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Abstract

Background Cardiomyopathy is common to areas with

low selenium (Se) intake and in patients receiving total

parenteral nutrition. Although controversial, a few studies

have suggested a protective role for Se in coronary heart

disease on the basis of modulation of high-density lipo-

proteins (HDL).

Aims of the study In this study, the role of Se as a positive

regulator of expression of a key HDL, apolipoprotein A-I

(apoA-I), has been evaluated in human hepatoblastoma

(HepG2) cell culture model. We further examined if the

transcription of apoA-I, driven by the nuclear hormone

receptor, peroxisome-proliferator activated receptor,

PPARa, was trans-repressed by the presence of the oxi-

dative stress-responsive transcription factor, NF-jB.

Methods Modulation of expression of apoA-I and acti-

vation of nuclear NF-jB subunit p65 and PPARa by Se

status were evaluated by Western blot and luciferase-based

assays. Interaction of p65 with PPARa was evaluated by

immunoprecipitation.

Results HepG2 cultured in media with Se (100 nM)

demonstrated an increase in the expression of apoA-I when

compared to Se-deficient cells. A similar trend was also

seen in mice that were supplemented with 0.4 ppm of Se as

sodium selenite. Treatment of Se-supplemented cells with

bacterial lipopolysaccharide (LPS) showed induction of

apoA-I. Supplementation of hepatocytes with Se decreased

the nuclear levels of p65, which prevented its interaction

with PPARa to modulate apoA-I transcription.

Conclusion Our results suggest that supplementation of

hepatocytes with Se mitigates oxidative stress-dependent

repression of apoA-I expression by suppressing the NF-jB

pathway, which allows PPARa to effectively drive the

expression of apoA-I.

Keywords NF-jB � Selenium � HDL-cholesterol �
Hepatocytes � Trans-repression

Introduction

Selenium (Se)-deficiency is common in patients receiving

total parenteral nutrition as well as in those living in areas

of exceptionally low Se intake [24]. In addition, many

epidemiological studies in Europe have reported a positive

correlation between Se levels and HDL-cholesterol

(HDL-C) levels [1]. A study in Italian adolescents posi-

tively correlated HDL-C in both sexes to serum Se levels

[18]. Several studies have, since, indicated the beneficial

role of Se in reducing the pro-inflammatory responses that

mediate atherosclerotic events [14, 16]. In a small human

study, Se-supplementation led to a significant increase in

HDL-C levels; while other antioxidants (vitamin E and

vitamin C) brought about an opposite effect [3]. Most

importantly, an inverse correlation of plasma Se levels with

higher atherogenic and lower HDL-C has been demon-

strated [10]. Fex et al. [8] demonstrated a statistically

significant (p \ 0.025) decrease in plasma apolipoprotein
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A-I (apoA-I) in those subjects that had a\10% decrease in

plasma Se levels.

Apolipoprotein A-I represents 70% of HDLs’ total

protein component and provides structure to the HDL

particle [2]. Apolipoprotein A-I also acts as an activator

of lecithin-cholesterol acyltransferase (LCAT), which

mediates the esterification of cholesterol during reverse

cholesterol transport (RCT) [21]. Therefore, apoA-I con-

centrations can be directly correlated to HDL cholesterol

levels [2, 15]. In one study, apoA-I overexpressing trans-

genic mice fed a high-fat, high-cholesterol diet were either

fully or mostly protected from developing atherosclerotic

lesions [15]. In a second study, rabbits maintained on a

high cholesterol diet were found to have induced carotid

lesions significantly reduced by infusion with recombinant

apoA-I [4]. Furthermore, in a human study, subjects

intravenously infused with proapoA-I liposome complexes

demonstrated increased fecal cholesterol excretion com-

pared to control subjects [7].

Morishima et al. [12] have shown that peroxisome

proliferator-activated receptor (PPAR)a is critical for the

transcription of apoA-I. However, in the event of cellular

oxidative stress, the transcriptional repression of apoA-I

occurs via the interaction of PPARa with nuclear factor-jB

(NF-jB) subunit p65 [5]. Recently, our laboratory has

shown that supplementation of macrophages with Se sig-

nificantly decreased the activation of NF-jB and some of

its prototypical downstream pro-inflammatory gene prod-

ucts [22]. Upon activation by cellular stress pathways [9],

NF-jB modulates gene expression by direct binding to jB-

response elements or via interaction with other transcrip-

tion factors and nuclear proteins, as seen in the case of

apoA-I. The ability of Se to alleviate apoA-I expression by

transcriptional derepression during conditions of cellular

stress has not been examined. In this study, we demonstrate

a positive effect of Se on the hepatocellular expression of

apoA-I.

Materials and methods

Cell culture

Human hepatoblastoma cell line (HepG2) was obtained

from the American Type Culture Collection (ATCC,

Manassas, VA) and were cultured at 37�C in a humidified

5% CO2 in Eagle’s minimum essential medium containing

5% defined FBS and penicillin (100 U/ml)-streptomycin

(100 lg/ml). Se-deficient HepG2 cells were cultured

under these conditions, with the only source of Se derived

from defined FBS (Hyclone) determined to be 7 nM using

atomic absorption spectrometry. Se-supplemented HepG2

cells were cultured under the same conditions as the Se

deficient cells except that the former cell culture media

contained Se (as sodium selenite) at indicated final con-

centrations. Se-deficient and Se-supplemented cells were

seeded onto tissue culture plates at *106 cells per 100-

mm dish. The cells were cultured in the respective media

for 1 week with media changes every alternate day.

Selenium deficiency was confirmed by enzymatic activity

assay of cytosolic Se-dependent glutathione peroxidase

(GPX1), a marker of cellular Se status, as described

earlier from our laboratory [25] as well as Western blot

analysis using GPX1 antibodies (Abcam, Cambridge,

MA).

Mouse experiments

Three-week-old C57/BL6 mice were fed Se-deficient

(0.01 ppm) or Se-supplemented (0.4 ppm) diets for

12 weeks as described [13]. Diets were purchased from

Harlan Teklad (Madison, WI). GPX1 expression in hem-

olysates confirmed their Se status (data not shown). The

mice (n = 4 in each group) were sacrificed and liver

homogenates prepared. The homogenates were analyzed

for the expression of apoA-I and GAPDH by Western blot

analysis. All experiments were approved by the Institu-

tional Animal Use and Care Committee.

Plasmids

The apoA-I wildtype and short form luciferase reporter

plasmids were provided by Dr. Noriaki Mitsuda, Ehime

University, Japan. Briefly, the ‘‘wild-type’’ human apoA-I

promoter fragment from -330 to ?69 relative to the

transcription start site was cloned in-frame into the lucif-

erase open reading frame of pGL2 reporter plasmid

(Promega) [12]. The wild-type promoter was truncated at

-142 to prepare the PPRE deletion mutant, denoted as

‘‘short-form’’ promoter (-142 to ?69).

Transfections and stable cell lines

The transfection mixture contained 0.6 lg of WT or short-

form luciferase reporter plasmid along with 0.2 lg of pSV-

bGal added to 700 lL of Eagle’s Medium to which 56 ll

of lipofectamine-2000 was added as per the instructions of

the supplier (Invitrogen). In the case of transient transfec-

tions, the cells were stimulated with LPS 24 h post

transfection. In the case of stable transfections, cells were

selected for neomycin resistance (from a pCMV3XFLAG

mammalian expression vector used at 1:1 with the lucif-

erase reporter; Sigma) using G418 (500 lg/mL, Mediatech)

for *2 weeks. Resistant colonies were used as stable

transfectants.
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Preparation of nuclear extracts from HepG2 cells and

Western blotting

Nuclear fraction from HepG2 cells were isolated as

described previously from our laboratory [23]. The nuclear

extracts were devoid of any cytoplasmic contamination as

seen by the absence of GAPDH (data not shown). Total cell

lysates or nuclear extracts were subjected to SDS-PAGE

and transferred onto a polyvinylidene difluoride (PVDF)

membrane. The membrane was probed with specific

primary antibody for 12 h: anti-apoA-I (Rockland Immu-

nochemicals), anti-GPX1 (Abcam), anti-GAPDH (Fitz-

gerald Industries), anti-RNA polymerase II (RNAP-II;

Santa Cruz Biotechnology), anti-p65 (Santa Cruz), or

anti-PPARa (Affinity Bioreagents) appropriate secondary

antibody (Donkey anti-goat, Goat anti-mouse, or Goat anti-

rabbit) linked to horseradish peroxidase were used and

immunoreactive bands were visualized using enhanced

chemiluminescence (ECL) assay (Pierce). Autoradiographs

were quantified by using National Institute of Health’s

Image J software program.

Immunoprecipitation experiments

The following procedure was performed to assess the

nuclear translocation of NF-jB (p65), and interactions of

the p65 subunit and PPARa. 50 lg of nuclear extracts were

mixed with 10 lg of p65 polyclonal antibody conjugated to

agarose (Santa Cruz Biotechnology) and incubated over-

night at 4�C. Similarly, a monoclonal antibody for PPARa
(Affinity Bioreagents) was used in immunoprecipitation

experiments and the complex was pulled down using

Protein-A/G agarose (Santa Cruz). The immunoprecipitates

were washed with ice cold PBS three-times and the agarose

pellet was reconstituted in 10 lL of 19 SDS-loading buffer

and the samples were analyzed by Western blots for the

presence of p65 or PPARa.

Statistical analysis

Results shown represent mean ± SD. Statistical analysis

was performed by ANOVA by the Student–Neumann–

Keuls test using GraphPad InStat software Program (San

Diego, CA, USA).

Results

Differential cellular Se-status of HepG2 cells

Cellular GPX activity was used as a marker to confirm the

Se status of HepG2 cells that were cultured in the absence

or presence of exogenously added Se (0.025–0.5 lM).

HepG2 cells were cultured at indicated concentrations of

Se for 1 week before GPX activity was determined. A

saturation in GPX activity was seen around 100 nM Se

(Fig. 1a), which is in agreement with that reported earlier

[11, 17, 19]. Analysis of GPX1 expression in these cells by

Western blot showed significantly reduced levels of GPX1

in Se-deficient cells; while saturation in GPX1 protein was

seen around 100 nM Se (Fig. 1b). Therefore, hepatocytes

supplemented with 100 nM Se were used in all experi-

ments. Changes in cellular Se status did not impact the

viability of cells or their proliferation (data not shown).

Expression of apoA-I as a function of cellular Se-status

To test if cellular Se status had an effect on the expression

of apoA-I, we performed Western blot analysis. Figure 2a

shows that apoA-I expression in Se-supplemented HepG2

cells was higher than in those cultured in the absence of Se

before stimulation with LPS. Furthermore, Se-deficient or

Se-supplemented HepG2 cells were stimulated with LPS

(10 lg/ml) for various time periods from 0 to 12 h and the

Fig. 1 Enzymatic activity and expression of GPX1 in HepG2 cells as

a function of exogenous addition of Se. Se-deficient HepG2 cells were

treated with indicated concentrations of Se (in the form of sodium

selenite) for 7 days. Such cells were used for enzymatic activity

assays (a, n = 3) and Western blot analysis of GPX1 expression

(b, representative of n = 3 shown). Densitometric values normalized

to GAPDH are presented below each panel
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expression of apoA-I was monitored in cells that were

subjected to stress. In contrast to the Se-deficient cells that

did not show significant increase in apoA-I expression

upon LPS stimulation (0–12 h), the Se-supplemented cells

showed a slight decrease in the expression of apoA-I upon

treatment with LPS within the first 2 h from the baseline at

t = 0. However, with increased time of exposure to LPS,

the expression of apoA-I showed a time-dependent increase

with a peak around 8 h post LPS treatment. At 8 h post

LPS treatment, a statistically significant increase of twofold

(p \ 0.05) was seen, when compared with the untreated

cells supplemented with Se (Fig. 2a). At 12 h post LPS

stimulation, the apoA-I levels dropped back to baseline.

These studies indicate that hepatic expression of apoA-I is

modulated by cellular oxidative stress and that supple-

mentation with Se increases apoA-I despite inflicting stress

with LPS. Interestingly, Western blot analysis of liver

homogenates in mice maintained on a 0.4 ppm Se-sup-

plemented diet also showed a threefold increase in apoA-I

levels compared to those on a Se-deficient diet (Fig. 2b).

Nuclear translocation of p65 and PPARa as a function

of cellular Se status

To further understand the mechanism of de-repression of

apoA-I expression in response to increased Se treatment,

we examined the nuclear translocation of NF-jB and

PPARa. Western blot results indicate significantly higher

levels of p65 in the nuclei of cells cultured in Se-deficient

media compared to the cells cultured in the presence of Se

even in the absence of LPS treatment (Fig. 3). Further-

more, treatment of hepatocytes with LPS significantly

increased the translocation of p65 into the nucleus in

Se-deficient cells compared to Se-supplemented cells. On

other hand, HepG2 cultured in the presence of Se showed

an increase in p65 at 2, 4, and 6 h of LPS stimulation;

however, the nuclear levels of p65 was significantly low

compared to the Se-deficient counterparts (Fig. 3). Immu-

noprecipitation followed by Western blot analysis of the

nuclear extracts indicated that PPARa levels in the nuclei

of Se-deficient cells were higher than the Se-supplemented

cells at t = 0. However, with LPS stimulation, there was a

decrease in Se-deficient cells; while in Se-supplemented

cells, a gradual increase at 6 and 12 h was seen (Fig. 3).

Effect of Se on the nuclear interaction between PPARa
and p65

To assess if an interaction of p65–PPARa existed in these

cells, we performed immunoprecipitation experiments with

the nuclear extracts using monoclonal PPARa antibodies.

Figure 4 confirms the interaction of PPARa with p65 in Se-
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Fig. 2 Effect of Se-supplementation on apoA-I expression. a HepG2

cells were cultured in either Se-deficient or Se-supplemented media

were stimulated with LPS for indicated time periods. ApoA-I and

GAPDH expression was examined using Western blots. Western blot

data shown is representative of three experiments. The mean (±SD)

of the densitometric values of three experiments are shown. Letter and

asterisk indicate comparison (p \ 0.05) between Se-deficient and

Se-supplemented cells at respective time points, and comparison

(p \ 0.05) with unstimulated Se-supplemented cells (t = 0), respec-

tively. b Expression of apoA-I in the liver of Se-deficient and

Se-supplemented mice. Intensity of the apoA-I band in each sample

was normalized to that of GAPDH. Results shown are mean ± SD

(n = 4 in each group), *p \ 0.005
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deficient cells; whereas in the Se-supplemented cells, we

failed to see any significant interaction between the two.

Furthermore, with an increase in p65 in LPS-treated Se-

deficient cells at 2 h, there was a considerable increase in

the interaction between p65 and PPARa.

Interaction of PPARa and p65 on the transcriptional

activation of apoA-I

To further address the effect of interaction of PPARa and

p65 on the transcription of apoA-I, Se-supplemented or

Se-deficient HepG2 cells were transfected with either the

wildtype apoA-I gene promoter or the short-form version,

where the PPARa binding site (DPPRE) was deleted. Such

cells were stimulated with LPS for 12 h. Luciferase assay

results indicate that Se-supplementation increased the

luciferase activity after 12 h of LPS stimulation in those

cells transfected with the apoA-I wildtype form of the

promoter (Fig. 5). However, the short form version of

apoA-I promoter did not respond to LPS stimulation even

in the presence of Se (Fig. 5). Furthermore, using the

apoA-I reporter stable transfectants, the results indicate that

LPS-stimulated cells cultured in Se-supplemented media

had luciferase activities greater than that of the LPS-

stimulated Se-deficient cells (Fig. 6). A steady decrease in

reporter activity was observed with increasing time of

exposure to LPS in Se-deficient (0–4 h) cells; while there

was an increase in the Se-supplemented counterparts

within the first 2 h of stimulation (Fig. 6), which are in

agreement with those reported in Fig. 2.

Fig. 3 Effect of cellular Se

status on the LPS-dependent

nuclear translocation of p65 and

PPARa. Nuclei from HepG2

cells cultured in Se-

supplemented or deficient media

and stimulated with LPS

(10 lg/ml) for 0–12 h were

used. Western blotting and

immunoprecipitation were

performed to examine the

nuclear translocation of p65,

PPARa, respectively. The blot

probed with p65 was again

reprobed with anti-RNA

polymerase II (RNAP-II) to

ensure near equal loading and

transfer. Representative of

n = 3 shown. Letter and

asterisk indicate comparison

(p \ 0.05) between Se-deficient

and Se-supplemented cells at

respective time points, and

comparison (p \ 0.05) with

unstimulated cells, respectively
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Fig. 4 Effect of cellular Se status on the interaction of PPARa and

p65. Nuclear extracts of cells in Fig. 3 were subjected to immuno-

precipitation with anti-PPARa and then immunoblotted with anti-p65.

The blot was stripped and reprobed with anti-PPARa to normalize for

PPARa levels. Representative of n = 3 shown
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Discussion

While a negative correlation between the prevalence of

coronary heart disease to lowered apoA-I levels is known

[15], several studies have suggested a similar trend with

Se-deficiency and increased risk of cardiovascular diseases

[20]. Interestingly, one of the hall marks of Se-deficiency is

cardiomyopathy [24]. It is thought that increased oxidative

stress, caused by Se-deficiency, could lead to changes in

cholesterol homeostasis that may contribute, in part, to

cardiomyopathy. In fact, our results provide intriguing

molecular basis supporting the benefits of optimal Se

nutrition on the regulation of expression of apoA-I in

in vitro and in vivo models. This is particularly true since

stress imposed on hepatocytes by pro-oxidants can have a

bearing on cholesterol homeostasis. Rather than direct

addition of ROS (such as H2O2) to cells to induce oxidative

stress, we have utilized bacterial endotoxin LPS to stimu-

late cells, which would be a physiological means of

eliciting oxidative stress [6]. It should be noted that LPS

signals through the pattern recognition receptor, TLR-4, to

the IKK complex, particularly IKK2, to increase the

nuclear levels of NF-jB.

Previous studies in our laboratory have clearly shown

that in macrophages, Se-deficiency manifests itself in the

form of cellular oxidative stress, leading to the activation

of the NF-jB pathway that can be suppressed by sup-

plementation with Se [23, 25]. Similar to that seen in

macrophages, increase in Se concentrations decreased the
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Fig. 5 Se-supplementation increases the PPARa-dependent tran-

scription of apoA-I. Se-deficient and Se-supplemented HepG2 cells

were transfected with the wild-type (-330 to ?62) or short-form

(-142 to ?62) of the human apoA-I gene promoter luciferase

reporter vector and pSV-bGal (Promega) for 24 h. Such transfected

cells were stimulated with LPS for 12 h. Luciferase activity was

normalized to b-galactosidase activity and increase in luciferase/b-

galactosidase activity upon LPS treatment was used to compute the

results. Results are shown as mean ± SD (n = 4). *p \ 0.05
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Fig. 6 Modulation of apoA-I promoter luciferase reporter activity in

Se-deficient and Se-supplemented HepG2 cells as function of time

post LPS treatment. The HepG2 cells stably transfected with apoA-I

WT expression construct were cultured in Se-deficient or Se-

supplemented media and stimulated with LPS (0–12 h). The lucif-

erase activity per mg total protein was used to calculate the % change

in reporter activity of luciferase reporter. Results shown were derived

from mean of three independent experiments (±SD). *p \ 0.05 when

compared to unstimulated cells within each group (Se-deficient and

Se-supplemented)
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activation of the NF-jB pathway in Se-deficient HepG2

cells stimulated with LPS (Fig. 3). We consistently noted

higher levels of PPARa in Se-deficient cells, in the

absence of LPS stimulation, which could be part of a

compensatory mechanism to counteract stress-dependent

pathways. Interaction data from experiments using

immunoprecipitation of PPARa (Fig. 4) to ascertain its

interaction with p65 along with luciferase reporter assays

with the apoA-I prompter (Fig. 5) indicate that increase in

Se concentration causes a decrease in the interaction of

PPARa and p65 leading to a concomitant increase in

PPARa-dependent expression of apoA-I. These data are

consistent with that reported by the Mitsuda laboratory,

which show that activation of PPARa, by fibrates, leads to

hypolipidemia via the derepression of apoA-I transcription

mediated by reduced interaction of p65 with PPARa [12].

Interestingly, the in vivo data supports increased apoA-I

expression in response to increased Se concentrations

even in the absence of fibrates, possibly by activation of

PPARa caused by endogenous ligands produced in

Se-supplemented cells; the identities of which are cur-

rently being examined in our laboratory. It is very likely

that endogenous ligands can activate apoA-I transcription,

without interference by Rev-erba that is also activated

by fibrates in addition to PPARa. Rev-erba acts as a

repressor of PPARa-dependent apoA-I transcription par-

ticularly in rodents [12]. Furthermore, we have recently

demonstrated the inactivation of IKKb, a key kinase of

the NF-jB signaling axis, along with increased activation

of PPARc to be mediated by the enhanced production of

15-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) in Se-sup-

plemented macrophages [23]. In fact, preliminary studies

indicate a Se-dependent increase in 15d-PGJ2 in HepG2

cells (data not shown), which could partly explain the

inhibition of NF-jB by Se.

In summary, our studies demonstrate that supplemen-

tation of Se to Se-deficient hepatocytes leads to the

activation of apoA-I transcription by relieving the repres-

sion caused by p65 on PPARa-dependent transcription

(Fig. 6). Furthermore, these findings suggest that admin-

istration of Se to Se-deficient population may provide an

effective method to mitigate any oxidative stress-depen-

dent decrease in apoA-I expression. However, such

supplementation studies need to be evaluated with caution

given the toxicity of Se.
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