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Rapid degradation of ABCA1 protein following cAMP withdrawal
and treatment with PKA inhibitor suggests ABCA1 is a short-lived
protein primarily regulated at the transcriptional level
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Abstract
Objectives ATP-binding cassette transporter A1 (ABCA1) is a key player in the reverse cholesterol transport (RCT) and HDL
biogenesis. Since RCT is compromised as a result of ABCA1 dysfunction in diabetic state, the objective of this study was to
investigate the regulation of ABCA1 in a stably transfected 293 cells expressing ABCA1 under the control of cAMP response
element.
Methods To delineate transcriptional and posttranscriptional regulation of ABCA1, 293 cells were stably transfected with the full
length ABCA1 cDNA under the control of CMV promoter harboring cAMP response element. cAMP-mediated regulation of
ABCA1 and cholesterol efflux were studied in the presence of 8-Br-cAMP and after withdrawal of 8-Br-cAMP. The mechanism
of cAMP-mediated transcriptional induction of the ABCA1 gene was studied in protein kinase A (PKA) inhibitors-treated cells.
Results The transfected 293 cells expressed high levels of ABCA1, while non-transfected wild-type 293 cells showed very low
levels of ABCA1. Treatments of transfected cells with 8-Br-cAMP increased ABCA1 protein by 10-fold and mRNA by 20-fold.
Cholesterol efflux also increased in parallel. Withdrawal of 8-Br-cAMP caused time-dependent rapid diminution of ABCA1
protein and mRNA, suggesting ABCA1 regulation at the transcriptional level. Treatment with PKA inhibitors abolished the
cAMP-mediated induction of the ABCA1 mRNA and protein, resulting dampening of ABCA1-dependent cholesterol efflux.
Conclusions These results demonstrate that transfected cell line mimics cAMP response similar to normal cells with natural
ABCA1 promoter and suggest that ABCA1 is a short-lived protein primarily regulated at the transcriptional level to maintain
cellular cholesterol homeostasis.
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Abbreviations
ABCA1 ATP-binding cassette transporter A1
cAMP cyclic AMP
PK protein kinase
TD Tangiers Disease
USF upstream stimulatory factor
DMEM Dulbecco’s minimal essential medium
FBS fetal bovine serum
LXR liver x receptor
RXR retinoid x receptor

apoA1 apolipoprotein A1
HDL high density lipoprotein
SDS-PAGE sodium dodecyl sulfate

polyacrylamide gel electrophoresis
8-Br-cAMP 8-bromocyclic adenosine 3′, 5′

monophophate

Introduction

Eukaryotic cells maintain cholesterol homeostasis by regulat-
ed cholesterol synthesis, uptake, efflux, transport, and remov-
al. Imbalance of any of these regulated pathways leads to
cholesterol abnormalities and susceptibility to diseases. In ad-
dition to apolipoprotein A-I (apoA-I) [1], other important
player that determines circulating levels of HDL is ATP-
binding cassette transporter A1 (ABCA1) [2]. Loss of
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function mutation in abca1 gene causes a severe HDL defi-
ciency syndrome known as Tangier disease (TD) [3–7]. These
TD patients have cholesteryl esters accumulation in tissues,
and increased risk of cardiovascular disease. Mice lacking
ABCA1 showed similar phenotypes observed in TD patients
with low levels of HDL [8, 9]. Further understanding of the
roles of ABCA1 in lipid transport and atherosclerosis became
clear from studies with ABCA1 transgenic mice [10–12].
These mice showed enhanced cholesterol efflux from macro-
phages and reduced atherosclerotic lesion formation [13].
Thus, ABCA1 plays a key role in reverse cholesterol transport
and atherosclerosis regression [2].

Regulation of ABCA1 occurs by the transcriptional
[14–17] as well post-transcriptional [18] mechanisms.
Lipoproteins, oxysterols, and oxidized LDL induce ABCA1
mRNA concomitant with increased levels of LXRα expres-
sion [15–17]. ABCA1 and diabetes play important roles in
maintaining HDL level and function [19]. HDL function is
compromised in diabetic conditions [20] through oxidative
modification of the main apoprotein of HDL, apolipoprotein
A-I [21]. These modifications lead to dampening of cholester-
ol efflux and increased risks of CVD [19]. Impaired reverse
cholesterol transport in diabetic conditions also results from
low levels of ABCA1 expression in liver and peritoneal mac-
rophages [22, 23] and advanced glycation end products
(AGE)-mediated ABCA1 dysfunction [24]. Studies in type 2
diabetic patients have shown that both ABCA1gene expres-
sion and protein are reduced in leukocytes and there was an
inverse correlation between ABCA1 expression and HbA1c
and blood glucose and positive correlation between ABCA1
expression and plasma HDL concentration [25]. ABCA1 deg-
radation in diabetic condition may be affected since unsaturat-
ed fatty acids were found to induce ABCA1 degradation [26].
To have further insights into the degradation mechanism of
ABCA1, we investigated transcriptional and post-
transcriptional regulation of ABCA1 in a cell-based system
expressing humanABCA1 under the control of CMVpromot-
er that harbors cAMP response element. Cyclic AMP induc-
ible cholesterol efflux to apoA1 in macrophages was attribut-
ed to the transcriptional up-regulation of the ABCA1 [27–29].
A number of studies in mice have confirmed that LXR is an
important transcriptional activator of ABCA1 [15–18, 30].
Among other promoter elements that control ABCA1 tran-
scription, a cAMP response element in the ABCA1 promoter
has been identified [31]. ABCA1-mediated cholesterol efflux
has also been shown to be dampened by protein kinase A
inhibitor [32], suggesting phosphorylation as an essential
component in the ABCA1-mediated cholesterol efflux. To
understand whether cAMP response element is indeed re-
quired for the cAMP-induced upregulation of the ABCA1,
and whether rapid normalization of the ABCA1 occurs fol-
lowing cAMPwithdrawal, we used a different approach using
a transfected cell line expressing ABCA1 under the control of

CMV promoter that harbors cAMP response element [33, 34]
[35]. In this cell line, we studied the cAMP-mediated regula-
tion of the ABCA1 gene. Our studies demonstrate that the
transfected cell line shows similar cAMP-induced upregula-
tion of ABCA1 as in the WT macrophages, and this effect
occurs via PKA-mediated pathway. We also showed that the
continued transcription of the ABCA1 is required to control
the physiological level of intracellular ABCA1 and maintain
cholesterol homeostasis.

Materials and methods

WT HEK293 cells and stably transfected cell line

WT human embryonic kidney (HEK) 293 cells obtained from
ATCC (CRL-1573) were maintained in DMEM with 10%
FBS, 50U/ml penicillin-streptomycin.We usedHEK293 cells
because of the high efficiency of transfection [36].
Additionally, HEK293 cells have been widely used in studies
relating to CMV promoter studies [33]. The ABCA1 cDNA
was cloned in front of the CMV promoter harboring cAMP
response element [35]. ABCA1 expressing stable human em-
bryonic kidney 293 T cell line was generated by using Flip-In
system (Invitrogen). Full length human ABCA1 cDNA was
isolated from cultured human skin fibroblast cells and cloned
into pcDNA5/FRT vector (Invitrogen). To generate ABCA1
monoclonal stable cell line, HEK293 cells were co-transfected
with pcDNA5/FRT-ABCA1 (Dr Michael Heyden, University
of Vancouver, British Columbia, CA) and pOG44 (Invitrogen)
using Fugene-6 (Roche) in the growth mediumwithout zeocin
according to the manufacturer’s recommendations. After 24 h
following transfection, cells were maintained in 50 μg/ml
hygromycin in DMEM with 10% FBS. Individual colonies
were examined for the expression of ABCA1 by Western
blotting.

Transient transfection studies

The same human ABCA1 construct used for making stably
transfected 293 cell line were also used for transient transfec-
tion using HEK293 cells.

Cholesterol efflux assay

For cholesterol efflux assay, cells (4 × 104 /ml) were seeded in
24 well plates. Next day, labeling media (culture medium plus
1% FBS with 2 mCi/ml [3H] cholesterol) was added to the
cells at 0.5 ml/well. After 24 h of incubation, the cells were
switched to 0.2% BSA (defatted, Sigma) in serum-free medi-
um for 3 h to equilibrate radiolabeled-free cholesterol.
Medium was removed, cells were incubated in serum-free
culture medium with or without apoAI (final concentration
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10mg/ml) and with or without 8-Br-cAMP (0.3mM) for 24 h.
One hundred microliter of the medium was removed and
counted on a liquid scintillation counter. Cells were solubi-
lized by adding 500 μl of 0.1 N NaOH to each well, 100 μl
of supernatant was removed and counted on a liquid scintilla-
tion counter. The amount of cholesterol efflux was calculated
as follows: Cholesterol efflux = Total radioactivity in the
medium/ (Total radioactivity in the medium + Total radioac-
tivity in the cells).

ABCA1 protein quantitation

After each experiment, the cells were collected by spinning,
and lysed in lysis buffer (20 mM Hepes, 5 mM KCl, 5 mM
MgCl2, 0.5% (v/v) Triton X-100 and complete protease inhib-
itor). Cell debris was removed by centrifugation at 8000 rpm
for 10 min at 4 °C. Protein concentration in the supernatant
was determined by BioRad protein assay kit. Twenty-five mi-
crogram of protein was separated on 8–16% Tris- Glycine gel
(Pre- Cast Invitrogen gels) and electrophoretically transferred
to nitrocellulose membrane (Invitrogen). Membranes were
probed with either ABCA1 antibody or a polyclonal anti-
beta actin antibody (Santa Cruz Biotechnology) as a control
for equal loading. Immunoreactivity was detected by Super
signal (Pierce).

ABCA1 mRNA quantitation

Gene- specific primers and probe were designed using the
Primer Express software (Perkin Elmer Life Sciences). The
real time RT-PCR reaction was performed essentially follow-
ing the manufacture’s protocol with RT-PCRmix and 200 nM
FAM-probe and 600 nM of both forward and reverse primers
and analyzed in ABI prism 7900HT sequence detection sys-
tem (Applied Biosystems). Relative amounts of ABCA1
mRNA levels were plotted as fold-change compared to no
treatment. For normalization, 18S ribosomal RNA was used.
Taqman RT-PCR was performed in triplicate and experiment
was independently repeated three times.

Studies with 8-Br-cAMP and PK inhibitors

Effects of 8-Br-cAMP and protein kinase (PK) inhibitors were
studied in nontransfected as well as in the stably transfected
293 cells. Cells were treated with 8-Br-cAMP (Sigma)
(0.3 mM final concentration) for 24 h as described [29]. To
perform experiment with protein kinase inhibitors, cells were
first treated for 3 h with PK inhibitors, H7, H8 or H9 (Sigma
Chemical Co, St Louis, MO) at the final concentration of
15 μM followed by the addition cAMP together with PK
inhibitors for 24 h. These phosphokinase inhibitors are
isoquinoline sulfonamides, a class of synthetic protein kinase
inhibitors, namely 1-(5-isoquinoline sulfonyl)-2-

m e t h y l p i p e r a z i n e d i h y d r o c h l o r i d e ( H 7 ) ,
N-[2-(methylamino)ethyl]-5-isoquinoline sulfonamide
dihydrochloride (H8), N-(2-aminoethyl)-5-isoquinoline sul-
fonamide dihydrochloride (H9) [37]. Parallel experiments
were performed without PK inhibitor and without 8-Br-
cAMP. After each treatment, cholesterol efflux, ABCA1 pro-
tein, and ABCA1 mRNAwere measured.

Results

Effects of serum on ABCA1 regulation

Expression of ABCA1 was examined in the absence or pres-
ence of various concentrations of serum. Effect of 8-Br-cAMP
was also examined in serum-deprived and in serum-
containing media. As shown in Fig. 1a, absence of serum or
presence of 1% or 10% serum in the media had no effect on
the expression of ABCA1 protein in the transfected cell line.
However, the presence of serum had dramatic effects on the 8-
Br-cAMP-mediated induction of ABCA1. 8-Br-cAMP in-
creased ABCA1 expression by 2-fold in serum free media,
and 10-fold in the serum-containing media. As a control β-
actin protein was also measured on the same cell extract,
which did not show any changes in the serum-free or serum-
containing media.

cAMP-induced ABCA1 regulation

Next, we studied the expression of ABCA1 by 8-Br-cAMP in
the 293 cells and in stably transfected 293 cells in greater
details. The non-transfected 293 cells show undetectable
amounts of cholesterol efflux in the presence of apoA1 and
8-Br-cAMP. The transfected cells, on the other hand, showed
several fold increases in cholesterol efflux to apoA1, which
was further magnified following 8-Br-cAMP treatment (Fig.
1b). Measurements of ABCA1 protein in the 8-Br-cAMP-
treated transfected cell line for 24 h showed 20-fold increase
consistent with increase in cholesterol efflux (Fig. 1c).
However, withdrawal of 8-Br-cAMP from the media showed
a time-dependent lowering of ABCA1 protein, bringing
ABCA1 protein to the basal levels within 6 h. We also mea-
sured ABCA1 mRNA in the 8-Br-cAMP-treated transfected
cell line. As shown in Fig. 1d, 8-Br-cAMP increased the
ABCA1 mRNA, and withdrawal of 8-Br-cAMP decreased
the ABCA1 mRNA to the basal level within 6 h. Although
the non-transfected 293 cells did not show significant choles-
terol efflux in the presence of 8-Br-cAMP, we measured
ABCA1 mRNA levels in these cells in the presence of 8-Br-
cAMP using a sensitive mRNA detection method, real-time
PCR, which can detect even few copies of the ABCA1mRNA
transcripts. As shown in Fig. 2a, treatments by 8-Br-cAMP
induced ABCA1 mRNA even in the non-transfected 293

J Diabetes Metab Disord (2020) 19:363–371 365



cells, and the withdrawal of 8-Br-cAMP caused ABCA1
mRNA to drop to the basal levels within 6 h, similar to the
observations in stably transfected cell line (Fig. 1d).
Withdrawal of 8-Br-cAMP from the media also decreased
cholesterol efflux in stably transfected cells (Fig. 2b).
Transient transfection of 293 cells with the same construct
used for making ABCA1 expressing stable cell lines showed
similar 8-Br-cAMP-induced regulation as seen with the
transfected cell line (data not shown).

Effect of protein kinase inhibitors on ABCA1
regulation

Since 8-Br-cAMP-mediated induction of gene expression
involves phosphorylation events, we tested the hypothesis
that cAMP-induced upregulation of the ABCA1 gene ex-
pression occurred via protein kinase -mediated pathway.
To test this hypothesis, we used several known inhibitors

of protein kinases [37], and performed experiments in the
presence and absence of 8-Br-cAMP and PK inhibitors.
The transfected cells were first treated with PK inhibitors
for 3 h followed by addition of 8-Br-cAMP and incuba-
tion for 24 h. As shown in Fig. 3, 8-Br-cAMP treatment
dramatically increased ABCA1 protein (lane 1) compared
to 8-Br-cAMP untreated control (lane 4). Addition of pro-
tein kinase inhibitors decreased ABCA1 protein to almost
the basal level. This experiment was repeated with several
protein kinase inhibitors, and ABCA1 mRNA was quan-
titated by real-time PCR. The results shown in Fig. 3b
clearly demonstrate that 8-Br-cAMP upregulated
ABCA1 mRNA by more than 20-fold, and the treatment
with protein kinase inhibitors reduced ABCA1 mRNA.
PK inhibitor-treated cells were also used to measure cho-
lesterol efflux. As shown in Fig. 3c, PK inhibitors also
reduced cholesterol efflux to apoA1, concomitant with
reductions in the ABCA1 protein and mRNA levels.

Fig. 1 Panel A, Effect of serum on 8-Br-cAMP-induced regulation of
ABCA1. The transfected HEK293 cell line was incubated in the absence
or presence of serum with or without 8-Br-cAMP. 8-Br-cAMP treatment
was done for 24 h. Cell lysate (25 μg protein) was separated on 8–16%
Tris- Glycine gel and transferred to nitrocellulose membrane followed by
detection with either ABCA1 antibody or a polyclonal anti-beta actin
antibody. The ABCA1 and β-actin proteins are shown by arrows. Panel
B, Effect of cAMP on cholesterol efflux in WT 293 cells, and in
transfected 293 cells in the presence and absence of apoAI and 8-Br-
cAMP. The details of the efflux assay are provided in themethods section.
Dotted bars, 293 cells, shaded bars, 293 cells with 8-Br-cAMP, big dotted
bars, transfected 293 cells, filled bars, transfected 293 cells with 8-Br-
cAMP. Panel C, Effect of 8-Br-cAMP withdrawal on ABCA1 protein
levels in the 293 cells stably transfected with hABCA1. The transfected

cells were treated with or without cAMP for 24 h, the medium was
removed, and cells were further incubated in the same media but without
cAMP for 0 h, 2 h, 6 h, and 24 h, as indicated after the + sign. The cell
lysates were prepared and ABCA1 and β-actin proteins were measured
byWestern blotting. The respective protein bands of ABCA1 and β-actin
are indicated by arrows. Panel D, Effect of 8-Br-cAMP withdrawal on
ABCA1 mRNA levels in the 293 cells stably transfected with hABCA1.
Cells were treated with or without 8-Br-cAMP as described in Panel C,
and RNAwas prepared from the cells. Sixty nanogram of the total RNA
were taken for ABCA1 mRNA quantitation by real-time RT-PCR using
Taqman 7900HT. As a control 18S RNAwas also quantitated. The num-
bers after the + sign indicates time in hour after cAMP treatment. cAMP-
indicates without cAMP, and cAMP + indicates with cAMP
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Fig. 3 Effect of PKA inhibitor on cAMP-induced regulation of ABCA1
in stably transfected 293 cells. Stably transfected cells were treated with
PKA inhibitor as described in the methods section. Cells were washed
after the treatments and cell lysates were prepared. An aliquot of the cell
lysates was separated on SDS-PAGE to detect ABCA1 protein and β-
actin protein as an internal standard. Panel B, Effect of protein kinase
inhibitors on the cAMP-induced ABCA1 mRNA. The stably transfected

cells were treated with three different protein kinase inhibitors, followed
by washing and RNA preparation. In each RNA samples, ABCA1
mRNA were quantitated. Values shown represent relative to 18S RNA.
Panel C, Effect of protein kinase inhibitors on the cholesterol efflux in the
293 cells stably transfected with hABCA1. Stably transfected cells were
treated with protein kinase inhibitors as indicated and cholesterol efflux
measured following the method described in the methods section

Fig. 2 Panel A, Effect of 8-Br-cAMP withdrawal on ABCA1 mRNA in
the wild type 293 cells. Cells were treated with or without 8-Br-cAMP for
24 h, the media was removed and incubated in the media without 8-Br-
cAMP for 2 and 6 h, respectively, as indicated. The numbers after the +
sign indicates time in h after cAMP treatment. cAMP- indicates without
cAMP, and cAMP + indicates with cAMP. Panel B, Effect of cAMP

withdrawal on the cholesterol efflux. Stably transfected 293 cells were
seeded in triplicate in the 24-well plates and cholesterol assay done in the
absence and presence of 8-Br-cAMP as described in the methods section.
– indicates without cAMP and + indicates with cyclic AMP. The indicat-
ed numbers after the + sign in the caption box indicates the time of
incubation after cAMP treatments
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Discussion

The aim of the present study was a) to examine the suitability
of 293 cell stably transfected with human full length ABCA1
cDNA to study cAMP-mediated ABCA1 regulation; and b) to
study if cAMP-induced regulation of the ABCA1 occurs via
protein kinase-mediated pathway. First, we established the
levels of ABCA1 expression in the presence of various con-
centrations of serum. Although the presence of serum ap-
peared to have minimal effect on ABCA1 expression in the
transfected cells, it certainly influenced cAMP-induced eleva-
tion of ABCA1 protein, suggesting that complete media is
needed for the enhanced synthesis of ABCA1 in the presence
of cAMP. The functionality of the overexpressed ABCA1was
confirmed by performing cholesterol efflux assay. Increased
ABCA1 mRNA in the 8-Br-cAMP-treated transfected cells
suggested that 8-Br-cAMP induced increases of ABCA1 oc-
curred via transcriptional mechanism similar to earlier studies
with macrophages [27–29]. Thus, stably transfected cells be-
have similarly at least with regard to the cAMP-induced reg-
ulation of the ABCA1.

To further establish that the transfected cell line mimics sim-
ilar regulation by cAMP, we performed cAMP withdrawal ex-
periments. Earlier studies have shown that cAMP induced
ABCA1 expression and withdrawal of cAMP caused time-
dependent reduction in ABCA1 protein and mRNA [29]. To
ascertain if withdrawal of cAMP- mediated reduction in
ABCA1 mRNA and protein is driven by a cAMP response ele-
ment, we used a human ABCA1 construct in which the expres-
sion of the cloned cDNA is driven by aCMVpromoter harboring
cAMP response element [35]. By transfection of 293 cells with
this construct, a stable cell line was produced and the hypothesis
that the presence of cAMP is required for continued ABCA1
mRNA transcription and ABCA1 protein production was tested.
We also tested the hypothesis that the withdrawal of cAMP
would rapidly diminishABCA1protein to the basal levels similar
to the observations in macrophages [29]. Indeed, the treatments
with 8-Br-cAMP induced ABCA1 protein and mRNA, suggest-
ing that this response could have occurred via a cAMP response
element in the CMV promoter. These results were further corrob-
orated by the results obtained with the transient transfection stud-
ies in two cell lines, 293 and Hela, with the same ABCA1 con-
struct (not shown), suggesting that the cAMP-mediated induction
of ABCA1 upregulation occurred via the cAMP response ele-
ment in the construct. If the induction of ABCA1 expression
occurred via cAMP response elements, then the withdrawal of
cAMP should cause reduction in the ABCA1 mRNA. Indeed,
we found that cAMP increased ABCA1 mRNA by almost 20-
fold, and withdrawal of cAMP caused reductions in the ABCA1
mRNA, protein, and cholesterol efflux, suggesting that in order
for cAMP to mediate upregulation of ABCA1, it must be present
in the media at all times. These results also suggest that ABCA1
protein is a short-lived protein, and cellular ABCA1 levels are

highly dependent on the transcription, impying that ABCA1 reg-
ulation occurs primarily via transcriptional mechanism, and the
rates of transcription are possibly modulated depending upon the
need of the cells for lipids. Other studies have also suggested
short half-life of ABCA1 [38, 39]. This may be the reason why
rates of ABCA1 transcription are accelerated when the cells are
loaded with cholesterol, lipoprotein, and oxidized lipoprotein
[14–17]. Since lipid loading to cells are detrimental to normal
physiology of the cells, higher cellular cholesterol content in-
duces ABCA1 expression at the transcriptional levels to remove
the excess cholesterol in order tomaintain the normal functioning
of the cells. From the present studies as well as from the studies
reported earlier, it appears that ABCA1 regulation occurs primar-
ily by transcriptional mechanism in order for cells to quickly
adjust to the rapidly changing lipid environment as a result of
physiological, pharmacological, or nutritional stimuli.

Since it became evident that ABCA1 regulation by cAMP in
the transfected 293 cell lines occurred via cAMP response ele-
ment in the construct, we next asked the question that if it did
occur via cAMP response element, does it involve protein kinase
pathway? Earlier reports have shown that cAMP-mediated reg-
ulation of target genes occurs via protein kinase pathway [40].
We tested this hypothesis in the stably transfected 293 cell line.
We employed three different PK inhibitors [37], and all of them
inhibited cAMP-induced cholesterol efflux, concomitant with the
reduction in ABCA1 protein, suggesting that cAMP-mediated
regulation of the ABCA1 induction involves protein kinase (s).
To further have an insight into the loci of PK inhibitors, we
measured ABCA1 mRNA as shown in Fig. 3b. It is evident that
PK inhibitors reduced cAMP-induced increases of ABCA1
mRNA, suggesting that cAMP-mediated upregulation of
ABCA1 mRNA transcription does occur via protein kinase-
mediated pathway. These studies further suggested that the tran-
scriptional regulation of the ABCA1 is important in maintaining
ABCA1 protein and cellular lipid homeostasis.

PPARs (α, γ, β) are also reported to induce ABCA1 tran-
scription [41–43] via LXR-mediated pathway. Since the sta-
bly transfected cell line used in the present study lacks an LXR
element, it is highly unlikely that the cAMP-mediated induc-
tion of ABCA1 occurred via LXR-mediated pathway. Based
on the results in the present study, and the results from other
studies [15–18, 30, 41–43] it appears that the regulation of the
ABCA1 transcription occurs at least via two different mecha-
nisms, one involving LXR-mediated pathway, and the other
involving protein kinase-mediated pathway. Mixed results on
the regulation of ABCA1 have been reported by cytokines.
For instance, while TGF-β [44] and TLR2 [45] increase
ABCA1 expression, interferon-γ [46] and TNF-α [47] de-
crease ABCA1 expression. These findings are important in
view of the anti-inflammatory function of ABCA1 in macro-
phages [48]. Geranylgeranyl pyrophosphate is also reported to
down-regulate ABCA1 [49], but it appears to reduce ABCA1
expression via two different mechanisms, by acting directly as
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an antagonist of LXR and also by activation of the Rho GTP-
binding proteins.

These findings have implications in diabetes-induced dysfunc-
tion of HDL in the process of reverse cholesterol transport, which is
one of the important pathways of cholesterol removal from the body
[2]. While the major pathway of ABCA1 regulation appears to be
the transcription depending upon the cellular cholesterol level, some
studies do suggest posttranslational regulation of ABCA1 protein
[26]. Diabetic individuals have higher oxidative stress and low-
grade inflammation that result in impaired reverse cholesterol trans-
port due to low levels of ABCA1 expression in liver and peritoneal
macrophages [22, 23]. Additionally, in diabetic conditions, ad-
vanced glycation end products (AGE) are reported to make
ABCA1 dysfunctional [24]. The ABCA1 dysfunction may occur
indirectly byoxidativemodification ofHDL/apoA-I protein [50–54]
as well as by direct effect on ABCA1 [24, 25, 55]. This was con-
firmed in type 2 diabetic patients showing reducedABCA1mRNA
and protein in leukocytes with an inverse correlation between
ABCA1 expression and HbA1c and blood glucose, and positive
correlation between ABCA1 expression and plasma HDL concen-
tration [25]. These earlier findings together with the present finding
suggest the transcriptional regulation of ABCA1 as the major path-
way in the regulation of ABCA-1-mediated cholesterol efflux.

In summary, we showed that the stably transfected HEK293
cells with human ABCA1mimic the same cAMP-mediated reg-
ulation as seen with the normal macrophages, and therefore,
could be used for studies on the ABCA1 regulation. We also
show that the cAMP-mediated transcriptional upregulation of
the ABCA1 occurs via protein kinase-mediated pathway.
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