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Abstract
Background—The role of hepatic ATP-binding cassette transporter 1 (ABCA1) in maintaining
plasma high density lipoprotein cholesterol (HDL-C) levels is well established, but its role in
reverse cholesterol transport (RCT) is unclear. Probucol is a compound that reduces HDL-C levels
but also reduces atherosclerosis in animal models and xanthomas in humans. The aim of the
present study was to test the hypothesis that probucol inhibits hepatic ABCA1 activity, thereby
reducing HDL-C levels but promoting RCT from macrophages.

Methods and Results—Wild-type (WT) C57BL/6 mice and scavenger receptor class B type I
(SR-BI) knockout mice were fed a chow diet containing 0.5% probucol or normal chow for 2
weeks. In WT mice, probucol, despite decreasing HDL-C by >80%, effectively maintained
macrophage RCT. In SR-BI knockout mice, probucol also substantially reduced HDL-C but
significantly increased macrophage RCT. Furthermore, probucol significantly enhanced the
excretion of HDL-derived cholesterol into feces in both WT and SR-BI knockout mice. Probucol
inhibited ABCA1-dependent cholesterol efflux from mouse primary hepatocytes, and this effect
was shown to be responsible for the effect of probucol on increasing the fecal excretion of HDL-
derived cholesterol in vivo.

Conclusions—We demonstrate that pharmacological inhibition of hepatic ABCA1 activity with
probucol reduced HDL-C levels but promoted RCT through diversion of HDL-derived cholesterol
from efflux back into plasma instead to excretion in the bile. These results explain the beneficial
effects of probucol on atherosclerosis and xanthomas despite its HDL-lowering effects and suggest
that inactivation of hepatic ABCA1 leads to increased RCT despite reducing plasma HDL-C
levels.
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Probucol is a small molecule with antioxidant properties that decreases plasma levels of
low-density lipoprotein cholesterol and high-density lipoprotein cholesterol (HDL-C) in
animal models and in humans.1 Interestingly, despite its effects in reducing HDL-C,
probucol reduces atherosclerosis in Watanabe heritable hyperlipidemic rabbits2 and
scavenger receptor class B type I (SR-BI)/apolipoprotein (apo) E double-knockout mice3

and is widely believed to induce regression of xanthomas in humans,4 with the suggestion of
a positive correlation between the decrease in HDL-C and the rate of xanthoma regression.5
The molecular mechanisms by which probucol decreases HDL-C yet reduces atherosclerosis
and promotes xanthoma regression remain unknown.

Reverse cholesterol transport (RCT) is the physiological process by which excess
cholesterol in peripheral tissues is effluxed by cells to acceptors in interstitial fluid,
ultimately returned by HDL directly or indirectly to the liver, and excreted in the bile and
finally the feces.6 Reverse cholesterol transport, at least from macrophages, is believed to be
protective against atherosclerosis. Several lines of evidence indicate that HDL-C levels are
not always reflective of the rate of macrophage RCT; eg, hepatic overexpression of SR-BI
reduces plasma HDL-C levels but increases the rate of macrophage RCT,7 thereby reducing
atherosclerosis.8,9

We hypothesized that the mechanism by which probucol reduces HDL-C levels results,
seemingly paradoxically, in an increase in the rate of macrophage RCT. We carried out
experiments in mice using a validated assay of macrophage RCT.6 In this report, we show
that probucol promotes macrophages-to-feces RCT, as well as the biliary and fecal excretion
of HDL-derived cholesterol, and that SR-BI is not required for this effect. Moreover, we
demonstrate that probucol inhibits ATP-binding cassette transporter 1 (ABCA1)– dependent
cholesterol efflux from hepatocytes, explaining both the decrease in HDL-C and the increase
in macrophage RCT and HDL-derived cholesterol excretion. These findings illuminate an
important biological property of probucol, helping to explain its seemingly paradoxical
effects on HDL metabolism; in addition, they point to hepatic ABCA1 as a critical
modulator of not only HDL-C levels but also the biliary disposal of HDL-derived
cholesterol and of RCT.

Methods
Materials

Dulbecco modified Eagle medium and PBS were purchased from Invitrogen (Carlsbad, CA).
[1,2-3H]cholesterol, [1,2-3H]cholesteryl oleate (3H-CE-HDL), and [1,2-3H]cholesteryl
hexadecyl ether (3H-CEt) were purchased from Perkin-Elmer Life Science (Boston, MA).
Other reagents without specification in this article were purchased from Fisher Scientific
(Pittsburg, PA). Probucol was synthesized by Fluka and obtained from Sigma (St Louis,
MO). The liver X receptor agonist GW3965 was obtained from GlaxoSmithKline and was a
kind gift of Dr Colin MacPhee.

Mice and Diets
Wild-type C57BL/6, DBA/J, SR-BI knockout (KO), and ABCA1 KO mice were obtained
from The Jackson Laboratory, and breeders bred them in house for the present studies.
Experiments were performed in wild-type, SR-BI KO, and ABCA1 KO mice. Mice were fed
a standard chow diet or a diet with 0.5% probucol purchased from TestDiet (Mod
Laboratory Diet; 1811955). In all studies, fasting plasma was obtained by retro-orbital
bleeding while the mice were under isoflurane anesthesia. Animal experiments were
approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
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Macrophage Reverse Cholesterol Transport Study
Experiments were performed in wild-type mice and SR-BI KO mice. For each experiment,
mice were fed a normal chow diet or 0.5% probucol–containing diet for 2 weeks. On day 15,
RCT studies were performed as previously described.7,10–12 In brief, 3H-cholesterol–labeled
and acetylated low-density lipoprotein cholesterol–loaded J774 cells (typically 4.5×106 cells
containing 7.5×106 counts per minute in 0.5 mL minimum essential media) were injected
intraperitoneally. Blood was collected at 6, 24, and 48 hours, and plasmas were used for
liquid scintillation counting. Feces were collected continuously from 0 to 48 hours and
stored at 4°C before extraction of cholesterol and bile acid.

High-Density Lipoprotein Turnover Study
Human HDL was isolated from human plasma by differential ultracentrifugation; HDL
(1.063<d<1.21) was labeled with 3H-CE-HDL, 3H-CEt, and 125I-N-methyl tyramine
cellobiose (125I-NMTC) according to the methods described previously with slight
modifications.13,14 Experiments were performed in wild-type mice, SR-BI KO mice, and
ABCA1 KO mice. After probucol treatment for 2 weeks, labeled HDL was intravenously
injected via the tail vein under anesthesia. Blood was collected at 2 minutes and 1, 3, 6, 9,
24, and 48 hours, and liver and feces were collected at 48 hours. The fractional catabolic rate
(FCR) was assessed with a multicompartmental model and the WinSAAM program as
described previously.13,14

RNA Quantification and Western Blotting
Total RNA was isolated from mouse primary hepatocytes with the EZ1 RNA Tissue Mini
Kit (Qiagen). cDNA was produced from total RNA via reverse transcription with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantification of mRNA
expression with Taqman assay systems was performed by the ABI 7300 Real Time PCR
System (Applied Biosystems). All reagents necessary for running a TaqMan RT-PCR assay,
including primers and probes, were purchased from Applied Biosystems and used according
to the manufacturer’s instructions. Immunoblotting was performed as described
previously.15 Liver membrane fractions (40 μg) were subjected to SDS-PAGE and
transferred to nitrocellulose membranes. Antibodies and dilutions were as follows: mouse
anti-ABCA1 (Abcam ab18180, 1:5000), mouse anti–β-actin (Abcam ab8226, 1:5000), and
horseradish peroxidase–conjugated goat anti-mouse IgG (Jackson 111-035-003, 1:4000).

In Vitro Cholesterol Efflux From Mouse Primary Hepatocytes
Primary hepatocytes obtained from wild-type or ABCA1 KO mice were prepared as
described.16,17 Hepatocytes were seeded on collagen-coated 6-well plates (Becton
Dickinson Labware) at a density of 6×105 cells per well in Dulbecco modified Eagle
medium supplemented with 10% FBS. After 6 hours, cells were washed with PBS and
labeled by incubation in Dulbecco modified Eagle medium supplemented with 1% FBS
containing [3H]cholesterol (2 μCi/mL) for 24 hours. After the labeling period, cells were
washed by PBS and incubated with Dulbecco modified Eagle medium containing 0.2% (wt/
vol) BSA (Sigma) in the presence of liver X receptor-α/β agonist (GW3965) for 18 hours.
The cells were washed with PBS, and cholesterol efflux was initiated by the addition of
Dulbecco modified Eagle medium–0.2% BSA with 10 μg/mL human apoAI in the presence
or absence of probucol. After 24 hours of incubation, aliquots of the medium were filtered
by MultiScreen-HV filter plates (Millipore) to remove the floating cells, and the
supernatants were counted in a liquid scintillation counter. The cells were extracted with 2-
propanol, evaporated under nitrogen gas, resuspended in toluene, and counted in a liquid
scintillation counter. Cholesterol efflux was expressed as percentage of total tritium
radioactivity present in the cells at baseline that appeared in the medium.
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Statistical Analyses
For the HDL turnover studies, the WinSAAM program was used to fit observed plasma
tracer data to a model using a weighted least-squares approach to determine the best fit. All
FCR values are presented as mean±SD. A 2-tailed Student t test was used to compare FCRs
from the 2 comparator groups to test for statistical significance. For the macrophage RCT
studies, appearance of tracer in plasma was analyzed by repeated measures ANOVA, and a
Bonferroni correction was applied to correct for multiple comparisons.

Results
Probucol Promotes Macrophage Reverse Cholesterol Transport in Scavenger Receptor
Class B Type I Knockout Mice

To investigate the effect of probucol on macrophage RCT, wild-type mice were fed a normal
chow diet or a chow diet containing 0.5% probucol for 2 weeks, and diets were continued as
the macrophage RCT study was performed. As shown in the Table, probucol treatment
decreased HDL-C by 84% in wild-type C57BL6/SW129 mice. After injection of the 3H-
cholesterol–labeled J774 cells into the peritoneal cavity of wild-type mice, plasma 3H-
cholesterol levels were significantly lower across all time points in the probucol-treated
group (Figure 1A). However, despite the markedly reduced plasma HDL-C levels, there was
no difference in the liver or fecal excretion of the 3H-tracer by the 48-hour time period
(Figure 1 through 1C). Thus, in wild-type mice, despite inducing a marked decrease in
HDL-C levels, probucol treatment resulted in no decrease in macrophage-to-feces RCT.

The SR-BI is a cell surface HDL receptor that mediates selective uptake of cholesterol from
HDL.18 The SR-BI knockout mice have elevated HDL-C levels,19 impaired macrophage
RCT,7 and increased atherosclerosis and cardiovascular death.20,21 Probucol has been shown
to markedly reduce HDL-C levels22 and to reduce atherosclerosis and mortality in SR-BI
KO mice.3 To test whether probucol accelerates macrophage RCT in the absence of SR-BI,
we performed a macrophage RCT study in probucol-treated SR-BI knockout mice. Probucol
treatment for 2 weeks resulted in a 63% reduction in HDL-C, as shown in the Table. Despite
the reduction in plasma HDL-C levels with probucol treatment, plasma counts of
macrophage-derived 3H-cholesterol were not significantly different between probucol-
treated and control mice (Figure 1D). Interestingly, probucol treatment significantly
increased the amount of macrophage-derived 3H-cholesterol tracer in the liver and feces of
SR-BI KO mice (Figure 1E and 1F), consistent with substantial promotion of macrophage
RCT by probucol.

Probucol Promotes the Fecal Excretion of High-Density Lipoprotein–Derived Cholesterol
To investigate the effect of probucol on the turnover and fecal excretion of HDL-derived
cholesterol, we injected HDL labeled with 3H-CE-HDL into probucol-treated and control
wild-type mice. Plasma 3H-CE-HDL decreased much more rapidly in probucol-fed mice
than in control mice (Figure 2A, left), consistent with a significantly faster FCR (Figure 2A,
right). Furthermore, probucol treatment significantly increased labeled sterol tracer in the
liver and feces (Figure 2B and 2C), indicating that probucol enhances the excretion of HDL-
derived cholesterol into the bile and feces. Interestingly, fecal excretion of 3H-bile acid, but
not of 3H-cholesterol, was increased significantly in the probucol-treated group (Figure 2D
and 2E), consistent with bile acids as the predominant form by which the HDL-derived
cholesterol is excreted after promotion by probucol.

We performed a similar study in probucol-treated SR-BI KO mice. Despite the substantial
reduction in plasma HDL-C levels on probucol treatment, we found that probucol had no
effect on the HDL-CE FCR (Figure 2A), nor did it increase hepatic 3H-cholesterol counts
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(Figure 2B). However, unexpectedly, probucol treatment substantially increased the fecal
excretion of HDL-derived 3H-sterol in SR-BI KO mice (Figure 2C). As in wild-type mice,
this was due to an increase in excretion of 3H-bile acids but not 3H-cholesterol (Figure 2D
and 2E). Thus, consistent with the macrophage RCT results, probucol markedly promotes
the fecal excretion of HDL-derived cholesterol in mice lacking SR-BI despite the fact that it
does not accelerate the clearance from plasma of HDL-CE in these mice.

We used as trapped ligands nonhydrolyzable 3H-CEt– and 125I-NMTC–labeled HDL for in
vivo HDL turnover studies to better determine the sites of tissue uptake. As expected, in
wild-type mice, the plasma FCR for 3H-CEt was higher than for 125I-NMTC, and selective
CE uptake by the liver was much higher in the probucol-treated mice (Figure 3A through
3C). In contrast, in SR-BI KO mice, we found no effect of probucol on the FCR of
either 3H-CEt-HDL or 125I-NMTC-HDL mice or on selective CE uptake by the liver (Figure
3D and 3E).

Overall, these results indicate that probucol accelerates the plasma clearance of HDL-CE in
wild-type mice through increasing the activity of hepatic SR-BI but that probucol also
reduces HDL-C levels, promotes the biliary excretion of HDL-derived cholesterol, and
accelerates macrophage RCT through an SR-BI–independent mechanism, accounting for its
striking effects in SR-BI KO mice.

Probucol Inhibits ATP-Binding Cassette Transporter 1 Activity in Hepatocytes
In the above experiment, the HDL-derived cholesteryl oleate is able to be hydrolyzed after
uptake by the liver and, once the tracer is converted to 3H-unesterified cholesterol, has a
number of potential fates, including resecretion back into the plasma via the hepatic ABCA1
transporter. Indeed, hepatic ABCA1 activity is a major determinant of plasma HDL-C
levels.23 Probucol has been shown to inhibit ABCA1-dependent cholesterol efflux from
several cell types in vitro.24–26 We hypothesized that probucol reduces ABCA1 activity in
the hepatocyte, leading to reduced efflux of the HDL-derived cholesterol to plasma and thus
increased probability of biliary excretion.

We isolated primary hepatocytes from wild-type mice and incubated cells with or without
probucol for 24 hours. Probucol had no significant effect on ABCA1 mRNA or total protein
by Western blot (Figure 4A). However, treatment with probucol completely abolished the
ability of lipid-free apoA-I to increase cholesterol efflux from primary hepatocytes, similar
to the effect seen in ABCA1-deficient primary hepatocytes (Figure 4B). This result is
consistent with the concept that probucol markedly reduces hepatocyte ABCA1 activity.

If the ability of probucol to promote the excretion of HDL-derived cholesterol is dependent
on suppression of hepatic ABCA1 activity, then ABCA1 KO mice should mimic the effects
of probucol on the disposal of HDL-derived cholesterol, and probucol should have no effect
in ABCA1 KO mice. We therefore performed studies of the metabolism of 3H-CE-HDL in
control and probucol-treated ABCA1 KO mice compared with wild-type mice. As expected,
the catabolism of 3H-CE-HDL in control diet–fed ABCA1 KO mice was faster than that of
control diet–fed wild-type mice (Figure 5A and B). At 48 hours, the counts in the liver were
higher in the ABCA1 KO mice than in the wild-type mice (Figure 5C), and the fecal
excretion of total 3H-tracer was significantly higher in the ABCA1 KO versus wild-type
mice (Figure 5D). These results are consistent with a key role of hepatic ABCA1 in the
disposition of HDL-derived cholesterol that is taken up by the liver; in its absence, more
HDL-derived cholesterol is excreted into the bile and feces. This pattern is similar to the
effect of probucol treatment in wild-type mice. On the other hand, probucol treatment had
no effect on the turnover rate of the 3H-CE-HDL in ABCA1 KO mice (Figure 5A and 5B).
Likewise, although probucol treatment increased liver counts and fecal excretion of total 3H-
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tracer in wild-type mice, it had no effect on these parameters in ABCA1 KO mice (Figure
5C and 5D). These results indicate that the ability of probucol to promote the excretion of
HDL-derived cholesterol is ABCA1 dependent and are consistent with the hypothesis that
probucol reduces HDL-C levels and increases cholesterol excretion into feces by inhibiting
hepatic ABCA1-dependent cholesterol efflux from the liver to plasma.

Discussion
The mechanisms by which probucol reduces HDL-C levels are poorly understood. Given its
beneficial effects on atherosclerosis in mice and xanthomas in humans, we hypothesized that
it may promote RCT. Here, we show that probucol increases macrophage-to-feces RCT by
promoting the fecal excretion of HDL-derived cholesterol. We further show that this effect
is due to the inhibition of hepatic ABCA1 activity. These effects of probucol are also
demonstrated in SR-BI knockout mice, in which probucol is known to reduce atherosclerosis
and death caused by cardiovascular disease3 despite markedly reducing plasma HDL-C
levels. These results have implications for our understanding of the effects of probucol on
RCT and on the role of hepatic ABCA1 in the disposal of HDL-derived cholesterol and in
integrated RCT.

There are 3 key steps in RCT: cholesterol efflux from macrophages to plasma HDL
acceptors, HDL-C uptake from plasma to the liver, and HDL-derived cholesterol excretion
from the liver to bile. Given the fact that probucol reduces plasma HDL-C levels, we
speculated that the second or third step is increased in probucol-treated animals. To test
these steps, we performed 3H-CE-HDL (hydrolysable CE) and 3H-CEt-HDL
(nonhydrolyzable CEt) turnover studies in wild-type and SR-BI KO mice. Rinninger et al27

showed that probucol enhanced selective uptake of HDL-CE in vitro by an SR-BI–
dependent mechanism, and Hirano et al28 showed that probucol may stabilize SR-BI protein
in certain settings. Indeed, we found that probucol accelerated the FCR of both 3H-CE-HDL
and 3H-CEt-HDL and increased hepatic selective uptake of HDL-CE and HDL-CEt in wild-
type mice, clearly establishing the role of increased hepatic SR-BI activity in mediating the
effect of probucol on the hepatic uptake of HDL-CE. In addition, probucol substantially
increased the fecal excretion of HDL-derived cholesterol in wild-type mice.

However, the profound HDL-lowering effects of probucol in SR-BI KO mice indicate that
probucol has other non–SR-BI–dependent effects on HDL metabolism. We isolated the SR-
BI–independent effects of probucol on HDL metabolism and RCT by using SR-BI knockout
mice. In contrast to wild-type mice, probucol failed to accelerate the FCR of HDL-CE and
HDL-CEt and did not increase the rate of hepatic selective uptake of HDL-CE in SR-BI KO
mice, establishing that hepatic SR-BI activity is required for this effect of probucol on HDL
metabolism. However, probucol significantly enhanced the fecal excretion of HDL-derived
cholesteryl even in SR-BI–deficient mice, indicating that this effect of probucol is SR-BI
independent. This unexpected result indicates that probucol stimulates excretion of HDL-
derived cholesterol from the liver into the bile by an SR-BI–independent mechanism.
Indeed, this effect likely accounts for the overall increased macrophage RCT in SR-BI KO
mice on probucol treatment.

We reasoned that HDL-derived CE, once hydrolyzed in the liver, is a substrate for efflux
back into the plasma via hepatic ABCA1. Previous reports have shown that probucol has an
inhibitory effect on ABCA1-dependent cholesterol efflux from fibroblasts,26

macrophages,24,26 and HepG2 cells25 in vitro. We hypothesized that probucol inhibits
ABCA1-dependent cholesterol efflux from hepatocytes in vivo. To investigate the
possibility, we first analyzed the ABCA1 expression in mouse primary hepatocytes and
found that probucol had no effect on ABCA1 mRNA but increased its protein level,
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consistent with previous reports.25,26 We then showed that probucol treatment of primary
hepatocytes abolished ABCA1-mediated efflux to lipid-free apoA-I. We showed that
ABCA1 KO mice behave very similarly to probucol-treated wild-type mice with regard to
increased fecal excretion of HDL-derived cholesterol. Finally, we showed that there was no
effect of probucol on the turnover of HDL-CE in ABCA1 KO mice and that probucol
treatment of ABCA1 KO mice had no further effect on fecal excretion of HDL-derived
cholesterol. Our results indicate that hepatic ABCA1 protein is required for probucol to
increase fecal excretion of HDL-derived cholesterol and that the effects of probucol on HDL
metabolism and RCT can be explained by inhibition of hepatic ABCA1. This would explain
the profound effect of probucol on reducing HDL-C levels, increasing hepatic disposal of
HDL-derived cholesterol, and increasing integrated macrophage RCT.

The molecular mechanism by which probucol inhibits hepatic ABCA1 activity remains to be
determined. Favari et al24 have shown that probucol inhibits ABCA1 translocation to the
plasma membrane in J774 cells, and Wu et al26 have shown that probucol inactivates
ABCA1 in the plasma membrane of human fibroblasts with regard to its function in
mediating binding of and lipid release by apolipoproteins. Further studies in hepatocytes are
required to elucidate the mechanism by which probucol inhibits hepatocyte ABCA1 activity.

Given that probucol has been shown to inhibit ABCA1-mediated cholesterol efflux from
macrophages in vitro, it is reasonable to question the effect of probucol on the ABCA1-
mediated efflux of the injected macrophages. However, we do not know whether necessary
inhibitory concentrations were achieved in the peritoneal fluid of the treated mice in our
RCT studies and suspect that they may not have been. The injected J774 macrophages had
no prior exposure to probucol and were simply injected into the peritoneal cavity, where
they were exposed for a relatively short period of time to whatever probucol concentration
had been achieved. In contrast, probucol is lipophilic and is metabolized by the liver and
excreted in the bile; thus, this protocol achieved high exposure of the hepatocytes to
probucol for a sustained period of time. Thus, we believe that the hepatocytes were exposed
to a substantially greater concentration of probucol for a longer period of time, resulting in
greater relative inhibition of endogenous hepatocyte ABCA1 compared with injected J774
macrophage ABCA1.

Conclusions
Our results indicate that probucol promotes macrophage RCT in vivo by inhibiting hepatic
ABCA1 activity, thus reducing the efflux of HDL-derived cholesterol from hepatocytes
back into the plasma and diverting this cholesterol to bile acid synthesis and biliary
excretion. Probucol also accelerates plasma HDL-CE clearance via the SR-BI pathway, but
this effect is not essential to promote in vivo RCT because the effect of probucol on the
biliary disposal of HDL-derived cholesterol and on integrated RCT is apparent even in SR-
BI KO mice. This study helps to explain the beneficial effects of probucol on atherosclerosis
and xanthomas despite the reduction in HDL-C levels and suggests that inhibition of hepatic
ABCA1, although expected to lead to a decrease in HDL-C levels, may promote RCT and
be atheroprotective.
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CLINICAL PERSPECTIVE

Plasma levels of high-density lipoprotein cholesterol (HDL-C) do not always reflect the
dynamic process of reverse cholesterol transport (RCT) from macrophage to bile and
feces and the risk of atherosclerosis. For example, mice lacking the hepatic HDL receptor
scavenger receptor class B type I have markedly elevated HDL-C levels but impaired
RCT and increased atherosclerosis. The ATP-binding cassette transporter 1 (ABCA1) is
expressed in the liver, and by exporting cholesterol out of the liver to the HDL protein,
apolipoprotein A-I plays a critical role in maintaining plasma HDL-C levels. However,
the relationship of hepatic ABCA1 to RCT and atherosclerosis remains poorly
understood. Because hepatic ABCA1 pumps cholesterol from the liver into the blood
instead of the bile, it might reduce the rate at which the liver excretes HDL-derived
cholesterol. Probucol is a drug that reduces HDL-C levels but also, paradoxically,
reduces atherosclerosis and xanthomas. We tested the hypothesis that probucol inhibits
hepatic ABCA1 activity, thereby reducing HDL-C levels but promoting RCT from
macrophages. In studies in mice lacking the hepatic HDL receptor scavenger receptor
class B type I, probucol substantially reduced HDL-C but significantly increased
macrophage RCT. Furthermore, probucol significantly enhanced the excretion of HDL-
derived cholesterol into the feces. Probucol markedly inhibited ABCA1-dependent
cholesterol efflux from mouse primary hepatocytes, and this effect was shown to be
responsible for the effect of probucol on increasing the fecal excretion of HDL-derived
cholesterol in vivo. These results provide an explanation for the beneficial effects of
probucol on atherosclerosis despite its HDL-lowering effects and suggest that
inactivation of hepatic ABCA1 leads to increased RCT despite reducing plasma HDL-C
levels.
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Figure 1.
Effects of probucol on reverse cholesterol transport (RCT) in mice. Mice (n=8 in each
group) were fed the experimental diets for 2 weeks, and RCT studies were performed as
described in Methods on C57BL6/SW129 (A through C) and scavenger receptor class B
type I knockout (SR-BI KO; D through F) mice. A and D, 3H-cholesterol in plasma after
macrophage injection. B and E, 3H-cholesterol in liver. C and F, 3H-cholesterol in feces.
cpm Indicates counts per minute. Significant difference, *P<0.05 (vs control).
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Figure 2.
Effects of probucol on 3H-cholesteryl oleate high-density lipoprotein (3H-CEs-HDL)
clearance in mice. Mice (n=6 in each group) were fed the experimental diets for 2 weeks,
and HDL turnover studies were performed as described in Methods on C57BL6/SW129
(wild-type [WT]) and scavenger receptor class B type I knockout (SR-BI KO) mice. A,
Change in 3H-CEs-HDL in plasma and plasma fractional catabolic rate (FCR). B, 3H-
cholesterol in the liver. C, 3H-sterol in feces. D, 3H-free cholesterol in feces. E, 3H-bile acid
in feces. cpm Indicates counts per minute. Significant difference, *P<0.05 (vs control).
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Figure 3.
Effects of probucol on plasma decay kinetics of 3H-cholesteryl hexadecyl ether (3H-
CEt)/125I-N-methyl tyramine cellobiose (125I-NMTC) high-density lipoprotein (HDL) in
mice. Mice (n=6 in each group) were fed the experimental diets for 2 weeks, and HDL
turnover studies were performed as described in Methods on C57BL6/SW129 (A through C)
and scavenger receptor class B type I knockout (D through F) mice. A and D, 3H-CEt
and 125I-NMTC levels in plasma after injection. B and E, The CE-selective plasma
fractional catabolic rate (FCR). C and F, The CE-selective uptake in the liver. cpm Indicates
counts per minute. Significant differences, *P<0.05 (vs control).
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Figure 4.
Effects of probucol on ATP-binding cassette transporter 1 (ABCA1) expression in mouse
hepatocytes. A, The mRNA (left) and protein (right) expression of hepatic ABCA1 (n=3 in
each group) B, The probucol effect on apolipoprotein AI–dependent free cholesterol (FC)
efflux from wild-type (WT) or ABCA1-deficient (ABCA1 KO) primary hepatocytes (n=3 in
each group).
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Figure 5.
Effects of probucol on 3H-cholesteryl oleate high-density lipoprotein (3H-CEs-HDL)
clearance in ATP-binding cassette transporter 1 (ABCA1) knockout (KO) mice. Mice (n=6
in each group) were fed the experimental diets for 2 weeks, and HDL turnover studies were
performed as described in Methods on DBA/J (wild-type [WT]) and ABCA1 KO mice. A,
Change in 3H-CEs-HDL in plasma. B, Fractional catabolic rate (FCR) of 3H-CEs-HDL.
C, 3H-cholesterol in the liver. D, 3H-sterol in feces. cpm Indicates counts per minute.
Significant differences indicated with *P<0.05 (versus control).
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Table

Effects of Probucol Treatment of Mice on Plasma Total and High-Density Lipoprotein Cholesterol Levels

Mice Diet Total Cholesterol, mg/100 mL Plasma HDL Cholesterol, mg/100 mL Plasma

C57BL6/SW129 Control 83.5±6.0 70.7±5.2

Probucol 14.7±3.1 11.2±2.8

SR-BI KO Control 213.3±15.8 167.8±8.6

Probucol 72.2±12.2 62.8±11.5

DBA/J Control 69.0±6.0 47.0±4.4

Probucol 11.0±2.4 5.3±1.0

ABCA1 KO Control 9.4±2.2 1.2±0.4

Probucol 8.0±2.0 1.5±0.5

HDL indicates high-density lipoprotein; SR-BI, scavenger receptor class B type I; KO, knockout; and ABCAI, ATP-binding cassette transporter 1.
Values are mean±SD. In each group, n=6 samples were determined. See Methods for details on diets and lipid analysis.
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