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Abstract

Although statins, ezetimibe, and PCSK9 inhibitors effectively reduce LDL-C levels and mitigate CHD risk, some
residual risks persist. Probucol, a lipid-lowering agent with potent antioxidant properties, is prescribed in Asia for
dyslipidemia treatment, ASCVD prevention, and xanthoma improvement. Its use was discontinued in Western
countries due to concerns over HDL-C reduction and QT prolongation; however, recent research supports its
therapeutic benefits. Probucol decreases HDL-C by promoting RCT through CETP and SR-BI activation while also
enhancing HDL's antioxidative function by elevating PONT1 activity and lowering oxidized HDL levels. Studies on FH
patients and those undergoing coronary revascularization indicate its role in secondary CV prevention. An
integrated analysis of the PROSPECTIVE and IMPACT on IMT studies has suggested that, despite reducing HDL-C,
probucol may offer protective effects against CHD. Potential applications of probucol for other diseases and recent
advances of nanoparticle-based probucol delivery systems for the treatment of atherosclerosis and inflammation
are also discussed.
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INTRODUCTION

Studies have confirmed that statins and other lipid-modifying agents that regulate the LDL receptor play a
role in decreasing the likelihood of ASCVD development™. Additionally, ezetimibe, an inhibitor of
intestinal cholesterol absorption, has been linked to lower CV event rates, as reported in the IMPROVE-IT
study”. When combined with simvastatin, ezetimibe further reduced LDL-C levels, leading to a 7% decline
in CV incidents. Achieving an LDL-C level of 53.7 mg/dL, which is lower than previous recommendations,
was found to provide additional protective effects.

Moreover, findings from the recent FOURIER study™ indicated that the PCSK9 inhibitor evolocumab,
which controls LDL receptor expression at the plasma membrane, significantly decreased LDL-C levels by
59% compared to placebo, bringing the median baseline LDL-C from 92 mg/dL down to 30 mg/dL. This
drop correlated with a 15% decline in primary endpoint risk. Another PCSK9 inhibitor, alirocumab,
exhibited significant advantages in secondary ASCVD event prevention, as evidenced in the ODYSSEY-
OUTCOMES study'™.

Inclisiran, an siRNA therapy that suppresses hepatic PCSK9 production, has demonstrated a sustained
reduction in LDL-C levels with only a single administration every six months"®. Research is currently
ongoing to determine its impact on ASCVD outcomes.

Furthermore, ACL functions as an enzyme that operates upstream of HMG-CoA reductase. Bempedoic
acid, an ACL inhibitor, has demonstrated effectiveness in lowering LDL-C levels, even among individuals
on statin therapy, with minimal occurrence of muscle-related side effects. In patients who cannot tolerate
statins, bempedoic acid has been associated with a reduced risk of major CV events'".

Other studies show that individuals with ASCVD benefit from further LDL-C reduction beyond current
guideline targets. While PCSK9 inhibitors have successfully decreased LDL-C concentrations to around
30 mg/dL, some individuals who reach these levels may still experience ASCVD incidents. Therefore,
optimizing treatment strategies for high-risk individuals remains essential.

Because of its potent antioxidant properties, probucol was initially developed by Dow Chemical for
industrial application to prevent degradation during the production of rubber tires. Safety studies in rats, a
rodent species in which CETP is absent and most cholesterol is transported in HDL, showed that it lowered
total plasma cholesterol. On this basis, probucol was then administered to humans, found to lower both
LDL-C and HDL-C"), and introduced into clinical practice prior to the availability of statins. Of concern,
however, were the observed lowering of HDL-C and prolongation of the QT interval. Moreover, when the
results of the PQRST angiographic study' that examined the impact of probucol on femoral artery lumen
diameter were shown to be inconclusive, it was withdrawn from the market in the United States and
Western countries in 1995. However, undeterred by the results of PQRST and confident based on clinical
experience and the lack of evidence that the prolonged QT interval had adverse effects, physicians in Asia
and South Africa continued to prescribe probucol in combination with newly available statins for FH
patients'.

A key feature that sets probucol apart is its capability to enhance RCT by increasing plasma CETP activity
and boosting hepatic SR-BI expression"*"". In our past reviews on probucol">"”, we compiled insights from
prior fundamental studies and clinical investigations. This article highlights the latest research on probucol,
with recent clinical evidence strongly suggesting that its role in lowering ASCVD risk and promoting
xanthoma regression should be re-evaluated.
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LESSONS FROM CETP DEFICIENCY AND THE FAILURE OF CETP INHIBITORS

A previous report documented a case of HALP (elevated HDL-C) associated with early-onset corneal
opacity*, followed by another case linked to angina pectoris. These findings indicate that HALP may not
always be protective against atherosclerosis and, in certain contexts, may contribute to atherogenesis. It is
now known that HALP is caused by a variety of genetic and environmental factors such as drugs,
pregnancy, alcohol intake, and liver diseases. Primary forms of HALP are caused by mutations in genes
coding CETP, HL, apolipoprotein C-III, scavenger receptor SRB-1, and EL". Among these, plasma CETP
deficiency is the most common in Asian populations, especially in Japan, where many cases have been
observed in whom the prevalence of CHD is increased"*”. Indeed, recent Mendelian randomization data
have shown a lack of atheroprotective effects of HDL-C"*.

According to data from the Framingham Heart Study" and the LURIC Study™, an inverse relationship
exists between plasma CETP levels and CHD occurrence. Assessing the role of CETP in ASCVD risk
continues to be problematic because RCT is a complex process involving multiple steps and players, not
limited to HDL-cell receptor interactions”!. While plasma CETP concentrations in LURIC and the
Framingham Heart Studies have been shown to correlate with CHD occurrence, the level of CETP activity
in intact plasma (CET) is dependent on the abundance and availability of its potentially atherogenic apoB-
containing substrate, i.e., CE acceptor lipoproteins such as immunochemically distinct LpB:C particles”.
The complexity of RCT is illustrated by the fact that in the presence of near-total CETP inhibition with
obicetrapib, LDL-C levels declined.

Further analysis from the Copenhagen City Heart and Copenhagen General Population Studies revealed a
U-shaped correlation between HDL-C concentrations and both all-cause and CV mortality across
genders"*”. Compared with individuals at minimal risk, the HRs for all-cause mortality were 1.36 for men
with HDL-C levels between 97 and 115 mg/dL, rising to 2.06 for those exceeding 116 mg/dL. Among
women, HRs were 1.10 for HDL-C levels in the range of 116-134 mg/dL and 1.68 for levels above
135 mg/dL. Comparable observations have been documented in Japanese cohorts, as evidenced by findings
from the NIPPON DATA90 study”” and the EPOCH-JAPAN analysis”’. Exceptionally elevated HDL-C
levels (= 90 mg/dL) have been strongly linked to a heightened risk of CVD mortality, CHD, and ischemic
stroke.

Numerous CETP inhibitors have been designed to elevate serum HDL-C levels while lowering LDL-C
concentrations. Those progressing to late-stage clinical trials can be classified into CETP inhibitors,
including torcetrapib, anacetrapib, and evacetrapib, and CETP modulators such as dalcetrapib. Studies
assessing CETP inhibitors and modulators in combination with statin therapy have reported either neutral
or adverse outcomes regarding CV event prevention and carotid atherosclerosis, even though they

27-30]

significantly increased HDL-C levels .

The lack of success of CETP inhibitors was primarily linked to either an unchanged or heightened ASCVD
risk. The ILLUMINATE study"” demonstrated that torcetrapib led to elevated systolic and diastolic blood
pressure due to excessive aldosterone secretion. However, other CETP inhibitors neither triggered this effect
nor altered plasma aldosterone levels”'. The outcome failures of torcetrapib, dalcetrapib, and evacetrapib
may have been influenced by off-target effects such as blood pressure elevation, particularly in the case of
torcetrapib”. In contrast, anacetrapib, which did not affect blood pressure, demonstrated a modest decline
in ASCVD events"”, although its development was halted by Merck due to long-term retention in adipose
tissues”. These findings still argue that CETP inhibition itself may not be entirely ineffective in preventing
cardiovascular outcomes.
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These observations imply that rather than suppressing CETP, a probucol-driven enhancement of RCT
could offer a promising approach for both ASCVD prevention and regression™.

IMPACT OF PROBUCOL ON LIPOPROTEIN METABOLISM

Probucol is a lipophilic compound that distributes across various lipoprotein classes. It reduces serum LDL-
C levels by approximately 10%-20% while decreasing HDL-C by around 30%"*. Additionally, probucol
promotes the excretion of cholesterol into bile"”. Studies have demonstrated that it lowers LDL-C levels
even in rabbits lacking LDL receptors®™® and in individuals with FH, both in homozygous and
heterozygous forms“*?. These observations indicate that probucol’s LDL-C-lowering action is mediated
through an LDL receptor-independent mechanism.

The ABCAL1 is essential for generating disc-shaped HDL by transferring lipids to lipid-free apoA-I. 2-
Bromopalmitate has been shown to hinder the formation of larger HDL particles while favoring the
production of smaller-sized HDL. Probucol exerts a comparable effect to 2-bromopalmitate, leading to a
shift in HDL formation toward smaller, discoidal particles that more avidly take up free cholesterol from
peripheral tissues'*’. A consistent problem inherent in characterizing the role of CETP in lipoprotein
transport is the fact that different laboratory methods to assess CE transfer (CET) activity provide
contrasting results depending on whether endogenous or exogenous substrates are employed*”. When CET
is estimated in intact plasma of FH patients as the loss of CE from HDL to acceptor lipoproteins as opposed
to measuring the concentration of CETP by immunoassay, CET is increased*” and returned to normal after
treatment with probucol“.

A deficiency of SR-BI in mice has been observed to convert normal HDL into significantly larger, CE-rich,
and dysfunctional HDL particles, heightening the risk of atherosclerosis. While multiple studies in rodents
and tissue culture models have shown that the action of probucol enhances SR-BI-mediated delivery of CE
to HDL, little is known about the extent to which the behavior and functionality of lipoproteins are altered
when lipophilic probucol is incorporated into their structure. Research has documented the impact of
probucol on impaired HDL function in SR-BI knockout mice'*”. HDL particles from SR-BI-deficient mice
were examined through shotgun proteomics and functional assessments. Probucol-treated mice displayed
notable modifications in HDL protein composition. The levels of apoA-I and PON1 in HDL were
considerably lower in SR-BI-deficient mice compared to wild-type counterparts. Conversely, SR-BI null
mice exhibited increased levels of acute-phase protein SAA, apoA-IV, and the proteinase inhibitor A1AT in
HDL, which correlated with dysfunctional HDL properties. When compared with HDL from SR-BI** mice,
HDL obtained from SR-BI"" mice retained significantly higher cholesterol content. Furthermore, HDL from
SR-BI" mice exhibited diminished antioxidant and anti-inflammatory properties. However, administration
of probucol to SR-BI” mice restored the relative levels of apoA-I, PON1, SAA, apoA-IV, and A1AT in
HDL, leading to enhanced HDL functionality. These findings suggest that probucol has the capability to
convert dysfunctional HDL in SR-BI”" mice into a functional, atheroprotective form.

PROBUCOL AS A POWERFUL STIMULATOR OF RCT AND XANTHOMA REGRESSION

The decline in serum HDL-C caused by probucol is largely due to its role in enhancing RCT. Cholesterol
within foam cells of lipid-rich plaques is absorbed by HDL and its primary protein, apoA-I, through the
actions of ABCG1 and ABCA1. This cholesterol is subsequently esterified by LCAT, forming CE. In the
bloodstream, CETP promotes the exchange of CE from HDL to VLDL, IDL, and LDL in return for TG. The
liver then removes VLDL that has undergone remodeling by lipoprotein lipase, IDL, and LDL through
apoB-LDL receptors, while hepatic SR-BI selectively absorbs CE from HDL. Excess cholesterol derived from
foam cells in atherosclerotic plaques is transported by HDL to the liver for elimination via bile, a process
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known as RCT.

The probucol-induced decrease in HDL-C is driven by activation of RCT and SR-BI pathways**'. By
stimulating CETP, probucol facilitates the movement of CE from HDL, leading to the generation of small,
CE-depleted HDL particles with an enhanced ability to promote cholesterol efflux. As a result, probucol
significantly boosts RCT, expediting the excretion of cholesterol into bile”. Additionally, plasma LCAT
activity showed a notable increase in FH patients receiving probucol therapy”'. Probucol was found to
enhance LCAT activity in Lp A-I by 4.5-fold. It also promoted cholesterol efflux from cholesterol-loaded
adipose cells via Lp A-T and Lp A-IV, but not through Lp AL:AIL. Therefore, the reduction in HDL-C
induced by probucol does not signify a pro-atherogenic change but rather supports an anti-atherogenic
effect by stimulating RCT from peripheral tissues.

[40,52,53]
S

Although probucol lowers serum HDL-C level , it has been demonstrated to aid in the regression of
xanthelasma and Achilles tendon xanthomas in individuals with FH. Consequently, dermatologists in Japan
commonly prescribe probucol for xanthelasma patients. A reduction in Achilles tendon thickness in FH
individuals has been observed to correlate positively with declining HDL-C levels'*”, implying that HDL-C
reduction may indicate enhanced RCT. Probucol also promotes the generation of lipid-poor prep1-HDL, a

crucial factor in cholesterol efflux* from peripheral tissues.

However, probucol has been noted to suppress ABCA1-mediated cholesterol efflux via apoA-1"7.
Conversely, a later investigation revealed that probucol oxidation derivatives, such as spiroquinone and
diphenoquinone, elevated functional ABCA1 protein levels in macrophages and liver cells, suggesting a
potential role in accelerating RCT in mice that lack CETP*.

Studies have shown that probucol more strongly suppresses cholesterol efflux to apoA-I in THP-1 non-
foam cells than in foam cells"”. Foam cells treated with probucol generated larger nascent HDL particles
through an ABCA1-independent mechanism compared to non-foam cells exposed to probucol.
Additionally, probucol enhanced the release of functional nascent HDL particles from foam cells. The
variation in inhibitory effects on apoA-I-mediated cholesterol efflux was linked to modifications in the
plasma membrane cholesterol pool and intracellular cholesterol accumulation, independent of ABCA1%,
providing further evidence that probucol alters lipoprotein composition. In ABCA1/ABCG1 double
knockout mice, a reduction in serum cholesterol levels was observed along with an elevation in CE content
in the spleen and liver, accompanied by increased macrophage infiltration. Treatment with probucol
significantly lowered CE content in these tissues and reduced macrophage infiltration”..

Prep1-HDL concentrations are elevated in individuals with hypercholesterolemia and high CETP activity. In
patients receiving probucol, pref1-HDL levels remain elevated due to increased CETP activity and
enhanced CETP-driven HDL conversion®. ANGPTLS3 is recognized for its role in inhibiting EL, an enzyme
that breaks down HDL phospholipids and contributes to prep1-HDL formation. Probucol decreases
ANGPTLS3 levels and the content of the phospholipids sphingomyelin, lecithin (L), and the FC/L ratio in
HDL2" while promoting an increase in prep1-HDL levels in hypercholesterolemic individuals'*.

The reduction in HDL-C levels induced by probucol is also linked to an upregulation of hepatic SR-BI
expression"*""!, The impact of probucol on hepatic SR-BI levels has been documented in rabbits maintained
on a high-cholesterol diet'*’. Probucol notably restored hepatic SR-BI expression following dietary
cholesterol elevation, resulting in a twofold rise in hepatic HDL-CE uptake and a reduction in
atherosclerosis progression.
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Taken together, although reduced HDL-C is generally considered detrimental in terms of ASCVD
protection, the paradoxical HDL-C-lowering effect of probucol may actually reflect an enhancement of RCT
via increased cholesterol efflux from foam cells and CETP and SR-BI-mediated enhanced cholesterol
transfer to the liver, leading to xanthoma regression and the prevention or regression of atherosclerosis,
despite ongoing controversies.

PROBUCOL: A HIGHLY EFFECTIVE ANTIOXIDANT DRUG

Probucol mitigates oxidative modification of LDL at low doses without altering the lipoprotein profile!”,

primarily by suppressing free radical-induced lipid peroxidation in lipoproteins'®*". The influence of
probucol on the serum oxidation index and lipid parameters was assessed in patients with acute coronary
syndrome who were randomly allocated to either a control group (atorvastatin 20 mg/day) or a treatment
group (atorvastatin 20 mg/day + probucol 750 mg/day)*”. After 12 weeks, the atorvastatin + probucol group
exhibited significantly lower oxidized LDL levels and higher PON1 levels compared to those receiving
atorvastatin alone. These results indicate that adding probucol to atorvastatin therapy enhances the
reduction of oxidized LDL and increases PON1 levels more efficiently than atorvastatin alone.

HDL plays a crucial role in atherosclerosis prevention through its antioxidative, anti-inflammatory, and
antithrombotic properties, in addition to being a key regulator of RCT'”\. Probucol enhances the activity of
HDL-associated PONT1, thereby protecting LDL from lipid peroxidation'***. We investigated the protective
effects of probucol-treated HDL against LDL oxidation induced by AAPH"". In FH patients, probucol
treatment led to a 47% decline in serum HDL-C, with their HDL particles appearing smaller than those in
untreated individuals. Notably, HDL from probucol-treated patients exhibited a 112% prolongation in the
time required for LDL oxidation to initiate. This effect may be attributed to the incorporation of probucol
into HDL core lipids and the enhanced function of HDL-associated PON1.

Oxidized HDL has been identified as a proatherogenic factor, contributing to lipid accumulation within
macrophages and initiating the ER stress-CHOP-mediated apoptotic cascade through increased oxidative
stress”. This process is set in motion by oxidized HDL binding to TLR4. As a reactive oxygen species
scavenger, probucol mitigates oxidized HDL-driven macrophage apoptosis and oxidative stress.

Additionally, a novel sandwich ELISA was developed to detect oxidized HDL using antibodies that
recognize oxidized phosphatidylcholine, a key phospholipid component of HDL"”. In FH patients,
probucol treatment resulted in significantly lower oxidized HDL levels and a reduced oxidized HDL-to-
HDL-phospholipid ratio compared to those who did not receive probucol.

Collectively, these findings suggest potential molecular pathways that underlie the anti-atherosclerotic
effects of probucol, as depicted in Figure 1.

The observed reduction in serum HDL-C levels following probucol treatment may indicate an enhancement
of RCT and improved HDL functionality in atherosclerosis prevention. Probucol alters CET activity and
promotes the generation of prep1-HDL and small, cholesterol-depleted HDL particles, both of which are
highly efficient in cholesterol efflux. It facilitates RCT by modifying CE transfer from HDL to apoB-
containing lipoproteins and upregulating hepatic SR-BI receptor expression. Consequently, enhanced
hepatic uptake of cholesteryl ester via SR-BI from HDL and through both LDL receptor-mediated and non-
receptor-mediated pathways accelerates cholesterol clearance into bile, despite a reduction in circulating
HDL-C levels.
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Figure 1. Molecular pathways contributing to the anti-atherosclerotic effects of probucol (Created by the authors using Microsoft
PowerPoint).

While probucol has been noted to inhibit ABCA1-mediated cholesterol efflux, its metabolites have been
found to increase ABCA1 protein stability. Additionally, probucol alters both the surface and core lipid
composition of HDL, enhancing its antioxidative potential by boosting PON-1 activity and incorporating
probucol itself into the HDL core. These mechanisms may contribute to the probucol-induced xanthoma
regression and its protective effects against atherosclerosis.

RECENT CLINICAL FINDINGS ON PROBUCOL FOR ATHEROSCLEROSIS PREVENTION
AND REGRESSION

Research has demonstrated that probucol effectively slows atherosclerosis progression in WHHL rabbits,
which are deficient in LDL receptors””. In cholesterol-fed rabbits, probucol significantly decreased aortic
lesion size, monocyte adhesion to endothelial cells, and macrophage infiltration in the intima, showing
greater efficacy than atorvastatin”’. LDL extracted from probucol-treated rabbits exhibited enhanced
antioxidative properties compared to LDL from atorvastatin-treated or control rabbits. Additionally,
probucol induced more substantial reductions in atherosclerosis and aortic macrophage accumulation than
atorvastatin in WHHL rabbits".

A recent study in mice examined the role of probucol in AAA". Probucol reduced AAA incidence by
preventing elastin degradation and inhibiting inflammatory cell infiltration via heme oxygenase-1
activation. Moreover, elevated homocysteine levels are recognized as a risk factor for atherosclerosis,
contributing to oxidative stress and chronic inflammation. In rat aortic smooth muscle cells, homocysteine
promotes CRP production”. Probucol was found to suppress CRP mRNA expression induced by
homocysteine in cultured rat aortic smooth muscle cells and hyperhomocysteinemic rats, leading to a
reduction in serum CRP levels in these animals.

In a previous review, we summarized clinical investigations assessing the impact of probucol on the
prevention of atherosclerosis in the femoral, carotid, and coronary arteries, as well as its role in reducing
restenosis after PCI"”. This article highlights the results of key clinical studies on the subject and the
comparison of probucol clinical trials is summarized in Table 1.
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SECURE study

The SECURE study"™ evaluated 119 PCI patients who received either a probucol/cilostazol combination
therapy or cilostazol alone, measuring coronary plaque characteristics through intravascular ultrasound at
baseline and after nine months. All patients were prescribed simvastatin (20 mg/day). No significant
differences were observed in plaque volume, composition, or primary endpoint between the groups. While
plaque regression occurred in over 70% of participants, probucol did not show additional anti-atherogenic
effects. However, its inclusion as an adjunct therapy was linked to plaque regression.

PQRST

The PQRST trial was the first randomized controlled study designed to evaluate whether a three-year course
of probucol therapy influenced femoral atherosclerosis in patients with hypercholesterolemia®. Although
LDL-C levels decreased by 12% and HDL-C by 24%, lumen volume remained unchanged. Since vascular
remodeling may occur without affecting lumen size, the study’s neutral results could have limited diagnostic
relevance.

FAST

The FAST trial investigated the impact of probucol on carotid IMT and CV events in 246 patients with
hypercholesterolemia over a two-year period™
(500 mg/day), pravastatin (10 mg/day), or a dietary intervention alone. Pravastatin reduced LDL-C by 36%,
while probucol lowered LDL-C by 29% and HDL-C by 30%. Both treatments led to a 13.9% reduction in
carotid IMT, with probucol’s effects occurring independently of lipid modifications. The incidence of CV

| Participants were assigned to receive probucol

events was lowest in the probucol group (2.4%), compared to the pravastatin group (4.8%) and the control
group (13.6%), indicating a potential role in plaque stabilization and CV event reduction.

POSITIVE

This retrospective analysis examined the long-term effects of probucol treatment in 410 patients with FH"™.
The primary endpoint assessed was the duration until the first CV event requiring hospitalization. In
secondary prevention, probucol significantly lowered the risk (HR 0.13, 95%CI: 0.05-0.34, P < 0.001).
However, no substantial benefit was observed in primary prevention, possibly due to the higher LDL-C
levels (~30 mg/dL) observed in the probucol group.

Probucol study on long-term survival following complete revascularization

An investigation into the long-term survival effects of probucol therapy included 1,694 patients who had
undergone complete revascularization via PCI and/or bypass surgery. Findings revealed a significant
decrease in all-cause mortality among probucol-treated individuals (HR 0.45, P = 0.002), along with a slight
reduction in CV mortality™’. These results suggest that prolonged probucol therapy may be beneficial in
preventing recurrent CV events in high-risk populations, such as FH patients and those who have
undergone revascularization.

PROSPECTIVE

The PROSPECTIVE"®*! assessed whether the addition of probucol to statins or other LLT could reduce
ASCVD events and carotid atherosclerosis in 876 Japanese patients with a history of CHD and dyslipidemia.
Participants were randomly assigned to receive either LLT alone or LLT combined with probucol
(500 mg/day). The primary endpoint included cerebrovascular and CV events, such as CV-related mortality
(including sudden death), nonfatal myocardial infarction, nonfatal stroke, hospitalizations due to unstable
angina, heart failure, or coronary revascularization. After a follow-up period of at least three years, the
probucol group exhibited lower event rates despite reductions in HDL-C, with no significant adverse effects
reported.
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Table 1. Comparison of probucol clinical trials

Sample

Trial Population Design size Duration Primary endpoint Key findings Safety References
SECURE Post-PCl patients with RCT (double- 19 9 months  Change in plague volume  Plague regression in both groups; no added No safety concerns; well  [78]
moderate stenosis blind) (IVUs) benefit from probucol tolerated
PQRST Primary RCT (placebo- 303 3years Femoral artery lumen No difference in lumen volume; HDL-C Well tolerated; HDL [8]1
hypercholesterolemia controlled) volume reduction by 24%-34% with probucol reduction noted
FAST Asymptomatic RCT 246 2 years Carotid IMT, CV events IMT declined in both pravastatin and probucol No major AEs; probucol  [79]
hypercholesterolemia groups; CV events lowest with probucol effective independent of
(2.4%) lipid changes
POSITIVE FH patients in Japan Retrospective 410 ~8-10 years Time to first CV event Significant reduction in events in secondary No increase in AEs; long- [80]
cohort prevention (HR 0.13) term use tolerated
Long-term Post-PCl/CABG patients Retrospective 1,694 >10vyears All-cause mortality Probucol reduced mortality risk (HR 0.45) No increase in QT- [81]
revascularization study (propensity- related AEs; favorable
matched) long-term safety
PROSPECTIVE CHD patients in Japan RCT (open-label) 876 3years Composite Lower event rate in probucol group (7.8% vs.  No major AEs; QT [82,83]
CV/Cerebrovascular 10.2%), not statistically significant prolongation not
events observed
IMPACT on IMT Stable CHD patients RCT (open-label, 281 3 years Carotid IMT IMT regressed in all groups; no additional Well tolerated; no QT- [84]
(Asia) blinded endpoint) benefit from probucol or cilostazol related issues reported
Integrated analysis of CHD patients in Asia RCT (open-label) 1,025 3years Composite Tendency to show the effect of probucol on Well tolerated; no [85]
PROSPECTIVE and CV/Cerebrovascular CV events (HR 0.67); significant decrease in significant increase in
IMPACT on IMT events and carotid IMT CV events in patients with reduced levels of AEs, including severe
HDL-C (= 6.25 mg/dL) compared with those  ventricular arrhythmias
with levels < 6.25 mg/dL
PICASSO High-hemorrhage risk RCT(2x2 1,512 1.9 years Stroke, MI, vascular death; Probucol reduced vascular events (HR 0.69);  Safe profile; dizziness and [86,87]
stroke patients (Asia) factorial) (median)  hemorrhagic stroke no increase in hemorrhagic stroke Gl symptoms noted

AEs: Adverse events; FAST: Fukuoka Atherosclerosis Trial; FH: familial hypercholesterolemia; CABG: coronary artery bypass graft; CHD: coronary heart disease; CV: cardiovascular; Gl: gastrointestinal; HDL: high-
density lipoprotein; HDL-C: high-density lipoprotein-cholesterol; HR: hazard ratio; IMPACT on IMT: Investigate effect on Mean intima media thickness (IMT) of Probucol And/or CilosTazol in patients with coronary
heart dlsease taking HMGCoA reductase inhibitor therapy; IMT: intima media thickness; IVUS: intravascular ultrasound; MI: myocardial infarction; PCI: percutaneous coronary intervention; PICASSO: Preventlon of
CArdiovascular Events in iSchemic Stroke Patients With High Risk of Cerebral HemOrrhage; POSITIVE: Probucol Observational Study Illustrating Therapeutic Impact on Vascular Events; PQRST: Probucol
Quantitative Regression Swedish Trial; PROSPECTIVE: Probucol Randomized Outcomes Study for Prevention of Endpoints in Coronary Therapeutic InterVention Evaluation; RCT: randomized clinical trial; SECURE:
Study of Endothelial Cell function and UltraRestructural Evaluation.

IMPACT on IMT study

The IMPACT on IMT Study, conducted alongside PROSPECTIVE, explored the influence of probucol on carotid IMT in 281 hypercholesterolemic patients
with CHD who were on statin therapy®. Participants were divided into three groups: statin alone, statin combined with probucol, and statin plus both
probucol and cilostazol, the inhibitor of platelet aggregation. The primary focus was on changes in mean carotid IMT over three years, while secondary
measures included biomarker analysis, MACCEs, and safety evaluations. IMT showed regression in all groups, with no additional improvement observed with
probucol or cilostazol. The control group experienced more MACCEs, but this difference was not statistically significant.
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Integrated analysis of PROSPECTIVE and IMPACT on IMT

A combined analysis of data from the PROSPECTIVE and IMPACT on IMT trials assessed probucol’s
effects on CV outcomes and carotid IMT in 1,025 Asian individuals with CAD™/. The adjusted HR for CV
events was 0.67 (95%Cl: 0.44-1.03), indicating a likely benefit (Figure 2A, reproduced from reference™).
While carotid IMT changes remained comparable across groups, a greater HDL-C reduction (2 6.25 mg/dL)
was linked to a significant decline in CV events (Figure 2B, reproduced from reference®). There was no
increase in severe adverse effects, including serious ventricular arrhythmias, among those receiving
probucol. These findings suggest a possible reduction in CV risk with probucol, but further large-scale
studies are needed for validation.

Picasso trial

The PICASSO Trial® compared the efficacy and safety of cilostazol and aspirin, with or without probucol,
in ischemic stroke patients considered to be at high risk for cerebral hemorrhage!™. Participants were
randomly assigned to receive cilostazol, aspirin, cilostazol plus probucol, or aspirin plus probucol. The
study's main outcomes included the occurrence of stroke, myocardial infarction, vascular mortality
(efficacy), and hemorrhagic stroke (safety). Over 1.9 years, both composite vascular event rates and cerebral
hemorrhage rates were similar between the cilostazol and aspirin groups. However, vascular events were
significantly lower among those taking probucol (HR 0.69, 95%CI: 0.50-0.97), while cerebral hemorrhage
showed a downward trend (HR 0.65, P = 0.55). These findings suggest probucol may provide cardiovascular
protection for high-risk ischemic stroke patients.

Additionally, the ongoing PICASSO-IMT sub-study™ is examining changes in carotid mean IMT over a
13-month period in response to these therapies.

CLINICAL EVIDENCE OF PROBUCOL IN CORONARY RESTENOSIS

A small-scale trial in Japan demonstrated that probucol may have an anti-restenotic effect following PCI"*.
The MVP Trial** evaluated whether probucol or antioxidants could influence restenosis rates by
randomly assigning 317 patients to one of four groups: placebo, probucol (500 mg), a multivitamin mix
(including beta carotene, vitamin C, and vitamin E), or a combination of probucol and multivitamins. After
six months, patients receiving probucol showed a significantly smaller luminal diameter reduction. The
restenosis rates observed were 20.7% for probucol, 28.9% for the combined therapy, 40.3% for the
multivitamin group, and 38.9% for the placebo group, indicating that probucol may help mitigate restenosis.
The PART further demonstrated that administering probucol four weeks prior to angioplasty and
continuing for six months post-procedure led to a notable reduction in restenosis rates””. A meta-analysis
involving 859 patients validated that probucol effectively reduced restenosis (> 50% stenosis), increased the
minimal luminal diameter, and decreased the incidence of major adverse cardiac events (HR = 0.69,

P=0.01)",

To further explore restenosis prevention post-PCI, drug-eluting stents coated with probucol have been
developed”** and studied further to assess their safety and long-term efficacy in managing chronic total
occlusions™™.

ADVERSE REACTIONS OF PROBUCOL

As mentioned above, probucol is known to have several notable adverse effects:

QT interval prolongation: There is a possibility that probucol can increase the risk of ventricular
arrhythmias, including torsades de pointes. However, according to the results of the previous studies listed
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Figure 2. Kaplan-Meier curves for 5-year incidence of endpoint events. (A) Comparison of event-free survival between the probucol and
control groups following randomization; (B) Subgroup analysis of the probucol group based on HDL-C reduction, stratified by an
average decrease of 2 6.25 mg/dL versus < 6.25 mg/dL from baseline. Adapted from™ (Licensed under CC BY-NC-SA 4.0).

above, there have been no reports of fatal ventricular arrhythmias. In a long-term retrospective analysis of
1,694 patients who had undergone complete revascularization via PCI and/or bypass surgery"", the use of
probucol was associated with a significant decrease in all-cause mortality and a slight reduction in CV
mortality without an increase in fatal ventricular arrhythmias. Furthermore, the POSITIVE Trial® also
showed no significant difference in serious adverse events such as ventricular arrhythmias between the
probucol-treated and untreated groups. Later clinical trials also confirmed the safety of probucol use.
Therefore, probucol has a possibility of QT prolongation, but the long-term use of probucol has been
proven to be safe. However, there is a consensus to monitor the QT interval while administering probucol
for a longer period in Asian countries.

Decreased HDL-C levels: Unlike other lipid-lowering agents, probucol paradoxically lowers HDL
cholesterol, which may reduce its cardioprotective effect.

Gastrointestinal disturbances: Such as nausea, diarrhea, and abdominal discomfort.
Liver dysfunction: Mild elevations in liver enzymes can occur.
Hypersensitivity reactions: Rare, but include rash or allergic responses.

Due to these adverse effects, monitoring - particularly for QT prolongation and HDL-C lowering - should
be performed during the use of probucol.

POTENTIAL APPLICATIONS OF PROBUCOL FOR OTHER DISEASES

Probucol exhibits antioxidative, anti-inflammatory, and RCT-promoting effects, suggesting potential
therapeutic applications in various conditions. For these reasons, it may provide benefits for individuals
with NAFLD", contrast-induced acute kidney injury in CHD patients”'*, and neurodegenerative



Page 12 of 18 Yamashita et al. Rare Dis Orphan Drugs J. 2025;4:27 | https://dx.doi.org/10.20517/rdod}.2025.16

disorders such as Alzheimer's and Parkinson's disease!".

Lipoprotein glomerulopathy is a renal disorder marked by proteinuria, kidney dysfunction, and type III
dyslipidemia, often associated with mutations in the apoE gene. Liao et al. observed similar renal
abnormalities in LDL receptor and SR-BI double-knockout mice subjected to a high-fat diet". In this
experimental setting, probucol significantly mitigated kidney damage, suggesting its potential role in
treating lipoprotein glomerulopathy.

NANOPARTICLE-BASED PROBUCOL DELIVERY SYSTEMS IN ATHEROSCLEROSIS AND
RELATED CONDITIONS

Emerging research on nanoparticle-based probucol delivery systems has demonstrated encouraging results
in atherosclerosis, inflammation, and hyperlipidemia-induced pancreatitis, often outperforming non-

probucol nanoparticles” """,

Liang et al."* developed RPP-PU, a probucol-loaded, H,0,-sensitive nanoparticle mimicking red blood
cells. In ApoE” mice, it prolonged drug release, reduced oxidative stress, lowered lipid and enzyme levels,
and decreased plaque burden. It also suppressed inflammatory markers (e.g., MCP-1, ICAM-1) and foam
cell formation, suggesting attenuated inflammation and slower plaque growth. Translation, however, faces
manufacturing and safety challenges.

Chen et al." created theranostic nanoparticles combining probucol with near-infrared dyes (ICG or
IR783) for simultaneous therapy and imaging. They reduced foam cell formation, oxidative stress, and
inflammation in vitro, and selectively targeted plaques in mice. The IR783 variant enabled NIR visualization
of lesions. Barriers include regulatory approval, dye safety validation, and scalable production.

Zeng et al" produced carrier-free nanoparticles from probucol and ginsenoside Rb1, cloaked with
inflammatory cell membranes for lesion targeting. These bound activated endothelium, inhibited monocyte
migration, and reduced oxidative and inflammatory markers in vitro. In ApoE” mice, they localized to
plaques, lowered lipid and necrotic core content, and reduced macrophages, smooth muscle cells, and TNF-
o without observed toxicity. Structural complexity may hinder scale-up and quality control.

Fu et al."* developed ceria-zoledronic acid nanozymes loaded with probucol and coated with platelet
membranes. These showed ROS-scavenging and anti-inflammatory effects, accumulated in plaques, and
significantly reduced foam cell formation and plaque progression in ApoE” mice, suggesting a versatile
redox- and inflammation-targeted platform.

Chen et al."” designed platelet membrane-coated mesoporous polydopamine nanoparticles carrying
probucol with NIR-triggered release. They suppressed foam cell formation and oxidative stress in vitro, and
in a carotid ligation mouse model, accumulated in plaques and reduced intimal thickening, indicating
potential for precise, responsive therapy.

Liang et al." introduced a red blood cell membrane-coated nanoparticle using a star polymer scaffold to
encapsulate probucol, improving loading, biocompatibility, and plaque targeting. In ApoE” mice, it reduced
serum lipids, plaque collagen, inflammatory mediators, and foam cell formation, offering a multifaceted
therapeutic strategy.
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Wagle et al."* encapsulated probucol with lithocholic acid in sodium alginate, enhancing insulin secretion,
antioxidant activity, and cellular uptake in islet cells. In diabetic mice, oral delivery lowered glucose,
reduced inflammation, and improved survival, protecting B cells from oxidative damage. Clinical use
requires evaluating bile acid toxicity and potential cardiovascular risks.

Wu et al! formulated a self-assembled probucol nanosuspension with improved stability and
pharmacokinetics, which reduced pancreatic damage and lung injury in hyperlipidemia-induced acute
pancreatitis models, suggesting a novel anti-inflammatory approach beyond supportive care.

Wagle et al.""" developed probucol-lithocholic acid nanoparticles for sensorineural hearing loss. In auditory
cell models, they improved mitochondrial function, activated antioxidant pathways (e.g., Nrf2/HO-1), and
enhanced cell survival, outperforming free probucol. However, clinical translation remains challenging due
to difficulties in crossing the blood-labyrinth barrier, achieving sustained inner-ear release, and assessing
potential ototoxicity.

Collectively, nanoparticle-based probucol platforms enable targeted, multi-modal interventions for vascular
and metabolic diseases. However, translation to clinical practice will require addressing safety,
manufacturing, scalability, and disease-specific delivery barriers.

FUTURE PERSPECTIVES AND POTENTIAL STRATEGY TO DISSEMINATE THIS
TREATMENT

Since probucol has been used for many years in Asian countries, particularly Japan, substantial evidence
indicates that it can reduce LDL-C and regress skin and tendon xanthomas in FH patients, despite lowering
HDL-C. This HDL-C reduction is unlikely to increase ASCVD risk and may instead reflect enhanced
cholesterol efflux from foam macrophages and activation of RCT. The Japan Atherosclerosis Society (JAS)
Guidelines for the Prevention of Atherosclerotic Cardiovascular Disease, 2022 edition™?, and the JAS
Guidelines for the Management of Dyslipidemia, 2023 edition""”, list probucol as a treatment option for
dyslipidemia, especially FH. To further promote the use of probucol for xanthoma treatment and possible
ASCVD prevention, a larger randomized trial in high-risk patients with established ASCVD, in addition to
current lipid-lowering therapy, may be required.

CONCLUSION

This review summarizes clinical experience and laboratory findings obtained over four decades that not
only support the continued role of probucol in promoting xanthoma regression and mitigating ASCVD risk
in FH patients, but also suggest that it should be utilized more widely in Western countries for this purpose.
Although it lowers HDL-C and prolongs the QT interval, evidence indicates that probucol contributes to
ASCVD prevention and xanthoma improvement without increasing the incidence of fatal ventricular
arrhythmias. These benefits stem from both its antioxidative and anti-inflammatory properties as well as
alterations in lipoprotein transport that facilitate the removal of cholesterol from peripheral tissues and
deliver it to the liver. The observed reduction in HDL-C likely reflects activation of the RCT and the SR-BI
pathway. Given its established safety profile and proven efficacy, probucol merits reconsideration as a
therapeutic option for addressing residual ASCVD risk.
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