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Abstract 

Background  Although dyslipidemia has been acknowledged as a risk factor for Alzheimer’s disease (AD), the effects 
of lipid-lowering drugs on AD have not been determined. The primary pathophysiological hallmark of AD is the depo-
sition of amyloid-β (Aβ) plaques in the brain. Plasma Aβ levels are influenced by the transport of Aβ from the central 
nervous system to the peripheral blood. This study investigates the effects of Probucol, a lipid-lowering and antioxi-
dant drug, on plasma Aβ transport.

Methods  A total of 120 hyperlipidemic patients with normal cognition were randomly assigned (1:1 ratio) to receive 
either Probucol (1000 mg daily for 12 weeks) or a placebo. Plasma Aβ, soluble receptor of advanced glycation end 
products (sRAGE), and fasting lipid profiles were measured at baseline and every 6 weeks.

Results  A total of 108 participants completed the study, with 55 in the Probucol group. The cohort consisted 
of 58 (53.7%) women, with a mean age of 58.4 ± 8.0 (range, 45–80) years. After 12 weeks of treatment, the changes 
in plasma Aβ42 and sRAGE levels significantly differed between the Probucol and placebo groups (ΔAβ42: β = 6.827, 
P = 0.030; ΔsRAGE: β = 98.668, P = 0.004). Furthermore, ΔsRAGE was positively correlated with the change in Aβ42 
(β = 0.018, P = 0.048). When adjusted for ΔsRAGE, the effect of Probucol on plasma Aβ42 levels was attenuated 
(β = 5.065, P = 0.116). In the Probucol group only, ΔsRAGE was significantly correlated with oxidized low-density lipo-
proteins (β = 4.27, P = 0.011), total cholesterol (β = 67.50, P = 0.046), and low-density lipoproteins (β = − 91.01, P = 0.011).

Conclusions  Daily oral administration of Probucol (1000 mg) for 12 weeks significantly increased plasma Aβ42 levels, 
likely through modulation of sRAGE. This effect may be attributed to the antioxidant and lipid-lowering properties 
of Probucol. These findings suggest that Probucol could potentially serve as a protective agent against the pathologi-
cal processes of AD.

†Liangjun Dang and Shan Wei contributed equally to this work.

*Correspondence:
Jin Wang
drwangjin@163.com
Qiumin Qu
quqiumin@xjtufh.edu.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12944-024-02398-1&domain=pdf


Page 2 of 13Dang et al. Lipids in Health and Disease          (2024) 23:410 

Trial registration  This study was registered on the Chinese Clinical Trial Registry platform in June 2019 (Trial registra-
tion number: ChiCTR-1900023542).

Keywords  Alzheimer’s disease, Plasma amyloid beta, Hyperlipidemia, Probucol, Soluble receptor of advanced 
glycation end products (sRAGE)

Introduction
Alzheimer’s disease (AD), the leading cause of dementia, 
is projected to affect 9.83 million individuals in China 
over the coming decades [1]. The absence of a definitive 
cure for AD has intensified the focus on disease-modify-
ing therapies and interventions aimed at targeting known 
AD risk factors [2]. Among these, elevated blood lipids in 
middle-aged and elderly populations are identified as risk 
factors for the development of AD [3, 4].

The mechanisms by which dyslipidemia contributes 
to cognitive impairment may involve the disruption of 
amyloid-β (Aβ) metabolism [5]. Both the deposition and 
clearance of Aβ are recognized as pivotal elements in the 
pathogenesis of AD [6]. Emerging evidence suggests that 
Aβ accumulation begins years before irreversible neuro-
pathological damage is observed in AD patients [7, 8]. 
Numerous studies have shown that hypercholesterolemia 
exacerbates Aβ accumulation and accelerates AD pro-
gression [5, 9, 10].

Currently, cerebral amyloidosis is assessed through 
techniques such as amyloid positron emission tomogra-
phy [11] and the analysis of cerebrospinal fluid biomark-
ers [12]. However, the high cost and invasiveness of these 
methods limit their usefulness. Meanwhile, systemic 
measurements of soluble Aβ in the peripheral circulation 
have been found to correlate positively with brain amy-
loid pathology [13–15]. Soluble low-density lipoprotein 
receptor-related protein-1 (sLRP1) and soluble receptor 
of advanced glycation end products (sRAGE) play essen-
tial roles in peripheral transport processes [16]. sLRP1 
binds peripheral Aβ, acting as a “sink” for Aβ and pre-
venting free Aβ influx into the brain [17]. Additionally, 
sRAGE serves as a decoy receptor, binding Aβ and inhib-
iting the formation of the Aβ-RAGE complex, thereby 
reducing oxidative damage and the associated inflamma-
tory response [18]. Together, sLRP1 and sRAGE facilitate 
the clearance of Aβ from the central nervous system to 
peripheral Aβ pools, thereby mitigating the cerebral amy-
loid burden.

Probucol, a well-established cholesterol-lowering drug, 
possesses reliable anti-inflammatory and antioxidant 
capacity [19]. It is known to prevent the oxidation of 
low-density lipoproteins (LDL) into oxidized low-density 
lipoproteins (oxLDL) [20] and improve oxidative stress 
in the brain. Additionally, in murine models, Probucol 
has been shown to inhibit lipoprotein-Aβ secretion and 

reduce neurovascular inflammation, which helps main-
tain the integrity of the blood–brain barrier (BBB) [21]. 
Previous animal studies have also demonstrated that 
Probucol treatment can alleviate the deleterious effects of 
the cerebral Aβ deposition [21, 22]. However, the effects 
of Probucol on Aβ metabolism in humans are not clear.

Over the last 10 years, the antioxidant effects of Probu-
col have attracted considerable attention. A recent study 
showed that Probucol-based nanoparticles exhibited 
antioxidant properties that protected auditory nerve cells 
from damage, suggesting a potential therapeutic role in 
sensorineural hearing loss [23]. Moreover, Probucol has 
been found to protect pancreatic β-cells from oxidative 
damage in diabetes mellitus [24]. While these findings are 
primarily based on animal and in vitro experiments, the 
present study investigated changes in the levels of oxLDL 
and plasma Aβ before and after Probucol treatment in 
patients with hypercholesterolemia. Furthermore, the 
relationship between AD biomarkers and the antioxidant 
effects of Probucol is explored, highlighting its potential 
clinical applications in combating AD.

Given the properties and clinical significance of Probu-
col, the present study conducted a 12-week randomized, 
double-blind, placebo-controlled trial to investigate the 
effects of Probucol on plasma Aβ transport in patients 
with hypercholesterolemia.

Methods
Participants
This 12-week study was carried out between June and 
August 2019 in the suburbs of Xi’an, China. The inclu-
sion criteria were as follows: (A) age between 45 and 
80 years; (B) fasting blood lipid levels meeting the cri-
teria for hyperlipidemia at baseline (total cholesterol 
[TC] ≥ 5.18 mmol/L, triglycerides [TG] ≥ 1.70 mmol/L, 
and/or low-density lipoprotein cholesterol [LDL-
c] ≥ 3.37  mmol/L); (C) normal cognitive function, 
defined by a Mini-Mental State Examination (MMSE) 
score > 17 for subjects with illiteracy, > 20 for sub-
jects with primary school education, and > 24 for sub-
jects with junior high school education or above; and 
(D) voluntary participation in the study with signed 
informed consent. The exclusion criteria included: 
(A) use of lipid-lowering medications or other drugs 
that could affect blood lipids or liver function within 
the three months prior to recruitment; (B) secondary 
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hyperlipidemia (e.g., due to endocrine disorders, 
nephrotic syndrome); (C) central nervous system dis-
eases (such as a history of stroke, encephalitis, or epi-
lepsy); (D) severe liver or kidney dysfunction, indicated 
by elevated creatine phosphokinase, uric acid, or urea 
nitrogen levels; and (E) known allergy to Probucol 
(Fig. 1).

This trial was approved by the Medical Ethics Com-
mittee of the First Affiliated Hospital of Xi’an Jiaotong 
University and registered with the Chinese Clinical 
Trial Registry (ChiCTR-1900023542). All participants 
provided written informed consent.

Sample size calculation
The plasma Aβ42 level was the primary outcome used 
to calculate the target sample size [25]. The average 
plasma Aβ42 level in 509 hyperlipidemic patients who 
met the eligibility criteria was 52.19 ± 9.01 pg/ml. It was 
assumed that Probucol treatment for 12  weeks would 
be considered effective if it reduced the plasma Aβ42 
levels by 10% compared to the placebo group. Based 
on an analysis of variance for a one-tailed test with 
α = 0.05, and β = 0.1, 52 participants were required in 
each group. Taking into account a 10% dropout rate, a 
total of 116 subjects (58 per group) was required. Ulti-
mately, 120 subjects were enrolled in the trial.

Randomization and blinding
A total of 120 eligible participants with hyperlipidemia 
were randomly assigned to either the Probucol group or 
the placebo group using a computer-generated random 
sequence, with unique three-digit participant identifiers. 
Except for the research pharmacists and study statisti-
cians, all trial participants and personnel were blinded to 
the treatment allocation throughout the study.

Intervention
Before formal recruitment, participants were assessed 
against the eligibility criteria to ensure an adequate fol-
low-up participation rate. Study visits were conducted 
at baseline (week 0), week 6, and week 12. Each visit 
included fasting blood collection, drug counting, and 
completion of questionnaires. During the screening 
period, all participants underwent a standardized evalu-
ation to collect demographic data.

The participants in both groups received a 6-week 
study medication provision at baseline and at the week 
6 follow-up. Participants in the Probucol group were 
instructed to take 500  mg of Probucol twice daily after 
meals. The placebo group received identical instructions. 
To monitor adherence, the clinical research coordina-
tor contacted participants by phone every two weeks. 
In cases of missed doses, participants were instructed 
to record the missed dose on their medication card but 

Fig. 1  Flow chart of recruitment, randomization and follow-up. MMSE, Mini-Mental State Examination; ITT, intent-to-treat
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were not advised to compensate for the missed medi-
cation. Adherence was assessed at each visit using two 
methods: the self-reported medication logs provided by 
participants and the pill count, calculated as the number 
of dispensed pills minus the number of returned pills.

Study medication and safety assessments
Participants were assigned to receive either Probucol or a 
placebo. Probucol was administered in the form of com-
mercially available tablets (250  mg, Taichang) produced 
by Jingfukang Pharmaceutical Group Co., Ltd. (state 
medical permit number H10960161). The placebo was 
synthesized using starch granules by Cspc Ouyi Phar-
maceutical Co., Ltd., in accordance with current Good 
Manufacturing Practices (cGMP). Both the Probucol and 
placebo tablets were indistinguishable in terms of pack-
aging, color, taste, and smell, ensuring that treatment 
allocation remained concealed from both participants 
and study staff.

The safety of the drug was assessed through physical 
and neurological examinations, liver and renal function 
tests, and limb-lead electrocardiograms (including meas-
urements of RR interval, QRS duration, and QT interval) 
conducted at baseline and at week 12.

Outcome assessment
The primary outcome of the study was the difference 
in plasma Aβ levels between the Probucol and placebo 
groups over 12  weeks of treatment. Exploratory out-
comes included the effects of Probucol on blood levels 
of sLRP1 and sRAGE, as well as the association between 
blood lipids and plasma Aβ levels.

Safety assessments included standard reporting of any 
adverse events, which encompassed muscle aches, head-
aches, joint pain, vertigo, fatigue,  insomnia, abdominal 
pain with diarrhea, vomiting, pruritus, and rashes.

Laboratory assay
Eligible participants were required to provide 8  mL of 
fasting blood samples after an overnight fast of 10–12 h 
at baseline and during the 6- and 12-week visits.

Four milliliters of each blood sample were used for test-
ing blood lipids (TG, TC, high-density lipoprotein cho-
lesterol (HDL-c), and LDL-c), liver function, and renal 
function. The remaining 4  mL were used for plasma 
measurements. Plasma was separated by centrifugation 
(1,500 rpm, 10 min) and stored at − 80 °C until the analy-
sis of Aβ, sLRP1, sRAGE, and oxLDL levels.

Plasma levels of Aβ40, Aβ42, sLRP1, sRAGE, and oxLDL 
were measured using sandwich enzyme-linked immuno-
sorbent assay kits (CEA864Hu, CEA946Hu, SEB010Hu, 
SEA645Hu, and CEA527Hu, respectively; Cloud-Clone 
Corp., Wuhan, China). To ensure consistency across 

the three visits (baseline, 6  weeks, and 12  weeks), all 
plasma samples were measured in duplicate at the end 
of the 12-week study. Polymerase chain reaction prod-
ucts were sent to Sangon Co. (Shanghai, China) for 
APOE genotyping via Sanger sequencing. Participants 
without the ε4 allele (ε2/2, ε2/3, ε3/3) were classified as 
APOEε4 (-), while those with the ε4 allele were classified 
as APOEε4( +).

Statistical analysis
Participants included in the per-protocol (PP) popula-
tion completed the entire intervention. Those enrolled in 
the intention-to-treat (ITT) group had an adherence rate 
exceeding 75% and completed at least two observations, 
including the baseline assessment. To mitigate the impact 
of missing data on statistical outcomes, the last observa-
tion carried forward method was used to impute missing 
values.

Baseline characteristics were first compared between 
the Probucol and placebo groups. Subsequently, unpaired 
Student’s t-tests were used to examine changes in the 
levels of lipids, Aβ, sLRP1, and sRAGE. Multiple linear 
regression was then employed to adjust for confound-
ing factors, including gender, age, MMSE score, years of 
education, mean arterial pressure, body mass index, and 
baseline levels of plasma Aβ, Aβ transporters, and blood 
lipids.

To explore the relationships between blood lipid levels 
and Aβ-related biomarkers, generalized estimating equa-
tions (GEE) analysis was performed using data from the 
three observation points (baseline, week 6, and week 12). 
In the GEE model, the Probucol group was coded as 1, 
the placebo group as 0, and the following confounders 
were adjusted for: gender, age, MMSE score, years of edu-
cation, mean arterial pressure, and body mass index. All 
statistical analyses were performed using SPSS Statistics 
software (IBM, USA, version 24.0). A P-value (two-sided) 
of less than 0.05 was considered statistically significant.

Results
Study participants and follow‑up
As shown in Fig.  1, 782 participants met the criteria 
for hyperlipidemia. Among them, 620 were excluded 
due to severe central nervous system diseases or cog-
nitive dysfunction, a history of lipid-lowering drug 
use, or refusal to take medication. Ultimately, 120 sub-
jects were included and randomly assigned to either 
the Probucol group or the placebo group (60 partici-
pants in each group). According to the study proto-
col, 12 participants were excluded from the trial prior 
to unblinding due to missing baseline blood biomark-
ers or a lack of post-baseline observations. Of the 108 
participants included in the analysis, 55 were in the 
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Probucol group and 53 in the placebo group. The dis-
continuation rates at 12  weeks were similar between 
the Probucol group (4/55) and the placebo group (3/53) 
(χ2 = 0.116, P = 0.734). All participants tolerated Probu-
col well. At the 12-week follow-up, no adverse events 
were reported in either the PP or ITT populations in 
either group. However, two participants in the Probucol 
group withdrew from the study due to adverse events, 
specifically, nausea and pruritus.

Table  1 presents the baseline characteristics of the 
ITT population. The baseline characteristics were 
generally balanced between the Probucol and placebo 
groups, with the exception that the placebo  group 

was younger (P = 0.003), had higher MMSE scores 
(P = 0.001) and lower HDL-c levels (P = 0.019).

Changes in blood lipid levels
At baseline, only the HDL-c level (1.56 ± 0.21 vs. 
1.46 ± 0.24 mmol/L, P = 0.019) was higher in the Probucol 
group; the other blood lipid levels were balanced between 
the Probucol and placebo groups (Table 1).

As shown in Table  2 and Fig.  2, in the ITT 
population, changes in TC, LDL-c, and HDL-c 
were larger in the Probucol group compared to 
the placebo group after 12  weeks of treatment 
(ΔTC: − 2.09 ± 0.85 vs. − 1.16 ± 0.74  mmol/L, P < 0.001; 

Table 1  Baseline characteristics for the Probucol group and the placebo group

Unpaired Student’s t-test (two tailed) and mean ± SD were used to compare the difference of the approximately normally distributed continuous variables between 
the Probucol group and the placebo group, and Mann–Whitney test were used for skewness distribution data. A chi-square test and percentage were used for 
categorical variables († Fisher’s exact test)

MMSE Mini-Mental State Examination, MAP Mean arterial pressure, BMI Body mass index, FBG Fasting blood glucose, SD Standard deviation, Aβ Amyloid-β, sLRP1 
Soluble low-density lipoprotein receptor-related protein-1, sRAGE Soluble receptor for advanced glycation end products, TG Triglycerides, TC Total cholesterol, LDL-c 
Low-density lipoprotein cholesterol, HDL-c High-density lipoprotein cholesterol, oxLDL oxidized low-density lipoprotein

Total
(n = 108)

Probucol group
(n = 55)

Placebo group
(n = 53)

P

Demographic information

  Age, y (mean ± SD) 58.4 ± 8.0 60.7 ± 8.6 56.1 ± 6.7 0.003
  Female, n (%) 58 (53.7) 27 (49.1) 31 (58.5) 0.327

  Education, y (mean ± SD) 7.0 ± 3.1 6.5 ± 3.2 7.6 ± 2.8 0.051

Lifestyle

  Smoking, n (%) 31 (28.7) 16 (29.1) 15 (28.3) 0.928

  Alcohol consumption, n (%) 20 (18.5) 12 (21.8) 8 (15.1) 0.369

  Lack of activity, n (%) 15 (13.9) 8 (14.5) 7 (13.2) 0.841

Medical history
  †Cardiovascular disease, n (%) 5 (4.6) 4 (7.3) 1 (1.9) 0.382†

  Hypertension, n (%) 36 (33.3) 19 (34.5) 17 (32.1) 0.785
  †Diabetes mellitus, n (%) 1 (0.9) 0 (0) 1 (1.9) 0.491†

Physical examination

  MMSE (mean ± SD) 27.7 ± 2.1 27 ± 2.4 28.3 ± 1.4 0.001
  MAP, mmHg (mean ± SD) 100.5 ± 11.8 100.5 ± 12 100.5 ± 11.8 0.997

  BMI, kg/m2 (mean ± SD) 25.6 ± 2.5 25.4 ± 2.5 25.7 ± 2.4 0.536

  Pulse rate, (mean ± SD) 70.6 ± 8.3 70.5 ± 8.2 70.7 ± 8.6 0.897

Biochemical measures

  FBG, mmol/l, median (quartile) 4.94 (4.73, 5.40) 4.92 (4.65, 5.33) 4.95 (4.74, 5.49) 0.437

  TG, mmol/L (mean ± SD) 1.74 ± 0.84 1.7 ± 0.84 1.77 ± 0.84 0.686

  TC, mmol/L (mean ± SD) 5.95 ± 0.64 6.04 ± 0.64 5.87 ± 0.63 0.160

  LDL-c, mmol/L (mean ± SD) 3.49 ± 0.53 3.51 ± 0.55 3.47 ± 0.52 0.712

  HDL-c, mmol/L (mean ± SD) 1.51 ± 0.23 1.56 ± 0.21 1.46 ± 0.24 0.019
  OxLDL, μg/dl (mean ± SD) 12.88 ± 8.43 11.43 ± 7.52 14.37 ± 9.1 0.070

  Aβ40, pg/ml (mean ± SD) 204.57 ± 68.27 197.25 ± 73.74 212.16 ± 61.86 0.258

  Aβ42, pg/ml (mean ± SD) 53 ± 22.82 50.41 ± 24.09 55.68 ± 21.33 0.232

  Aβ42/Aβ40 ratio (mean ± SD) 0.27 ± 0.12 0.27 ± 0.12 0.27 ± 0.11 0.747

  sLRP1, ng/ml (mean ± SD) 3443 ± 2250 3408 ± 2394 3481 ± 2111 0.867

  sRAGE, pg/ml (mean ± SD) 760.9 ± 218 783.9 ± 212 737 ± 223.6 0.265
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ΔLDL-c: − 1.53 ± 0.99 vs. − 1.16 ± 0.93  mmol/L, 
P = 0.046; ΔHDL-c: − 0.49 ± 0.49 vs. − 0.08 ± 0.45 mmol/L, 
P < 0.001). However, this trend was not observed for the 
changes in TG or oxLDL.

Significant differences in blood lipid levels were also 
observed within the placebo group before and after 
treatment. As shown in Table  S1, TC and LDL-c lev-
els in the placebo group were significantly reduced at 
both 6 and 12  weeks compared to baseline (6w-TC: 
4.00 ± 0.70 vs. 6.04 ± 0.64  mmol/L, P < 0.001; 12w-TC: 
3.95 ± 0.73 vs. 6.04 ± 0.64  mmol/L, P < 0.001; 6w- LDL-
c: 2.41 ± 0.56 vs. 3.51 ± 0.55  mmol/L, P < 0.001; 12w- 
LDL-c: 1.98 ± 0.77 vs. 3.51 ± 0.55  mmol/L, P < 0.001). 
Additionally, the HDL-c level was significantly lower 
at 6  weeks compared to baseline (0.98 ± 0.20 vs. 
1.56 ± 0.21  mmol/L, P < 0.001). Overall, the trends in 
lipid levels, except for oxLDL, were similar between the 
placebo and Probucol groups.

Changes in the levels of plasma Aβ and Aβ transporters
At baseline, there were no differences in the plasma lev-
els of Aβ, sLRP1, and sRAGE between the Probucol and 
placebo groups (Table 1).

In the PP population, significant differences were 
observed in the changes of the plasma Aβ42/Aβ40 ratio and 
sRAGE levels from baseline to 12 weeks between the Probu-
col and placebo groups (ΔAβ42/Aβ40 ratio: 0.012 ± 0.099 
vs. − 0.026 ± 0.084, P = 0.039; ΔsRAGE: − 58.74 ± 170.71 
vs. − 137.11 ± 223.82  pg/ml, P = 0.050). The change in 
plasma Aβ42 levels from baseline to 12 weeks was also more 
pronounced in the Probucol group, although the differ-
ence did not reach statistical significance (11.44 ± 17.48 vs. 
5.35 ± 14.89  pg/ml, P = 0.063). In contrast, no significant 
differences were found between the Probucol and placebo 
groups regarding the changes in plasma Aβ40 and sLRP1 
levels from baseline to 6 and 12 weeks in both the ITT and 
PP populations (Table 2 and Fig. 3).

Table 2  Univariate analysis of plasma Aβ, sLRP1, sRAGE, and lipid levels changes from baseline at week 6 and week 12 in the PP and 
ITT populations

In the PP and ITT populations, the variations in plasma Aβ, sLRP1, sRAGE, and lipid levels were compared by unpaired Student’s t-test between the Probucol group 
and the placebo group

PP Per protocol, ITT Intention-to-treat, Aβ Amyloid-β, sLRP1 Soluble low-density lipoprotein receptor-related protein-1, sRAGE Soluble receptor for advanced glycation 
end products, TC Total cholesterol, TG Triglycerides, LDL-c Low-density lipoprotein cholesterol, HDL-c High-density lipoprotein cholesterol, oxLDL oxidized low-density 
lipoprotein, AE Adverse event

Variables PP ITT

Probucol
(n = 51)

Placebo
(n = 50)

p Probucol
(n = 55)

Placebo
(n = 53)

P

6W-0W

  ΔAβ40 34.32 ± 58.15 23.57 ± 54.44 0.340 36.21 ± 56.60 19.20 ± 56.83 0.122

  ΔAβ42 10.25 ± 15.24 10.48 ± 13.49 0.936 10.51 ± 14.90 10.29 ± 13.14 0.935

  ΔAβ42/Aβ40 ratio 0.001 ± 0.089 0.011 ± 0.061 0.538  − 0.001 ± 0.087 0.018 ± 0.071 0.216

  ΔsLRP1  − 1797 ± 1834  − 1301 ± 1738 0.166  − 1728 ± 1804  − 1453 ± 1872 0.437

  ΔsRAGE  − 92.79 ± 160.36  − 70.59 ± 179.90 0.514  − 106.04 ± 165.19  − 72.33 ± 178.4 0.310

  ΔTG  − 0.25 ± 0.89 0.25 ± 1.10 0.015  − 0.23 ± 0.86 0.23 ± 1.07 0.016
  ΔTC  − 2.12 ± 0.82  − 0.91 ± 0.67  < 0.001  − 2.04 ± 0.85  − 0.91 ± 0.65  < 0.001
  ΔLDL-c  − 1.14 ± 0.65  − 0.39 ± 0.54  < 0.001  − 1.10 ± 0.67  − 0.41 ± 0.52  < 0.001
  ΔHDL-c  − 0.60 ± 0.18  − 0.22 ± 0.18  < 0.001  − 0.58 ± 0.19  − 0.22 ± 0.17  < 0.001
  ΔoxLDL  − 0.53 ± 2.81  − 0.78 ± 3.91 0.710  − 1.12 ± 3.98  − 0.64 ± 3.94 0.536

12W-0W

ΔAβ40 33.57 ± 62.2 40.00 ± 58.27 0.593 36.78 ± 61.95 34.71 ± 61.56 0.862

  ΔAβ42 11.44 ± 17.48 5.35 ± 14.89 0.063 11.31 ± 16.91 5.45 ± 14.48 0.056

  ΔAβ42/Aβ40 ratio 0.012 ± 0.099  − 0.026 ± 0.084 0.039 0.007 ± 0.098  − 0.017 ± 0.094 0.197

  ΔsLRP1  − 1565 ± 2127  − 1143 ± 1543 0.257  − 1513 ± 2074  − 1304 ± 1717 0.569

  ΔsRAGE  − 58.74 ± 170.71  − 137.11 ± 223.82 0.050  − 73.87 ± 177.05  − 135.08 ± 220.35 0.114

  ΔTG 0.18 ± 1.16 0.50 ± 1.10 0.160 0.16 ± 1.12 0.45 ± 1.08 0.170

  ΔTC  − 2.17 ± 0.81  − 1.17 ± 0.75  < 0.001  − 2.09 ± 0.85  − 1.16 ± 0.74  < 0.001
  ΔLDL-c  − 1.61 ± 0.97  − 1.18 ± 0.95 0.026  − 1.53 ± 0.99  − 1.16 ± 0.93 0.046
  ΔHDL-c  − 0.50 ± 0.50  − 0.06 ± 0.45  < 0.001  − 0.49 ± 0.49  − 0.08 ± 0.45  < 0.001
  ΔoxLDL  − 0.65 ± 2.91  − 0.49 ± 3.77 0.822  − 1.03 ± 3.24  − 0.37 ± 3.81 0.334

AE (n, %) 0 0 1.00 0 0 1.00
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Multiple linear regression analysis of the changes 
in the levels of plasma Aβ40, Aβ42, sLRP1, and sRAGE
After adjusting for confounding factors, no significant 
differences were observed in the changes in Aβ and 
transporters levels from baseline to 6  weeks between 
the Probucol and placebo groups. However, as shown 
in Table  3, the changes in plasma Aβ42, the Aβ42/Aβ40 
ratio, and sRAGE levels at week 12 significantly dif-
fered between the Probucol and placebo groups (ΔAβ42: 
β = 6.827, P = 0.030; ΔAβ42/Aβ40 ratio: β = 0.032, 
P = 0.050; ΔsRAGE: β = 98.668, P = 0.004). In contrast, the 
variations in Aβ40 and sLRP1 levels were similar between 
the Probucol group and placebo groups.

Relationships between plasma ΔAβ (12W‑0W) and ΔsRAGE 
(12W‑0W)
To further explore whether Probucol affected the plasma 
Aβ42 level and the Aβ42/Aβ40 ratio through its effect on 
sRAGE, multiple linear regression analysis was per-
formed (Table  4). After 12  weeks of treatment, changes 
in plasma Aβ42 levels (Model 2: β = 6.827, P = 0.030) and 
the Aβ42/Aβ40 ratio (Model 2: β = 0.032, P = 0.050) signifi-
cantly differed between the Probucol and placebo groups 
in Model 2. However, in Model 3, the relationships 

between the Probucol group and ΔAβ42 (Model 3: 
β = 5.065, P = 0.116) and ΔAβ42/Aβ40 ratio (Model 3: 
β = 0.021, P = 0.210) were no longer significant after 
adjusting for ΔsRAGE and baseline sRAGE level. Addi-
tionally, ΔsRAGE(12W-0W) was positively correlated 
with both ΔAβ42 (β = 0.018, P = 0.048) and the ΔAβ42/
Aβ40 ratio (β < 0.001, P = 0.023).

Associations between plasma Aβ42, sRAGE, and blood 
lipids
A GEE analysis was performed to investigate whether Probu-
col affects peripheral Aβ levels through its lipid-lowering and 
antioxidant effects. In all subjects, TG levels were negatively 
correlated with Aβ42 (β = − 2.50, P = 0.028), and oxLDL levels 
were positively correlated with sRAGE (β = 3.08, P = 0.042). 
No other lipid parameters showed significant associations 
with plasma Aβ or sRAGE levels (Table 5).

In the Probucol group, the overall Aβ42 level was nega-
tively associated with oxLDL (β = − 0.57, P = 0.047), while 
the overall sRAGE level was positively correlated with 
oxLDL (β = 4.27, P = 0.011) and TC (β = 67.50, P = 0.046) 
but negatively associated with LDL-c (β = − 91.01, 
P = 0.011). In contrast, only a negative correlation was 
found between the overall levels of Aβ42 and TG in the 
placebo group (β = − 3.39, P = 0.042; Table 5).

Fig. 2  Changes in blood TG (A), TC (B), LDL-c (C), HDL-c (D), and oxLDL (E) levels. The changes in blood lipid levels from baseline at week 6 
and week 12 in the Probucol group and the placebo group in the ITT population. Missing data were replaced using the last observation carried 
forward method. Mean blood lipid levels are indicated by squares and dots. TG, triglycerides; TC, total cholesterol; LDL-c, low-density lipoprotein 
cholesterol; HDL-c, high-density lipoprotein cholesterol; oxLDL, oxidized low-density lipoprotein
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Discussion
The effects of Probucol on the levels of plasma Aβ and 
transporters in hyperlipidemic patients were investigated 
in this placebo-controlled trial. After 12  weeks of treat-
ment, both plasma Aβ42 and sRAGE levels were higher in 
the Probucol group compared to the placebo group. Mul-
tiple linear regression analysis revealed that the increase 
in plasma Aβ42 levels was positively associated with the 
change in sRAGE levels. Moreover, significant associa-
tions between sRAGE and the levels of TC, LDL-c, and 
oxLDL were observed in the Probucol group but not in 
the placebo group.

Dyslipidemia has been recognized as a risk factor for 
AD. Kim et al. reported that hypercholesterolemia leads 
to an accumulation of cholesterol in lipid rafts in the 
brain, and lipid oxidation products exacerbate the cyto-
toxic effects of Aβ peptides in apoptotic neurons, com-
promising the integrity of BBB endothelial cells [26]. A 
high-cholesterol diet has been shown to aggravate the 
brain Aβ burden and accelerate the pathological progres-
sion of AD [27]. Furthermore, the use of lipid-lowering 
drugs has been associated with a reduced risk of demen-
tia [28] and a lower likelihood of Aβ plaque formation 
[21, 29].

During the asymptomatic phase of AD, several studies 
have reported a decline in plasma Aβ42 levels. In contrast, 

Fig. 3  Changes in plasma Aβ40 (A), Aβ42 (B), Aβ42/Aβ40 ratio (C), sLRP1 (D), and sRAGE (E) levels. The changes in plasma Aβ levels from baseline 
at week 6 and week 12 in the Probucol group and the placebo group in the ITT population. Missing data were replaced using the last observation 
carried forward method. Mean plasma Aβ levels are indicated by squares and dots, respectively. Aβ, amyloid beta; sLRP1, soluble low-density 
lipoprotein receptor-related protein-1; sRAGE, soluble receptor for advanced glycation end product

Table 3  Multiple linear regression analysis of the changes in 
plasma Aβ levels from baseline at week 6 and 12 in the ITT 
population

In the multiple linear regression analysis, the changes in plasma Aβ levels from 
baseline at week 6 (Δ6W-0W) and at week 12 (Δ12W-0W) were the dependent 
variables and grouping (dummy coded with Probucol = 1, placebo = 0) was the 
independent variable, and the potential confounders were age, sex, education 
years, MMSE score, MAP, BMI, and the baseline Aβ, sLRP1, sRAGE

ITT Intention-to-treat, Aβ Amyloid-β, sLRP1 Soluble low-density lipoprotein 
receptor-related protein-1, sRAGE Soluble receptor for advanced glycation end 
products, MMSE Mini-Mental State Examination, MAP Mean arterial pressure, BMI 
Body mass index

Variables β 95% CI T P

Lower Upper

6W-0W

  ΔAβ40 7.320  − 15.291 29.932 0.642 0.522

  ΔAβ42 1.304  − 4.665 7.272 0.433 0.666

  ΔAβ42/Aβ40 ratio  − 0.009  − 0.038 0.020  − 0.585 0.560

  ΔsLRP1  − 341.318  − 770.885 88.249  − 1.577 0.118

  ΔsRAGE  − 29.411  − 90.041 31.219  − 0.963 0.338

12W-0W

  ΔAβ40  − 0.464  − 24.741 23.813  − 0.038 0.970

  ΔAβ42 6.827 0.677 12.977 2.203 0.030
  ΔAβ42/Aβ40 ratio 0.032 0.000 0.063 1.987 0.050
  ΔsLRP1  − 243.128  − 710.462 224.206  − 1.032 0.304

  ΔsRAGE 98.668 31.415 165.921 2.911 0.004
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persistently low plasma Aβ42 level is often observed in 
the advanced stages of AD [30–32]. A longitudinal study 
conducted over nine years suggested that cognitively 
normal elderly individuals with lower plasma Aβ42/Aβ40 
ratios experience more severe cognitive decline com-
pared to those with higher ratios [33]. In 2018, Nakamura 

et al. demonstrated that plasma levels of Aβ biomarkers 
are closely correlated with brain Aβ deposition [15]. The 
authors found that plasma Aβ42 levels were significantly 
lower in patients with AD and mild cognitive impair-
ment exhibiting brain Aβ-positive deposition compared 
to cognitively normal individuals. Moreover, they found 

Table 4  Relationships between plasma ΔAβ and ΔsRAGE after 12 weeks of treatment with Probucol and placebo in the ITT 
populations

In the multiple linear regression analysis, the grouping (dummy coded with Probucol = 1, placebo = 0) was the independent variable and changes in plasma Aβ40, 
Aβ42 levels and Aβ42/Aβ40 ratio were the dependent variables. Model 1 was non-adjusted. Model 2 was adjusted for age, gender, education years, MMSE score, MAP, 
BMI, baseline plasma Aβ40, Aβ42 levels, and Aβ42/Aβ40 ratio. Model 3 was adjusted for variables in Model 2 plus the change in sRAGE level from baseline at 12 weeks (Δ 
12W-0W) and baseline sRAGE level

Aβ Amyloid-β, sRAGE Soluble receptor for advanced glycation end products

Variables Model Group ΔsRAGE(12W-0W)

β T P β T P

ΔAβ40
(12W-0W)

1 2.070 0.174 0.862

2 − 0.464 − 0.038 0.970

3 2.522 0.196 0.845  − 0.025 − 0.687 0.494

ΔAβ42
(12W-0W)

1 5.864 1.932 0.056

2 6.827 2.203 0.030
3 5.065 1.587 0.116 0.018 2.001 0.048

ΔAβ42/Aβ40
(12W-0W)

1 0.024 1.298 0.197

2 0.032 1.987 0.050
3 0.021 1.263 0.210 < 0.001 2.307 0.023

Table 5  GEE analysis of the relationships between blood lipid levels and plasma Aβ levels in the ITT populations

GEE analysis between an overall estimate of baseline, 6-week and 12-week plasma Aβ42 or sRAGE levels and the overall estimate of baseline, 6-week and 12-week 
blood TC, TG, LDL-c, HDL-c or oxLDL levels. The potential confounders in GEE analysis were age, gender, education years, MMSE score, MAP, BMI, grouping in all 
subjects (dummy coded with Probucol = 1, placebo = 0), follow-up (dummy coded with baseline = 0, 6W = 1, 12W = 2)

GEE Generalized estimation equation, MMSE Mini-Mental State Examination, TG Triglycerides, TC Total cholesterol, LDL-c Low-density lipoprotein cholesterol, HDL-c 
High-density lipoprotein cholesterol, oxLDL Oxidized low-density lipoprotein

Aβ42 Aβ42/Aβ40 ratio sRAGE

β P β P β P

All subjects

  TG  − 2.50 0.028  − 0.004 0.460 8.96 0.525

  TC  − 0.86 0.735  − 0.002 0.844 50.97 0.166

  LDL-c  − 1.74 0.473  − 0.009 0.423  − 40.63 0.167

  HDL-c  − 6.36 0.253 0.002 0.935  − 93.72 0.274

  oxLDL  − 0.32 0.079 0.001 0.469 3.08 0.042
Probucol

  TG  − 1.67 0.366  − 0.012 0.173 22.74 0.083

  TC  − 1.12 0.698 0.000 0.994 67.50 0.046
  LDL-c  − 3.52 0.318  − 0.017 0.235  − 91.01 0.011
  HDL-c  − 1.58 0.683 0.024 0.208  − 52.67 0.270

  oxLDL  − 0.57 0.047 0.001 0.658 4.27 0.011
Placebo

  TG  − 3.39 0.042 0.002 0.630 7.02 0.723

  TC 0.24 0.950 0.003 0.850 60.57 0.275

  LDL-c  − 2.12 0.571  − 0.010 0.582  − 24.73 0.583

  HDL-c  − 14.08 0.150  − 0.033 0.435  − 201.40 0.188

  oxLDL  − 0.23 0.350 0.001 0.573 1.94 0.425
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that the brain amyloid burden could be predicted at the 
individual level by the combination of a decreased Aβ42/
Aβ40 ratio and Aβ42/APP669–711 levels [15]. These findings 
suggest that increasing peripheral Aβ42 levels may lead to 
a reduction in brain Aβ deposition.

The effects of lipid-lowering drugs on AD have not yet 
been clearly elucidated. Given the correlation between 
Aβ metabolism in peripheral blood and brain Aβ deposi-
tion, numerous studies have focused on the relationship 
between lipid-lowering drugs and plasma Aβ metabo-
lism. In a placebo-controlled trial, serum Aβ levels were 
found to decrease after 12 weeks of lovastatin treatment 
in patients with elevated LDL-c levels [34]. However, 
another study reported that although statin treatment 
reduced TC levels in hypercholesterolemic patients, 
plasma Aβ levels remained unaffected [35].

Probucol has been shown to modulate the Aβ metabo-
lism in both the brain and peripheral circulation [21]. 
Takechi et al. demonstrated that Probucol could mitigate 
cholesterol-induced elevations of Aβ in the brain and 
prevent dysfunction of cerebral capillary by inhibiting 
Aβ secretion [36]. In the present study, it was discovered 
that the change in Aβ42 levels from baseline to the 6-week 
did not differ between the groups receiving Probucol and 
those receiving a placebo. However, after 12  weeks of 
treatment, the elevation of plasma Aβ42 levels from base-
line was more pronounced in participants treated with 
Probucol compared to those receiving the placebo. These 
findings suggest that daily oral administration of Probu-
col for 12  weeks significantly elevates the plasma Aβ42 
level.

sRAGE, a transport protein of Aβ in the peripheral cir-
culation, plays a major role in reducing Aβ deposition 
and facilitating the metabolism of plasma Aβ. As a “decoy 
receptor”, sRAGE prevents soluble Aβ in the blood from 
interacting with RAGE, thereby reducing the backflow of 
peripheral Aβ into the central nervous system [17]. Fur-
thermore, sRAGE enhances the degradation of blood Aβ 
by binding to it [18]. In the present study, the effect of 
Probucol on plasma Aβ42 levels diminished substantially 
when adjusted for the change in sRAGE levels, suggesting 
that the effect of Probucol on plasma Aβ42 levels is largely 
mediated by alterations in sRAGE.

Although existing studies have indicated that low-
density lipoprotein receptor-related proteins on the BBB 
play a critical role in the clearance of free Aβ from the 
brain into the peripheral blood [37], no significant asso-
ciation between sLRP1 and plasma Aβ was observed in 
the present study. This discrepancy may be related to the 
diverse forms of sLRP1. Oxidized sLRP1, as opposed to 
simply sLRP1, may be a key determinant of plasma Aβ 
levels. Unlike sLRP1, which binds approximately 70% of 
free Aβ in the peripheral circulation, oxidized sLRP1 has 

extremely low affinity for circulating Aβ, thereby dimin-
ishing the normal sink effect of sLRP1 on Aβ clearance 
[38]. Consequently, future investigations into Aβ clear-
ance mechanisms should focus on quantifying oxidized 
sLRP1 to better understand the potential role of antioxi-
dants, such as Probucol, in mitigating AD pathology.

Emerging evidence suggests that extensive lipid per-
oxidation occurs prior to cognitive decline and Aβ 
deposition, contributing to the pre-clinical stages of 
AD. Elevated levels of oxLDL have been shown to sig-
nificantly increase the risk of AD, particularly in males 
with cardiovascular disease [39]. Meanwhile, a pilot 
study demonstrated that blood oxLDL levels were sig-
nificantly elevated in AD patients compared to matched 
controls [40]. On the one hand, oxLDL may promote 
Aβ production via lipid raft formation and disrupt pro-
teasomal activity, thereby preventing cells from degrad-
ing Aβ [41]. Moreover, membrane-associated oxidative 
stress further perturbs cholesterol metabolism, initiating 
a neurodegenerative cascade that results in additional Aβ 
accumulation [42]. On the other hand, the translocation 
of Aβ from the brain into the peripheral circulation is 
influenced by both the structural integrity and functional 
capacity of the BBB [43]. Endothelial cells of the BBB are 
particularly susceptible to damage induced by oxidative 
stress, which further compromises Aβ clearance [44].

Probucol has been found to prevent the oxidation of 
low-density lipoproteins to oxLDL during lipid metabo-
lism [20], thereby mitigating oxidative stress in the central 
nervous system. The antioxidant and anti-inflammatory 
properties of Probucol can help preserve the integrity of 
the BBB in wild-type mice fed high-cholesterol diets [21]. 
This protective effect appears to result from the direct 
inhibition of inflammatory and oxidative stress pathways 
rather than from decreased exposure to plasma lipids.

Kotani et  al. reported that sRAGE in blood exhibits an 
inverse correlation with oxLDL in cognitively normal indi-
viduals [45]. The most widely accepted theory is that oxLDL 
acts as a ligand for RAGE, and increased production of 
oxLDL may lead to the consumption of sRAGE in patients 
experiencing elevated oxidative stress and inflammation. 
In the current study, the oxLDL level was decreased more 
significantly from baseline in the Probucol group, while the 
reduction in sRAGE from baseline was less pronounced. 
Furthermore, GEE analysis revealed a correlation between 
the levels of oxLDL and sRAGE. These findings suggest 
that Probucol may exert its antioxidant effects by lowering 
oxLDL, thereby reducing sRAGE consumption and, conse-
quently, improving plasma Aβ transport.

The trends observed in plasma Aβ and blood lipid levels in 
the present study are noteworthy. First, the decrease in lipid 
levels and the increase in plasma Aβ levels were more pro-
nounced during the first 6 weeks of treatment compared to 
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the subsequent 6 weeks. The observed increase in Aβ levels 
during the first 6 weeks could be attributed to the marked 
lipid-lowering effect of Probucol during this period. Second, 
trends in lipid levels were similar between the placebo and 
Probucol groups, with the exception of oxLDL. This phe-
nomenon can be attributed to the placebo effect. In previous 
randomized trials of lipid-lowering therapies, placebo recipi-
ents were equally concerned about their lipid levels, which 
may have prompted increased physical activity and reduced 
consumption of high-cholesterol foods [46]. These positive 
lifestyle modifications could account for the similar trends in 
blood lipid levels observed between the two groups.

Study strengths and limitations
To our knowledge, this is the first study in humans to inves-
tigate the effects of Probucol on peripheral Aβ metabolism. 
Utilizing a double-blind, placebo-controlled design within 
a middle-aged and elderly cohort, we aimed to confirm the 
modulation of Aβ clearance by Probucol, a phenomenon 
previously demonstrated in animal models. Secondly, to 
elucidate a potential antioxidative role of Probucol in Aβ 
transport as a mechanistic pathway for preventing AD, 
the oxidative stress marker oxLDL was specifically meas-
ured, in addition to two major Aβ transporters. Thirdly, 
plasma biomarkers were measured uniformly in duplicate 
across three visits to minimize batch effects and ensure the 
homogeneity of plasma measurements. Fourthly, multiple 
linear regression analysis, GEE analysis, and subgroup anal-
ysis were employed to adjust for potential covariates and 
enhance the robustness of the results.

Several limitations of this study need to be mentioned. 
First, the effects of Probucol on Aβ metabolism were 
observed only in a cognitively normal population. Given 
the potential correlation between plasma Aβ levels and 
cognitive function, the effects of Probucol on peripheral Aβ 
transport should be further explored in elderly individu-
als with cognitive dysfunction. In addition, amyloid plaque 
deposition in the central nervous system was not assessed 
in this study. Since plasma Aβ levels are influenced by 
various factors, the conclusion that Probucol may elevate 
plasma Aβ levels by facilitating the transport of Aβ from 
the brain to the peripheral circulation should be corrobo-
rated by direct measures of cerebral amyloid burden. Third, 
owing to the relatively small sample size and the short 
follow-up duration, the observed effects of Probucol on 
plasma Aβ were modest. Further investigations with larger 
sample sizes and extended follow-up periods are required 
to fully assess the role of Probucol in Aβ metabolism.

Conclusion
Daily oral administration of Probucol (1000  mg) for 
12  weeks significantly elevated plasma Aβ42 levels by 
influencing sRAGE in hyperlipidemic patients, and this 

effect was associated with reductions in both LDL-c and 
oxLDL. These findings suggest that Probucol may mod-
ulate plasma Aβ transport through its antioxidant and 
lipid-lowering effects. Additionally, the observed cor-
relation between plasma Aβ and blood lipids in hyper-
lipidemic patients warrants further investigation, as 
this relationship may be influenced by lipid-lowering 
therapies. Overall, Probucol may have the potential as 
a therapeutic agent that could mitigate the pathological 
processes associated with AD.
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