 cells are a transformed human

colonic carcinoma cell line that retains many of the

functions of normal enterocytes, notably their ability to

synthesize and secrete apoA-I.

2.3. ApoA-I Northern blot analysis

RNA was isolated as described by Chomczynski and

Sacchi [16]. Recombinant plasmid pBR322 containing the

rat apoA-I complementary DNA (cDNA) (NE-477) was

kindly provided by Dr JI Gordon of Washington University
(St. Louis, MO). Amplification and preparation of plasmid

DNA were accomplished using established procedures

[17,18]. The cleaved insert was separated from the vector

DNA and labeled using random primers and (a-32P) dCTP
[19]. The isolated RNA was fractionated by electrophoresis

in a 1.5% agarose gel containing 2.2 mol/L formaldehyde

[20], transferred to the nylon membrane by diffusion

blotting, and finally hybridized with the apoA-I cDNA

insert [21]. The membrane was exposed to x-ray film for

autoradiography. The blots were stripped and reprobed with

a glyceraldehyde-3-phosphate dehydrogenase (G3PDH)

cDNA to determine the specificity of changes in apoA-I

messenger RNA (mRNA). ApoA-I mRNA levels (arbitrary

integrator units [AIU]) were normalized to G3PDH mRNA

levels as follows. The G3PDH signal densities were adjusted

by dividing each value by an internal control included in

each gel. Subsequently, the apoA-I mRNA signal densities

were divided by their corresponding G3PDH mRNAvalues.

2.4. Western blot analysis

Conditioned media samples (25 lg protein) were

fractionated by electrophoresis in a denaturing sodium

dodecyl sulfate 10% polyacrylamide gel under reducing

conditions [22]. Proteins in the gels were electrophoretically

transferred to nitrocellulose membrane [23]. The membrane

was incubated with either a human apoA-I antiserum

(purchased from Calbiochem, San Diego, CA) at a final

dilution of 1:1000 for 2 hours at room temperature or an

anti-albumin antiserum (1:2500). Horseradish peroxidase–

linked goat antirabbit immunoglobulin G was used at a final

dilution of 1:10000 for 1 hour at room temperature. Blots

were developed using enhanced chemiluminescence West-

ern blotting reagents as described by the manufacturer

(Amersham-Pharmacia Biotech, Arlington Heights, IL). The

apoA-I concentration was determined by densitometry using

the personal densitometer from Molecular Dynamics (Sun-

nyvale, CA). The absorbance of bands was analyzed after

background subtraction. The reproducibility of the apoA-I

quantitation was established with gels loaded with different

amounts of authentic apoA-I [24,25].

2.5. Plasmids and transient transfection analysis

The reporter plasmid pAI.474.CAT, containing the

apoA-I gene promoter [26], was transfected into HepG2

or Caco-2 cells using Lipofectamine as described by the

manufacturer to determine if the apoA-I promoter responds

to select antioxidants or prooxidants. This reporter plasmid

contains the cis elements critical for the regulation of

apoA-I gene expression [26-28]. Cells cultured to 80%

confluence were transfected with 1 lg of the apoA-I

reporter plasmid DNA and 1 lg of the plasmid

pCMV.SPORT-b-gal (Life Technologies). The latter plas-

mid, containing the b-galactosidase (b-gal) gene driven by

the cytomegalovirus promoter, was used to normalize

chloramphenicol acetyltransferase (CAT) gene activity to

transfection efficiency. After 24 hours, the cells were treated



Table 1

Effect of antioxidant dose on apoA-I protein and mRNA levels

Treatment ApoA-I protein (AIU) Fold change P ApoA-I mRNA (AIU) Fold change P

DMSO (lmol/L)

0 488.3 F 7.8 – – 634.0 F 22.1 – –

2.8 489.7 F 7.5 1.00 NS 644.3 F 7.9 1.02 NS

28 740.0 F 8.7 1.52a .0003 731.0 F 17.9 1.15a .03

280 1156 F 50.9 2.37a .0002 1051 F 28.6 1.66a .0003

a-Tocopherol (lmol/L)

0 471.7 F 13.3 – – 676.0 F 12.7 – –

10 444.0 F 10.7 0.94 NS 671.7 F 6.4 0.99 NS

100 393.3 F 3.52 0.83b .005 596.7 F 6.9 0.88b .005

1000 316.3 F 5.9 0.67b .0004 493.0 F 8.7 0.73b .0002

Ascorbate (lmol/L)

0 426.7 F 13.5 – – 443.0 F 10.4 – –

15 371.0 F 6.7 0.87c .02 388.3 F 7.2 0.88c .01

150 266.0 F 7.6 0.62c .0005 243.3 F 10.1 0.55c .00001

1500 193.0 F 7.5 0.45c .0001 190.3 F 9.2 0.43c .0000

HepG2 cells treated with increasing doses of a-tocopherol (0, 10, 100, and 1000 lmol/L), ascorbic acid (0, 15, 150, and 1,500 lmol/L), or DMSO (0, 2.8, 28,

and 280 lmol/L). Culture media and total RNA were collected and prepared after 24 hours (n = 3 for each determination). NS indicates not significant.
a Significant relative to control cells in DMSO experiment.
b Significant relative to control cells in a-tocopherol experiment.
c Significant relative to control cells in ascorbic acid experiment.
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with either a-tocopherol (50, 500, and 5000 lmol/L) or

ascorbic acid (100, 500, and 5000 lmol/L) dissolved in

culture medium or with DMSO (0, 2.8, 28, and 280 lmol/L)

or hydrogen peroxide (H2O2, 0, 50, 100, and 200 lmol/L)

and, after another 24 hours, harvested and assayed for CAT

[29] and b-gal [30] activity. The H2O2 was used to study the

effect of increased oxidative load on apoA-I expression.

HepG2 cells were transfected with the plasmids pAI.474-

CAT, pAI.425CAT, pAI.375CAT, pAI.325CAT, pAI.186-

CAT, pAI.170CAT, pAI.144CAT, and pAI.46CAT to

determine if the effect of antioxidants is dependent on the

previously described ARE within the promoter and, after

24 hours, treated with DMSO (0.28 mmol/L), a-tocopherol
(1000 lmol/L), or ascorbic acid (1500 lmol/L). After

24 hours, CAT activity was measured. These constructs

contain the apoA-I promoter region �474, �425, �375,

�325, �186, �170, and �46 base pairs (from transcription

start site), respectively. In addition, pAI.144CAT construct

contains the ARE (�136), whereas the pAI.46CAT does not

have the ARE sequences.

2.6. Nuclear extract preparation and gel shift analysis

HepG2 cells in 175-cm2 flasks were either left untreated

or were treated with DMSO (280 lmol/L), ascorbic acid

(1500 lmol/L), or a-tocopherol (1000 lmol/L) for 24 hours

in duplicate. The cells were washed 3 times in phosphate-

buffered saline and suspended in 10 mL of nuclear wash

buffer (10 mmol/L N-2-hydroxyethyl-piperazine-N-2-etha-

nesulfonic acid [HEPES; pH 8.0], 15% sucrose, 1 mmol/L

EDTA, 0.5% Triton X-100, 1 mmol/L dithiothreitol [DTT],

5 mmol/L MgCl2, and 1 mmol/L phenylmethylsulfonyl

fluoride [PMSF]), and incubated on ice for 10 minutes. The

mixture was underlaid with nuclear wash buffer containing

30% sucrose, but no Triton X-100, and centrifuged at 3000g

for 30 minutes at 58C. The pellet was suspended in 1 mL of
extraction buffer containing 10 mmol/L HEPES (pH 8.0),

500 mmol/L NaCl, 10 mmol/L MgCl2, 0.1 mmol/L EDTA,

1 mmol/L DTT, 1 mmol/L PMSF, and 5 mmol/L spermidine

and placed on ice for 1 hour. The supernatant fraction was

obtained by centrifugation at 10000g for 10 minutes and

was dialyzed extensively against 20 mmol/L HEPES (pH

7.9), 100 mmol/L KCl, 0.2 mmol/L EDTA, 0.5 mmol/L

DTT, 0.5 mmol/L PMSF, and 20% glycerol. Protein

concentration was determined using the Bradford [31] assay

with bovine serum albumin as the standard. Protein-DNA

binding was assessed using the electrophoretic mobility shift

assay. The electrophoretic mobility shift assays contained

20 lg of nuclear protein extract and 15000 cpm of a 32P-

labeled oligonucleotide probe containing site A from the

apoA-I gene (sense, 5V-GGT GAA CCC TTG ATC CCA

G-3V; antisense, 5V-AGA GCT GGG ATC AAG GGT T-3V)
and the apoA-I bAREQ (sense, 5V-CAG CCC CAG GGA

CAG A-3V; antisense, 5V-CAG CTC TGT CCC TGG G). The

probes 5V overhangs were filled in with [a-32P]-dCTP using

the Klenow fragment of DNA polymerase I and separated

from the unincorporated nucleotides by chromatography

on a Sephadex G50 spin column (Roche Applied Science,

Indianapolis, IN). The protein extract was incubated with

the probe in a solution containing 12% glycerol, 12 mmol/L

HEPES (pH 7.9), 60 mmol/L KCl, 5 mmol/L MgCl2,

4 mmol/L Tris-Cl (pH 7.9), 0.6 mmol/L EDTA, 0.6 mmol/L

DTT, and 2 lg of poly(dI-dC) d poly(dI-dC), and placed on

ice for 30 minutes. The mixture was loaded onto a 5%

polyacrylamide gel and fractionated by electrophoresis in

0.25� TBE (1� TBE is 45 mmol/L Tris base, 32.3 mmol/L

boric acid, and 1.25 mmol/L EDTA, pH 8.3) at 200 V for

60 minutes at 48C. The gel was dried and exposed to film

for autoradiography.

Binding specificity was assessed by adding increasing

amounts (0.4, 4.0, and 40 ng) of the unlabeled site A, the



Table 2

The time course of the effect of antioxidants on apoA-I protein and mRNA levels

Treatment ApoA-I protein (AIU) Fold change P ApoA-I mRNA (AIU) Fold change P

DMSO (h)

0 588.0 F 13.1 – – 441.3 F 8.6 – –

24 668.0 F 8.9 1.14a .007 649.3 F 14.4 1.47a .0002

48 1310 F 57.4 2.23a .0003 954.0 F 33.2 2.16a .0001

72 1763 F 29.6 3.00a .0000 1288 F 11.7 2.84a .00001

a-Tocopherol (h)
0 435.3 F 18.0 – – 592.7 F 9.7 – –

24 418.7 F 7.1 0.96 NS 594.0 F 14.7 1.00 NS

48 403.3 F 4.4 0.93 NS 554.7 F 6.9 0.94b .03

72 361.0 F 9.5 0.83b .02 476.3 F 6.6 0.80b .0006

Ascorbate (h)

0 443.7 F 11.5 – – 530.0 F 17.8 – –

24 404.3 F 3.5 0.91c .03 450.3 F 6.5 0.85c .01

48 362.3 F 8.2 0.82c .004 324.0 F 13.0 0.61c .0007

72 248.0 F 12.5 0.56c .0003 219.7 F 9.6 0.41c .0001

HepG2 cells were exposed to DMSO (28 lmol/L), ascorbic acid (150 lmol/L), a-tocopherol (100 lmol/L), or no agent (control). Culture media and total RNA

were collected and prepared at 0, 24, 48, and 72 hours (n = 3 for each determination).
a Significant relative to control cells in DMSO experiment.
b Significant relative to control cells in a-tocopherol experiment.
c Significant relative to control cells in ascorbic acid experiment.
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apoA-I ARE, or the apoA-I insulin responsive core

sequence (5V-AGT TGA GGG GAC TTT CCC AGG C-3V)
oligonucleotides to 20 lg of nuclear protein extract from

control HepG2 cells before addition of the 32P-labeled site A

or ARE probes. Gel electrophoresis and autoradiography

were carried out as described above.

2.7. Statistical analysis

All results are expressed as mean F SEM. Statistical

analysis was carried out by Student t test for independent

variables. Significance was defined as a 2-tailed P b .05.

The number for each treatment was 3 to 6. The mean result

from various experiments was calculated after normalizing

the results from each experiment against an internal control,

that is, cells treated with vehicle.
Table 3

The effect of antioxidants on apoA-I promoter activity

Treatment CAT activity (HepG2) CAT activity (Caco-2)
3. Results

3.1. Effects of antioxidants on apoA-I mRNA and

protein levels

The dose-dependent changes in apoA-I mRNA of HepG2

cells and apoA-I protein in culture media after treatment of
Fig. 1. Effect of antioxidants on albumin levels. HepG2 cells were treated

with DMSO (28 lmol/L), ascorbic acid (Asc., 150 lmol/L), or

a-tocopherol (a-Toc., 100 lmol/L) for 24 hours. The 68-kd albumin band

is indicated (arrow). None of the antioxidants affected albumin accumu-

lation in the media relative to control (C) cells.
cells with various doses of DMSO, a-tocopherol, and

ascorbate are summarized in Table 1. ApoA-I mRNA and

protein levels were increased after DMSO treatment,

whereas a-tocopherol and ascorbate treatment reduced these

levels in a dose-dependent fashion. Significant changes

were observed at a-tocopherol concentration as low as

100 lmol/L and ascorbate concentration of 15 lmol/L.

The time course of changes in apoA-I mRNA of

HepG2 cells and apoA-I protein in culture media after

treatment of cells with antioxidants are summarized in

Table 2. Over time, apoA-I mRNA and protein levels were

increased after DMSO treatment, whereas a-tocopherol
and ascorbate treatment reduced these levels. Significant

changes were evident as early as 24 hours and reached

maximal change at 72 hours of incubation. The concen-

trations of the test substances in Table 2 were chosen

based on dose-response curves. The chosen concentrations

were high enough to see a statistically significant change,
Control 98.9 F 5.3 97.9 F 6.2

Ascorbate (lmol/L)

100 102.7 F 2.3 ND

500 86.5 F 2.3 ND

5000 29.3 F 13.4T 59.8 F 7.6T
a-Tocopherol (lmol/L)

50 97.6 F 2.6 ND

500 53.7 F 7.9T ND

5000 60.4 F 10.1T 46.6 F 4.0T

HepG2 cells transfected with the apoA-I reporter gene were treated with the

indicated concentrations of ascorbic acid and a-tocopherol for 24 hours.

CAT activity (mean F SEM) is expressed as percentage of an internal

control and is normalized to b-gal activity. ND indicates no data at that

concentration (n = 6).

T P V .001 compared with controls.



Table 4

Effect of DMSO, a-tocopherol, and ascorbic acid on the apoA-I ARE

Plasmid/treatment CAT activity

(% acetylation)

Fold change P

144CAT/control 8.7 F 1.1 – –

144CAT/DMSO 22.7 F 0.5 2.6 a .0003

144CAT/a-tocopherol 8.2 F 0.8 0.94 .72

144CAT/ascorbate 7.7 F 0.5 0.89 .46

46CAT/control 8.3 F 0.6 – –

46CAT/DMSO 8.1 F 0.5 0.98 .84

46CAT/a-tocopherol 8.3 F 0.7 1.00 .94

46CAT/ascorbate 8.1 F 0.5 0.98 .81

HepG2 cells were transfected with the plasmids pAI.144CAT (144CAT)

and pAI.46CAT (46CAT), and after 24 hours, treated with DMSO (280

lmol/L), a-tocopherol (1000 lmol/L), or ascorbic acid (1500 lmol/L).

After 24 hours, CAT activity was measured. DMSO induced CAT activity,

whereas a-tocopherol and ascorbic acid had no effect on CAT activity from

the 144CAT construct containing the ARE (�136). Removing the ARE

(46CAT) inhibited the positive effect of DMSO (n = 6).
a Significant relative to 144CAT control samples.
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but lower than the highest doses tested to avoid toxicity-

related problems.

In Caco2 cells, apoA-I protein levels increased signifi-

cantly in cells treated with 280 lmol/L DMSO for 24 hours

(7555.0 F 199.5 vs 5848 F 85.0 arbitrary units in control

cells; P b .016). In contrast, treating Caco-2 cells with either

1500 lmol/L a-tocopherol (5011 F 40.5; P b .012) or

1000 lmol/L ascorbic acid (4891 F 40.5; P b .01)

significantly decreased apoA-I protein secretion.

Cell viability was monitored throughout these experi-

ments and found to be greater than 95% in each treatment

group. Treatment of cells with ascorbic acid, a-tocopherol,
or DMSO was not associated with any significant changes

in albumin concentrations in the culture media (5141 F
210, 5211 F 160, 5516 F 138, and 5464 F 144 AIU for

control, DMSO, a-tocopherol, and ascorbate treatment,

respectively) (Fig. 1).
Fig. 2. HepG2 cells were transfected with the indicated plasmids as well as w

(0.28 mmol/L), a-tocopherol (1000 lmol/L), or ascorbic acid (1500 lmol/L). After

to b-gal activity. The percentage of decrease in CAT activity from control cells to

regulatory element in the �325 to �186 segment that contains site A of the prom

identified critical regulatory sites within the apoA-I promoter.
3.2. Effects of antioxidants on apoA-I promoter activity

Treating cells with varying concentrations of a-tocoph-
erol or ascorbate was associated with a significant reduction

in apoA-I promoter activity at the highest concentrations

used (Table 3). Similar results were seen in the human

intestinal cell line Caco-2 cells treated with these antiox-

idants (Table 3).

As expected, DMSO treatment up-regulated apoA-I

promoter activity (CAT activity expressed as percentage of

acetylation and normalized to b-gal activity was 33.0% F
1.41%, 36.5% F 2.2%, 43.0% F 2.0%, and 49.5% F 3.5%

in the presence of 0, 2.8, 28, and 280 lmol/L DMSO,

respectively; P b .01). However, treating HepG2 cells with

varying concentrations of an oxidant, H2O2, did not

significantly alter apoA-I promoter activity. The CAT activity

(as percentage of chloramphenicol acetylated) measured in

transfected HepG2 cells in the presence of 0, 50, 100, and

200 lmol/L of H2O2 was 19.8% F 1.1%, 18.8% F 2.3%,

19.8% F 1.9%, and 18.9% F 2.3%, respectively. These

differences were not statistically significant.

3.3. Effect of antioxidants on the apoA-I ARE

The effects of select antioxidants on the activity of

apoA-I promoter deletional constructs are summarized in

Table 4. In cells transfected with the pAI.144CAT construct

containing the ARE (�136), DMSO induced CAT activity

by 2.6-fold, whereas a-tocopherol and ascorbic acid had no

effect on CAT activity. Deleting the ARE (pAI.46CAT

construct) abolished the positive effect of DMSO on apoA-I

promoter activity (Table 4).

The a-tocopherol– and ascorbic acid–related suppression

of apoA-I promoter was observed in plasmids containing the

full length of the promoter as well as with deletion

constructs pAI.425CAT, pAI.375CAT, and pAI.325CAT
ith plasmid pCMV.SPORT-b-gal, and after 24 hours, treated with DMSO

24 hours, CAT activity was measured. CAT (% acetylation) was normalized

cells treated with a-tocopherol or ascorbic acid is shown. There is a critical

oter (n = 6 for each determination). A, B, C, and D indicate the previously
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(Fig. 2). However, there was no inhibitory effect observed

with apoA-I deletion constructs pAI.186CAT, pAI.170CAT,

pAI.144CAT, and pAI.46CAT, indicating that the region be-

tween�325 and�186 contains a critical regulatory element.

3.4. Effect of antioxidants on site A and ARE binding

Nuclear factor binding activity with site A and the ARE

was examined in HepG2 cells exposed to DMSO, ascorbic

acid, or a-tocopherol for 24 hours (Fig. 3). There was no

change in site A oligonucleotide binding in cells treated with

DMSO, ascorbate, or a-tocopherol. However, treatment with

DMSO increased factor binding to the ARE oligonucleotide

relative to control cells. No change in ARE binding was

observed in cells treated with ascorbate or a-tocopherol.
Fig. 3. Effect of antioxidants on site A and ARE binding. Nuclear factor

binding activity with site A (A) and the apoA-I ARE (B) was examined in

HepG2 cells exposed to DMSO (lanes 4 and 5), ascorbic acid (Asc., lanes 6

and 7), or a-tocopherol (a-Toc., lanes 8 and 9) for 24 hours. Control cells

(C) received no treatment (lanes 2 and 3). No change in site A

oligonucleotide binding was observed in C cells compared with cells

treated with DMSO, Asc., or a-Toc. However, treatment with DMSO

increased factor binding to the ARE oligonucleotide relative to C cells. No

change in ARE binding was observed in cells treated with Asc. or a-Toc.

Fig. 4. Specificity of site A and ARE binding. Protein-DNA binding

activity with site A (A) and apoA-I ARE probes (B) was examined in

control HepG2 cells (C). Panel A, Competition with 0.1, 1, and 10 ng of

unlabeled site A oligonucleotide competitor (lanes 2-4, respectively); 0.1, 1,

and 10 ng of unlabeled apoA-I ARE (lanes 5-7); and 0.1, 1, and 10 ng of

unlabeled IRCE (lanes 8-10). B, Competition with 0.1, 1, and 10 ng of

unlabeled apoA-I ARE oligonucleotide competitor (lanes 2-4, respectively);

0.1, 1, and 10 ng of unlabeled site A (lanes 5-7); and 0.1, 1, and 10 ng of

unlabeled IRCE (lanes 8-10). Only the site A competitor was able to

compete for site A binding activity in panel A, whereas only the ARE

competitor was able to compete for ARE binding activity in panel B.
Binding to site A and the ARE was specific because

addition of only the site A–containing competitor oligonu-

cleotide, but not the ARE, displaced binding to the site A

probe. Binding to the ARE probe was displaced by the cold

ARE oligonucleotide, but not the site A oligonucleotide,

whereas the insulin-responsive core element did not dis-

place binding to either probe (Fig. 4).
4. Discussion

The results from these studies clearly show that some

commonly used antioxidants suppress apoA-I gene expres-

sion in HepG2 cells and Caco-2 cells. ApoA-I mRNA and

protein levels decreased in HepG2 cells treated with either

ascorbic acid or a-tocopherol (Tables 1 and 2). The effect of

incubating cells with 100 lmol/L a-tocopherol for only
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24 hours was marginal and not demonstrable in every

experiment. Overall, the time course of changes in apoA-I

mRNA of HepG2 cells and apoA-I protein in culture media

after treatment of cells with antioxidants supports the notion

that the effects seen are mostly pretranslational. The

relatively slow maximal suppression of apoA-I mRNA

and protein levels is consistent with previously determined

slow turnover of apoA-I mRNA in this cell culture system

[32]. As an internal positive control, HepG2 cells were also

treated with DMSO, an antioxidant previously shown to up-

regulate apoA-I gene expression [8]. As expected, apoA-I

mRNA levels and apoA-I protein levels increased signifi-

cantly after treatment with DMSO (Tables 1 and 2). Because

previously a positive regulatory element in apoA-I promoter

had been identified as an ARE [8], additional studies of the

effect of antioxidants and an oxidant on apoA-I promoter

activity was carried out. Treating cells with a-tocopherol or
ascorbate was associated with a significant reduction in

apoA-I promoter activity (Table 3). Similar results were

seen in the human intestinal cell line Caco-2 cells treated

with these antioxidants. Because intestinal production of

apoA-I accounts for up to 55.7% of the plasma apoA-I [10],

these observations suggest that the antioxidant-related

changes in apoA-I promoter activity in both hepatic and

intestinal tissues may have some effects on plasma apoA-I

levels in vivo.

The dose required for showing a down-regulatory effect

of a-tocopherol or ascorbate on the promoter activity was

higher than the effective concentrations used to down-

regulate the apoA-I mRNA and protein levels. It is pos-

sible that the dose-response characteristics of the endo-

genous apoA-I gene may differ from the transfected

apoA-I constructs.

As expected from previously published studies [8],

DMSO treatment up-regulated apoA-I promoter activity.

However, treating HepG2 cells with varying concentrations

of an oxidant (H2O2 at 0, 50, 100, and 200 lmol/L) did not

significantly alter apoA-I promoter activity. These observa-

tions suggest that the apoA-I promoter-stimulating effect of

DMSO may be independent of its antioxidant activity and

that antioxidants do not uniformly modulate the ARE

function. It is possible that there are hitherto unidentified

negative AREs within the promoter region of the apoA-I

gene. Alternatively, it is also possible that the suppressive

effect of some antioxidants on apoA-I gene expression is

indirect through intermediary cellular signaling pathways.

Using a series of apoA-I deletion constructs, it was shown

that site A–containing region between nucleotides �325 to

�186 has a critical regulatory element that responds to

a-tocopherol or ascorbate (Fig. 2). However, there was no

significant change in nuclear factor binding activity to site A

as a result of treatment with these antioxidants (Fig. 3).

Thus, it appears that the inhibitory effect of a-tocopherol
and ascorbate is either indirect or is the result of

posttranslational modifications of the nuclear binding

factors or occurs at a region distal to site A. As expected,
treatment with DMSO increased factor binding to the

previously described ARE oligonucleotide. The gel shift

results also suggest that the mechanism of DMSO-related

factor binding to the ARE is very different than the effect of

ascorbate or a-tocopherol.
The effect of antioxidants on apoA-I promoter activity

could not be attributed to nonspecific toxicity because cell

viability was documented by trypan blue exclusion.

Furthermore, b-gal activity in the transfected cells was not

altered with antioxidant treatment. Finally, albumin content

in the culture media showed no significant alterations

associated with treating the cells with various antioxidants.

A potential limitation of the study is that the oxidative

state of the cells was not documented. The doses of

ascorbate and a-tocopherol used are high compared with

physiological plasma levels (the reference range for plasma

ascorbate is 0-114 lmol/L, and the reference range for

serum a-tocopherol is 12-46 lmol/L) [33]. The precise

physiological concentrations of these micronutrients within

the appropriate target compartments are not known.

However, it is noteworthy that significant reductions in

apoA-I mRNA and protein levels were observed in HepG2

cells treated with as little as 15 lmol/L of ascorbate and

100 lmol/L of a-tocopherol. Nevertheless, despite the

value of cell culture models such as those used here, there

may well be fundamental changes in metabolism that differ

from normal liver or intestinal cells. The effect of

antioxidants in vivo has been demonstrated in human

experiments. Treatment of human subjects with probucol,

a potent antioxidant, was associated with a reduction in

HDL and its principal protein constituent, namely, apoA-I

[4]. On the other hand, antioxidant deficiency, notably

deficiency of ascorbic acid, may be associated with low

apoA-I mRNA [34]. In HepG2 cells, treatment with DMSO,

an antioxidant, or gramoxone, a prooxidant, induces apoA-I

promoter activity [8,9]. The effect of antioxidants on apoA-

I expression may be dependent on peculiarities of each

compound, and the effects may be biphasic, such that there

is an optimal concentration required for apoA-I promoter

activity, and concentrations that are below or above this

optimal range would down-regulate apoA-I expression.

Another limitation in this study is that rat apoA-I

promoter was used to study the effect of antioxidants in

human cells. However, the region of the rat promoter that

we used is 83% homologous to human promoter, and we

have previously found that the responses of this promoter to

various signals, with the exception of few cases, are similar

to the responses of human promoter. The differences in dose

response for apoA-I mRNA/protein and promoter (CAT)

activity may be because of subtle differences between rat

and human promoter elements. Alternatively, the differences

may be because of different chromatin effects in antioxi-

dant-treated cells with our transfected reporter gene com-

pared with the endogenous apoA-I gene. This latter

explanation is more likely because our data suggest that

changes in site A binding are not observed in cells treated



A.D. Mooradian et al. / Metabolism Clinical and Experimental 55 (2006) 159–167166
with a-tocopherol or ascorbic acid, but that coactivators/

corepressors may be involved. Coactivators and corepres-

sors modulate gene expression in large part by remodeling

chromatin. Coactivator/corepressor recruitment to the arti-

ficial CAT reporter gene may not be as efficient as

recruitment to the endogenous apoA-I gene. Nevertheless,

caution should be exercised in interpreting these results. In

general, the use of deletion constructs of the apoA-I

promoter points to a putative site, but is not a definitive

evidence of the effects on native apoA-I mRNA.

The differences between the effect of DMSO and the

other antioxidants tested on apoA-I expression are not

readily explained. It is noteworthy that DMSO, although an

antioxidant, also has multiple other biological properties.

DMSO is known to be a modulator of gene expression

[35,36] and a modulator of cell cycle [37,38]. In addition,

DMSO selectively alters several components of protein

kinase A pathways, but not protein kinase C pathways [39].

Thus, it is possible that some of the effects of DMSO,

ascorbate, and a-tocopherol are independent of their

antioxidant activity.

Despite the uncertainties related to the precise effects

of antioxidants on apoA-I gene expression, the finding

that commonly used antioxidants may decrease apoA-I

gene transcription raises some concerns. Whether similar

changes occur in vivo remains to be shown. However,

these observations do not support the use of pharma-

cological doses of antioxidants to enhance cardioprotec-

tive lipoproteins.
Acknowledgment

The study was partially supported by the Harold Braun

Memorial Fund.

The authors thank Ms Jian Ping Li and Mr Tarlok

Panesar for their excellent technical assistance.
References

[1] Mooradian AD, Failla M, Hoogwerf B, Isaac R, Maryniuk M, Wylie-

Rosett J. Selected vitamins and minerals in diabetes. Diabetes Care

1994;17:465-79.

[2] Hasanain B, Mooradian AD. Antioxidants and their influence in

diabetes. Curr Diabetes Rep 2002;2:448 -56.

[3] Hasnain BI, Mooradian AD. Clinical implications of recent trials of

antioxidant therapy: what should we be telling our patients? Cleve

Clin J Med 2004;71:327-34.

[4] Johansson J, Olsson AG, Bergstrand L, Elinder LS, Nilsson S,

Erikson U, et al. Lowering of HDL2b by probucol partly explains

the failure of the drug to affect femoral atherosclerosis in subjects

with hypercholesterolemia: a Probucol Quantitative Regression

Swedish Trial (PQRST) report. Arterioscler Thromb Vasc Biol 1999;

15:1049-56.

[5] Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung MC, Morse JS,

et al. Simvastatin and niacin, antioxidant vitamins, or the combina-

tion for the prevention of coronary disease. N Engl J Med 2001;

345:1583-92.

[6] Cheung MC, Zhao X-Q, Chait A, Albers JJ, Brown G. Antioxidant

supplements block the response of HDL to simvastatin-niacin therapy
in patients with coronary artery disease and low HDL. Arterioscler

Thromb Vasc Biol 2001;21:1320-6.

[7] Asztalos BF, Batista M, Horvath KV, CoxCE, Dallal GE,Morse JS, et al.

Change in alpha1 HDL concentration predicts progression in coronary

artery stenosis. Arterioscler Thromb Vasc Biol 2003;23:847-52.

[8] Tam SP, Zhang X, Cuthbert C, Wang Z, Ellis T. Effects of

dimethylsulfoxide on apolipoprotein A-I in the human hepatoma cell

line HepG2. J Lipid Res 1997;38:2090-102.

[9] Cuthbert C, Wang Z, Zhang X, Tam SP. Regulation of human

apolipoprotein A-I gene expression by gramoxone. J Biol Chem 1997;

272:14954 -60.

[10] Wu AL, Windmueller HG. Relative contributions by liver and

intestine to individual plasma apolipoproteins in the rat. J Biol Chem

1979;254:7316-22.

[11] Phillips HJ. Dye exclusion tests for cell viability. In: Kruse PF,

Patterson MK, editors. Tissue culture: methods and applications. New

York7 Academic Press; 1973. p. 406 -8.

[12] Knowles BB, Howe CC, Aden DP. Human hepatocellular carcinoma

cell lines secrete the major plasma proteins and hepatic surface

antigen. Science 1980;209:497 -9.

[13] Zannis VI, Breslow JL, SanGiacomo TR, Aden DP, Knowles BB.

Characterization of the major apolipoproteins secreted by human

hepatoma cell lines. Biochemistry 1981;20:7089-96.

[14] Rash JM, Tothblat GH, Sparks CE. Lipoprotein apolipoprotein

synthesis by human hepatoma cells in culture. Biochem Biophys

Acta 1981;666:294 -8.

[15] Wang SR, Pessah M, Infante J, Catala D, Salvat C, Infante R. Lipid

and lipoprotein metabolism in HepG2 cells. Biochem Biophys Acta

1988;961:351-63.

[16] Chomczynski P, Sacchi N. Single step method of RNA isolation by

acid guanidinium thiocyanate–phenol-chloroform extraction. Anal

Biochem 1987;132:6 -13.

[17] Goodman HM, McDonald RJ. Cloning of hormone genes from a

mixture of cDNA molecules. Methods Enzymol 1979;68:75 -90.

[18] Clewell DB, Helsinki DR. Supercoil circular DNA-protein complex in

Escherichia coli: purification and induced conversion to an open

circular DNA form. Proc Natl Acad Sci U S A 1969;63:1159-66.

[19] Feinberg AP, Vogelstein B. A technique for radiolabeling DNA

restriction endonuclease fragments to high specific activity. Anal

Biochem 1983;132:6 -13.

[20] Lehrach H, Diamond D, Wozney JM, Boedtker H. RNA molecular

weight determinations by gel electrophoresis under denaturing

conditions: a critical reexamination. Biochemistry 1977;16:4743-51.

[21] Thomas PS. Hybridization of denatured RNA and small RNA

fragments transferred to nitrocellulose. Proc Natl Acad Sci U S A

1980;77:5201-5.

[22] Laemmli UK. Cleavage of structural proteins during the assembly of

the head of bacteriophage T4. Nature 1970;227:680-5.

[23] Towbin H, Staehelin T, Gordon J. Electrophoretic transfer of proteins

from polyacrylamide gels to nitrocellulose sheets. Proc Natl Acad Sci

U S A 1979;76:4350-4.

[24] Shah GN, Wong NCW, Mooradian AD. Age-related changes in apo-

lipoprotein A1 expression. Biochim Biophys Acta 1995;1259:277-82.

[25] Taylor AH, Raymond J, Dionne JM, Romney J, Chan J, Lawless DE,

et al. Glucocorticoid increases rat apolipoprotein A-1 promoter

activity. J Lipid Res 1996;37:2232-43.

[26] Romney JS, Chan J, Carr FE, Mooradian AD, Wong NCW.

Identification of the thyroid hormone-responsive messenger RNA

spot 11 as apolipoprotein-A1 messenger RNA and effects of the

hormone on the promoter. Mol Endocrinol 1992;6:943-50.

[27] Murao K, Wada Y, Nakamura T, Taylor AH, Mooradian AD, Wong

NCW. Effects of glucose and insulin on rat apolipoprotein A-I gene

expression. J Biol Chem 1998;273:18959-65.

[28] Taylor AH, Wishart P, Lawless DE, Raymond J, Wong NCW.

Identification of functional positive and negative thyroid hormone-

responsive elements in the rat apolipoprotein A-1 promoter. Bio-

chemistry 1996;35:8281-8.



A.D. Mooradian et al. / Metabolism Clinical and Experimental 55 (2006) 159–167 167
[29] Gorman CM, Moffat LF, Howard BH. Recombinant genomes which

express chloramphenicol acetyltransferase in mammalian cells. Mol

Cell Biol 1982;2:1044-51.

[30] Herbomel P, Bourachot B, Yaniv M. Two distinct enhancers with

different cell specificities coexist in the regulatory region of polyoma.

Cell 1984;39:653-62.

[31] Bradford MM. A rapid and sensitive method for the quantitation of

microgram quantities of protein using the principle of protein-dye

binding. Anal Biochem 1976;72:248-54.

[32] Haas MJ, Wong NCW, Mooradian AD. Effect of glucosamine on

apolipoprotein AI mRNA stabilization and expression in HepG2 cells.

Metabolism 2004;53:766-71.

[33] Dufour DR. Reference values in endocrinology. In: Becker KL, editor.

Principles and practice of endocrinology and metabolism, 2nd ed.

Philadelphia7 J.B. Lippincott; 1995. p. 11957-2033.

[34] Kimura H, Yamada Y, Morita Y, Ikeda H, Matsuo T. Dietary ascorbic

acid depresses plasma and low density lipoprotein lipid peroxidation

in genetically scorbutic rats. J Nutr 1996;122:1904 -99.
[35] Ikeda S, Horio F, Kakinuma A. Ascorbic acid deficiency changes

hepatic gene expression of acute phase proteins in scurvy-prone ODS

rats. J Nutr 1998;128:832-8.

[36] Tinel M, Berson A, Elkahwaji J, Cresteil T, Beaune P, Pessayre D.

Downregulation of cytochromes P450 in growth-stimulated rat

hepatocytes: role of c-Myc induction and impaired C/EBP binding

to DNA. J Hepatol 2003;39:171-8.

[37] Burger C, Wick M, Muller R. Lineage-specific regulation of cell cycle

gene expression in differentiating myeloid cells. J Cell Sci 1994;

107:2047-54.

[38] Ponzio G, Loubat A, Rochet N, Turchi L, Rezzonico R, Farahi Far D,

et al. Early G1 growth arrest of hybridoma B cells by DMSO involves

cyclin D2 inhibition and p21[CIP1] induction. Oncogene 1998;17:

1159-66.

[39] Dhulipala VC, Hanumegowda UM, Balasubramanian G, Reddy CS.

Relevance of the palatal protein kinase A pathway to the pathogenesis

of cleft palate by secalonic acid D in mice. Toxicol Appl Pharmacol

2004;194:270 -9.


	Ascorbic acid and alpha-tocopherol down-regulate apolipoprotein A-I gene expression in HepG2 and Caco-2 cell lines
	Introduction
	Materials and methods
	Materials
	Cell culture
	ApoA-I Northern blot analysis
	Western blot analysis
	Plasmids and transient transfection analysis
	Nuclear extract preparation and gel shift analysis
	Statistical analysis

	Results
	Effects of antioxidants on apoA-I mRNA and protein levels
	Effects of antioxidants on apoA-I promoter activity
	Effect of antioxidants on the apoA-I ARE
	Effect of antioxidants on site A and ARE binding

	Discussion
	Acknowledgment
	References


