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Inflammation and immunomodulatory therapies influence the relationship 
between ATP-binding cassette A1 membrane transporter-mediated 
cholesterol efflux capacity and coronary atherosclerosis in 
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A B S T R A C T   

Objectives: High-density lipoprotein (HDL) removes cholesterol from cells in atherosclerotic lesions, a function 
known as cholesterol efflux capacity (CEC). ATP-binding-cassette A1 (ABCA1) membrane transporter starts 
cholesterol transfer from macrophages to HDL particles. In rheumatoid arthritis (RA), methotrexate and biologic 
disease modifying drugs (bDMARDs) are atheroprotective whereas corticosteroids and C-reactive protein (CRP) 
are proatherogenic. We evaluated the influence of these factors on the relationship of ABCA1-CEC with 
atherosclerosis and cardiovascular events. 
Methods: Atherosclerosis was evaluated with computed tomography angiography in 140 patients with RA and 
repeated in 99 after 6.9 ± 0.3 years. Events including acute coronary syndromes, stroke, cardiovascular death, 
claudication, revascularization, and heart failure were recorded. ABCA1-CEC was quantified in J774A.1 murine 
macrophages and reported as percentage of effluxed over intracellular cholesterol. 
Results: Higher ABCA1-CEC associated with (i) more calcified plaques at baseline only in patients with CRP>7 
mg/L (median) (p-interaction = 0.001) and methotrexate nonusers (p-interaction = 0.037), and more partially- 
calcified plaques only in bDMARD nonusers (p-interaction = 0.029); (ii) fewer new calcified plaques in patients 
with below-median but not higher time-averaged CRP (p-interaction = 0.028); (iii) fewer new total and calcified 
plaques in prednisone unexposed but not patients exposed to prednisone during follow-up (p-interaction = 0.034 
and 0.004) and (iv) more new plaques in baseline bDMARD nonusers and fewer in bDMARD users (p-interaction 
≤ 0.001). Also, ABCA1-CEC associated with greater cardiovascular risk only in baseline prednisone users (p- 
interaction = 0.027). 
Conclusion: ABCA1-CEC associated with decreased atherosclerosis in patients with below-median baseline and 
time-averaged CRP and bDMARD use. Conversely, ABCA1-CEC associated with increased plaque in those with 
higher CRP, corticosteroid users, methotrexate nonusers, and bDMARD nonusers. While in well-treated and 
controlled disease ABCA1-CEC appears atheroprotective, in uncontrolled RA its action may be masked or fail to 
counteract the inflammation-driven proatherogenic state.   
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1. Introduction 

Cholesterol concentration in arterial wall macrophages is deter-
mined by its loading through native or modified low-density lipoprotein 
(LDL) and its outflow, in a process referred to as reverse cholesterol 
transport [1]. Cholesterol efflux is the initial step in this process and 
reflects the capacity of high-density lipoprotein (HDL) to remove 
cholesterol from foam cells (cholesterol efflux capacity, CEC) [1]. 
Members of the ATP-binding-cassette membrane (ABC) transporter 
family expressed on the surface of macrophages actively export 
cholesterol to diverse HDL particles [1]. Specifically, ABCA1 initiates 
cholesterol export to apo-A1 or lipid-poor discoidal pre-β HDL particles; 
with the help of serum lecithin cholesterol acyl transferase (LCAT), these 
particles mature into spherical HDL which subsequently accept addi-
tional cholesterol via the ABCG1 membrane transporter. Overall, CEC 
inversely associated with atherosclerotic lesion size, lipid content and 
macrophage burden, and more importantly cardiovascular morbidity 
and mortality in general patients, independently of HDL-C levels [2–4]. 
However, studies reporting on CEC differ in their use of experimental 
models, cholesterol transporters involved, and type of HDL particles 
evaluated. These should be considered when comparing CEC in patients 
and controls or when studying the effects of disease activity or medi-
cations on this HDL function. Consequently, available data have not 
yielded definitive conclusions in rheumatoid arthritis (RA) [5]. Never-
theless, it was shown that CEC was negatively linked to carotid plaque 
presence and recovered with therapy in this disease [6]. Yet, the con-
tributions of individual CEC pathways to coronary atherosclerosis and 
cardiovascular risk in RA have not been adequately characterized. 

We reported that ABCG1-CEC was reduced in RA, inversely associ-
ated with disease activity [7], and improved with therapy [5,8]. It 
negatively associated with coronary atherosclerosis burden, plaque 
progression and cardiovascular risk provisionally on lower cumulative 
inflammation and corticosteroid dose [9]. In contrast, ABCA1-CEC 
directly associated with cardiovascular risk and statin use influenced 
the effect of ABCA1-CEC on atherosclerosis as well as event risk [10]. In 
statin nonusers, higher ABCA1-CEC associated with greater atheroscle-
rosis burden, whereas in users ABCA1-CEC inversely associated with 
plaque burden and progression [10]. 

Inflammation and corticosteroid use are proatherogenic [11,12] 
while methotrexate and biologic DMARDs (bDMARDs) are atheropro-
tective [13,14]. However, whether and to what extent do disease-related 
inflammation and immunomodulatory therapies influence ABCA1-CEC 
or its relationship with coronary atherosclerosis is unknown. In this 
study we explored whether inflammation, corticosteroids, methotrexate 
and bDMARDs impact on ABCA1-CEC or its relationship with coronary 
atherosclerosis burden, progression and long-term cardiovascular risk. 

2. Material and methods 

2.1. Patient recruitment 

We included 140 patients formerly registered in the PROspecTive 
Evaluation of Latent Coronary ATherosclerosis in Rheumatoid Arthritis 
(PROTECT RA) cohort [15] who had serum available for CEC evalua-
tion. The original cohort encompassed 150 patients with regular 
follow-up in a single academic hospital, prospectively undergoing 
noninvasive coronary atherosclerosis assessment with computed to-
mography angiography (CCTA). Subjects were then followed for inci-
dent cardiovascular events; 99 underwent serial evaluation for plaque 
progression 6.9 ± 0.3 years later. Patients were enrolled if they were 
between 18 and 75 years old, satisfied 2010 classification criteria for RA 
and had no prior history of cardiovascular disease including angina, 
acute coronary syndromes, transient ischemic attack, stroke, claudica-
tion, revascularization, or heart failure. Patients with concomitant 
autoimmune diseases (except for Sjogren’s), active or chronic infections, 
malignancy within 5 years, body weight greater than 147.7 kg (scanner 

capacity), glomerular filtration rate <60 mL/min, or allergy to iodinated 
compounds were excluded. The study was approved by the local Insti-
tutional Review Board and all subjects signed informed consent in 
accordance with the Declaration of Helsinki. 

2.2. Coronary computed tomography angiography 

Screening coronary atherosclerosis assessments were carried out in a 
64-multidetector row scanner between March 2010 and March 2011. 
Serial evaluations were completed in a 256-multidetector row scanner 
from March 2017 to March 2018. Standard operating procedures 
regarding image acquisition, processing and grading reproducibility 
have been previously outlined [14]. Coronary artery calcium score was 
measured according to Agatston [16]. Atherosclerosis presence was 
evaluated on contrast-enhanced scans according to a standardized 
17-segment American Heart Association model [17]. Both screening and 
serial studies were reviewed at the same time and in random order by an 
experienced and blinded reader (MJB). Longitudinal comparisons were 
carried out with coronary segment coalignment using fixed anatomic 
landmarks as fiducial points. Segment involvement score depicted the 
total number of coronary segments harboring plaque in an individual 
patient (0-17). Plaque stenosis severity in each segment was rated on a 
scale from 0 to 4 as previously reported and segment stenosis score 
described the cumulative stenotic severity of all evaluable segments in 
an individual patient (0-68) [15]. Plaque composition was reported as 
noncalcified, partially and fully-calcified as previously described [15]. 

2.3. Laboratory evaluations 

Laboratory assessments including complete blood counts, a meta-
bolic panel, erythrocyte sedimentation rate (ESR) and c-reactive protein 
(CRP) were completed at the time of screening and serial coronary as-
sessments as well as every clinic visit during follow-up. Fasting lipid 
measurements were similarly performed at the time of baseline and 
follow-up scans and based on EULAR recommendations in between 
[18]. Additional serum for biomarker studies was stored as previously 
described [15]. 

2.3.1. Serum cholesterol efflux capacity 
ABCA1-CEC was evaluated in J774A.1 murine macrophages cultured 

in the absence or presence of c-AMP (Merck Life Science, Darmstadt, 
Germany) as previously reported [19]. Briefly, cells were first labeled 
with 1,2–3H(N)-cholesterol for 24 h and then incubated in medium with 
0.2% bovine serum albumin for an additional 18 h. Apo-B depleted 
serum 2% (vol/vol) was added next for 4 h [20]. CEC was expressed as 
the proportion of radioactivity present in the supernatant over the total 
intracellular radioactivity. The difference in CEC between cells cultured 
in the presence or absence of c-AMP represented the ABCA1-specific 
CEC contribution. A pool of human normolipidemic sera and 10 μg/ml 
of human isolated apo-AI (Merk Life Science, Darmstadt, Germany) were 
also tested in each assay to control for inter-assay variability and 
normalize sample values across various experiments. The normalized 
CEC from human normolipidemic sera and human apoA-I also provided 
an index of intra-assay variability (calculated as <10%). 

2.4. Covariates and outcomes 

All patients had a 10-year atherosclerotic cardiovascular disease 
(ASCVD) risk score calculated at baseline based on the American Heart 
Association pooled cohort equation [21]. Height, weight and waist 
circumference were collected. Disease activity was calculated based on 
tender and swollen joint counts on a 28-joint assessment and C-reactive 
protein (DAS28-CRP) at all clinic visits (every three to four months). 
Methotrexate, bDMARD, prednisone and statin use and dosing was 
recorded on each visit and confirmed against pharmacy records. 
Weighted average prednisone dose was calculated by dividing the 
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cumulative dose exposure for each patient with the total number of days 
of follow-up. Time-averaged CRP for each patient was calculated by 
summing the mean CRP values between consecutive measurements 
multiplied by the time interval between consecutive measurements and 
then dividing by the patient’s total follow-up time [22]. 

Coronary plaque outcomes of interest comprised numbers of seg-
ments with any, noncalcified, partially and fully calcified plaques at 
baseline and follow-up. The composite endpoint of cardiovascular 
death, acute coronary syndrome, stroke, peripheral vascular disease, 
revascularization, and new onset heart failure was the prespecified 
clinical outcome. 

2.5. Statistical analysis 

Categorical variables were presented as frequencies with percentages 
and continuous ones as means with standard deviations (SD). Non- 
normally distributed variables were natural log transformed. The ef-
fect of ABCA1-CEC on the number of atherosclerotic lesions at baseline 
and their change at follow-up was evaluated with robust negative 
binomial regression. The influence of baseline CRP, time-averaged CRP, 
baseline prednisone use, weighted daily average prednisone dose, 
baseline methotrexate use, and baseline bDMARD use on the association 
between ABCA1-CEC and plaque outcomes was interrogated by adding 
the corresponding moderators and their products with ABCA1-CEC as 
interaction terms in the respective models. Baseline plaque outcome 
models adjusted for ASCVD score and statin use; individual models 
further adjusted for covariates significant in the corresponding multi-
variable models. Plaque progression models covaried for ASCVD score, 
number of the respective plaque types at baseline, as well as covariates 
significant in the corresponding multivariable models. 

Cox regression models evaluated baseline CRP, prednisone use, 
methotrexate use, and bDMARD use as potential moderators of the 
relationship between ABCA1-CEC and cardiovascular event risk. Each 
model included ASCVD, extensive or obstructive plaque at baseline, 
ABCA1-CEC, the respective moderator, and the interaction term of the 
moderator with ABCA1-CEC. SPSS version 27 and Stata version 15 were 
used. P values < 0.05 were considered significant. 

3. Results 

Patients were in general middle-aged females with established, 
seropositive and erosive disease. They received on average two con-
current csDMARDs (80% methotrexate) and 86/140 (61%) were addi-
tionally treated with bDMARDs (all TNF-α inhibitors). Patient 
characteristics appear in Table 1. Mean (standard deviation [SD]) 
ABCA1-CEC was 5.14 (1.07)%. Ninety-eight patients (70%) had 
atherosclerosis on screening CCTA. ABCA1-CEC was not differemt be-
tween patients with and without atherosclerosis [5.10 (4.88–5.32)% vs. 
5.22 (4.91–5.53)%, p = 0.53] or in those with vs. without specific pla-
que types even after adjustments for ASCVD score and DAS28-CRP (not 
shown). 

3.1. Moderators of the association of ABCA1-CEC with baseline 
atherosclerosis 

ABCA1-CEC inversely associated with baseline CRP (r = − 0.182, p =
0.032) and DAS28-CRP (r = − 0.171, p = 0.044) even after adjustments 
for ASCVD score and statin use. Baseline CRP influenced the relationship 
between ABCA1-CEC and fully-calcified plaque at screening (p-for- 
interaction = 0.001, Fig. 1A); higher ABCA1-CEC (per 1-SD increment) 
associated with more fully calcified plaques in patients with CRP>7 mg/ 
L (median) (incidence rate ratio [IRR] 2.24, [95% CI 1.41–3.56], p =
0.001) and fewer fully calcified plaques in those with CRP<7 mg/L (IRR 
0.52 [95% CI 0.32–0.83], p = 0.007) after adjusting for ASCVD score, 
waist circumference, statin use, and prednisone use. There were no 
significant interactions between ABCA1-CEC and CRP predicting other 

plaque types (not shown). Additionally, higher ABCA1-CEC associated 
with more fully calcified plaques in baseline methotrexate nonusers (IRR 
2.25 [95% CI 1.08–4.64], p = 0.029) but not in users (IRR 0.88 [95% CI 
0.58–1.33], p = 0.532) after adjusting for ASCVD, CRP, statin use, 
prednisone use, and waist circumference (p-for-interaction = 0.037, 
Fig. 1B). Similarly, after adjusting for ASCVD, statin use and age at RA 
diagnosis, higher ABCA1-CEC associated with more partially calcified 
plaques in baseline bDMARD nonusers (IRR 2.43 [95% CI 1.30–4.53], p 
= 0.005, Fig. 1C) but not users (IRR 1.12 [95% CI 0.82–1.53], p = 0.490; 
p-for-interaction = 0.029). There were no significant interactions be-
tween ABCA1-CEC and baseline methotrexate, bDMARD, or prednisone 
use predicting other plaque outcomes (not shown). 

3.2. Moderators of the association of ABCA1-CEC with atherosclerosis 
progression 

Follow-up assessments for atherosclerosis progression were carried 
out in 99 of 140 patients within 6.9 ± 0.3 years. Of the 41 patients 
without reevaluation, two expired, six migrated, four were lost to 
follow-up after the screening assessment, and 29 declined. Although 
patients lacking surveillance assessments were older, with higher sys-
tolic blood pressure and ASCVD, the differences in ASCVD scores were 
no longer significant after adjusting for age (Supplementary Table S1). 
Coronary atherosclerosis was present in 68/99 (68.7%) patients at 
follow-up. Of those, 10 (14.7%) had no atherosclerosis at baseline and 
formed a total of 15 new plaques at follow-up. The remaining 58 patients 
with atherosclerosis at baseline displayed an additional 84 new plaques 

Table 1 
Baseline sample characteristics (N = 140).   

Mean ± SD or N (%) 

Age (years) 52.91 ±10.52 
Female, no. (%) 123 (87.86) 
RA duration (years) 10.58 ±7.61 
Age at diagnosis (years) 42.33 ±11.15 
RF positive, no. (%) 121 (86.43) 
ACPA positive, no. (%) 120 (85.71) 
Erosions, no. (%) 92 (65.71) 
ESR (mm/hr) 27.11 ±17.85 
CRP (ln) (mg/dL) 1.49 ±1.15 
DAS28-CRP 169.25 ±35.25 
Total cholesterol (mg/dL) 2.53 ±0.99 
LDL-c (mg/dL) 95.04 ±28.37 
HDL-c (mg/dL) 51.49 ±14.08 
Triglycerides (mg/dL) 146.53 ±89.23 
Systolic BP 128.35 ±15.34 
Diastolic BP 73.17 ±8.91 
Diabetes, no. (%) 22 (15.71) 
Current smoking, no. (%) 12 (8.57) 
Body mass index (kg/m2) 28.95 ±5.60 
Waist circumference (inches) 36.73 ±4.84 
ASCVD risk score 4.96 ±6.83 
Prednisone use, no. (%) 48 (34.29) 
Methotrexate use, no. (%) 112 (80.00) 
No. concurrent csDMARDs 1.94 ±0.80 
bDMARD use, no. (%) 86 (61.43) 
Plaque presence (any), no. (%) 98 (70.00) 
Number of plaques total 1.96 ±2.27 
Number of noncalcified plaque 1.01 ±1.16 
Number of partially calcified plaques 0.56 ±1.30 
Number of fully calcified plaques 0.42 ±1.05 
ABCA1-CEC (%) 5.14 ±1.07 

Values are mean ± standard deviation (SD) unless otherwise indicated. RA: 
rheumatoid arthritis, RF: rheumatoid factor, ACPA: anti-citrullinated protein 
antibodies, ESR: erythrocyte sedimentation rate, CRP: C-reactive protein, 
DAS28-CRP: disease activity score based on 28 joint counts and CRP, LDL-c: low- 
density lipoprotein cholesterol, HDL-c: high density lipoprotein cholesterol, BP: 
blood pressure, ASCVD: atherosclerotic cardiovascular disease score, cs- 
DMARDs: conventional synthetic disease modifying anti-rheumatic drugs, 
bDMARD: biologic disease modifying anti-rheumatic drugs, ABCA1-CEC: 
Cholesterol efflux capacity through the ABCA1 transporter. 
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at follow-up. 

3.2.1. Influence of CRP on the effect of ABCA1-CEC on plaque progression 
Higher ABCA1-CEC associated with fewer new fully calcified plaques 

only in patients with time-averaged CRP<7 mg/L (median) after ad-
justments for ASCVD, baseline plaque, statin duration, and waist-to- 
height ratio (p-for-interaction = 0.028, Fig. 2). Indeed, patients with 
time-averaged CRP<7 mg/L had fewer new fully calcified plaques 
compared to those with time-averaged CRP>7 mg/L as ABCA1-CEC 
increased (Fig. 3A). There were no significant interactions of ABCA1- 
CEC with time-averaged CRP predicting other plaque progression out-
comes (not shown). 

3.2.2. Influence of prednisone use on the effect of ABCA1-CEC on plaque 
progression 

DAS28-CRP and CRP were higher in baseline prednisone users than 
nonusers (2.95 ± 1.17 vs. 2.31± 0.81, p < 0.001 and 11.92± 13.66 vs. 
6.97± 11.68 mg/L, p = 0.026 respectively). Likewise, patients exposed 

to prednisone during follow-up had higher time-averaged DAS28-CRP 
and time-averaged CRP compared to nonusers (3.16± 0.83 vs. 2.24±
0.58, p < 0.001 and 9.12± 2.20 vs. 6.17± 1.90 mg/L, p = 0.008 
respectively) and time-averaged CRP associated with the time-weighted 
average prednisone dose (b = 0.08 [95% CI 0.02–1.43], p = 0.013) after 
adjustments for ASCVD score, numbers of plaques at baseline, statin 
duration, and baseline CRP. 

Higher ABCA1-CEC associated with fewer new fully calcified plaques 
in baseline prednisone nonusers but not in users after adjustment for 
ASCVD score, baseline plaque, time-averaged CRP, and waist-to-height 
ratio (p-for-interaction = 0.021, Fig. 2 and 3B). There were also signif-
icant interactions of ABCA1-CEC with prednisone exposure during 
follow-up predicting plaque progression. Specifically, ABCA1-CEC 
associated with fewer new plaques only in prednisone unexposed pa-
tients after controlling for ASCVD score, baseline plaque, statin dura-
tion, and time-averaged CRP (p-for-interaction = 0.034, Fig. 2). In 
contrast, as ABCA1-CEC increased, those receiving the highest time- 
weighted average prednisone dose (>1.8 mg/d) had more new pla-
ques compared to unexposed patients (Fig. 3C). Additionally, higher 
ABCA1-CEC was linked to fewer new calcified plaques in prednisone 
unexposed patients and more new calcified plaques in those with time- 
weighted average prednisone dose >1.8 mg/d after controlling for 
ASCVD score, baseline plaque, statin duration, time-averaged CRP, and 
waist-to-height ratio (p-for-interaction = 0.004, Fig. 2 and 3D). There 
were no significant interactions of ABCA1-CEC with baseline prednisone 
or prednisone exposure during follow-up predicting number of new 
noncalcified or partially calcified plaques (not shown). 

3.2.3. Influence of baseline methotrexate and bDMARD use on the effect of 
ABCA1-CEC on plaque progression 

Baseline methotrexate use did not moderate the effect of ABCA1-CEC 
on plaque progression. In contrast, ABCA1-CEC associated with more 
new plaques in baseline bDMARD nonusers and fewer new plaques in 
users after adjustments for ASCVD score, baseline plaque and time- 
averaged CRP (p for interaction ≤ 0.001, Fig. 2 and 3E). There were 
no significant interactions of ABCA1-CEC with baseline bDMARD use 
predicting other plaque progression outcomes (not shown). 

3.3. Influence of CRP, prednisone, methotrexate, and bDMARD use on 
the effect of ABCA1-CEC on cardiovascular risk 

Eighteen cardiovascular events were recorded in 15 patients over 
6.03 ± 2.42 years of follow-up (incidence rate of 2.08 [1.31–3.30] 

Fig. 1. Impact of inflammation (A) and disease-specific therapies such as Methotrexate (B) and bDMARDs (C) on the relationship between ABCA1-CEC and baseline 
plaque burden in RA. 
ABCA1-CEC, cholesterol efflux capacity through the ATP-binding cassette A1 pathway. 

Fig. 2. Impact of inflammation and disease-specific therapies on the relation-
ship between ABCA1-CEC and plaque progression in RA. 
ABCA1-CEC, cholesterol efflux capacity through the ATP-binding cassette A1 
pathway; SD, standard deviation. 
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events/100 patient-years, Supplementary Table S2). Baseline CRP did 
not influence the relationship between ABCA1-CEC and cardiovascular 

risk (p-for-interaction = 0.396). There was an interaction between 
ABCA1-CEC and baseline prednisone use (p-for-interaction = 0.027, 
Fig. 4); after adjusting for ASCVD score and baseline segment involve-
ment score, higher ABCA1-CEC (per 1-SD increment) associated with 
greater cardiovascular risk in prednisone users (hazard ratio 5.56 [95% 
CI 2.11–14.70], p = 0.001) but not in nonusers (hazard ratio 1.68 [95% 
CI 0.97–2.93], p = 0.063). Neither baseline methotrexate nor bDMARD 
use influenced the effect of ABCA1-CEC on cardiovascular risk (p-for- 
interaction = 0.889 and 0.910 respectively). 

4. Discussion 

The present study is the first to directly investigate the impact of 
inflammation and immunomodulatory therapies on ABCA1-CEC and its 
relationship with coronary atherosclerosis and cardiovascular risk. 
Findings highlight their contextual contributions and conditional regu-
lation of these relationships and suggest mechanistic insights. 

Increased ABCA1-CEC may result from greater pre-β HDL availability 
[23]. The latter may reflect either increased hepatic synthesis of ApoA1, 
recycling of pre-β HDL particles, or alternatively a block in pre-β HDL 
maturation to larger spherical HDL3 particles as seen in LCAT deficiency 
[24,25]. Indeed, LCAT deficiency was linked to high pre-β HDL and 
ABCA1-CEC, and low HDL3 and ABCG1-CEC [24]. Decreased levels and 
activity of LCAT have been reported in RA patients, especially during 

Fig. 3. Impact of time-averaged CRP (A) and disease-specific therapies such as baseline prednisone (B), daily-weighted average prednisone dose during follow-up on 
total (C) and fully-calcified plaque (D) and baseline bDMARD use (E) on the relationship between ABCA1-CEC and plaque progression in RA. 
ABCA1-CEC, cholesterol efflux capacity through the ATP-binding cassette A1 pathway; SD, standard deviation. 

Fig. 4. Impact of high or low ABCA1-CEC on cardiovascular risk in baseline 
prednisone users and nonusers. 
ABCA1-CEC, cholesterol efflux capacity through the ATP-binding cassette 
A1 pathway. 
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periods of high disease activity [26], and those improved with treatment 
[27]. Importantly, LCAT deficiency was linked to premature athero-
sclerosis and greater plaque burden [28,29]. The inverse association 
between ABCA1-CEC and ABCG1-CEC observed in our patient sample 
suggests a block in pre-β HDL maturation with disruption in effective 
cholesterol efflux and ultimately decreased LDL-receptor-mediated 
cholesterol uptake by the liver [10]. 

Here we observed that systemic inflammation (CRP) and disease 
activity (DAS28-CRP) inversely associated with ABCA1-CEC. This is in 
agreement with earlier reports of low ABCA1-CEC function of inflam-
matory HDL in healthy volunteers treated with LPS [30]. We further 
demonstrated that ABCA1-CEC associated with greater baseline 
atherosclerosis burden in patients with above median CRP; in contrast, 
when CRP was lower, increasing ABCA1-CEC associated with lower 
atherosclerosis burden at baseline. Likewise, higher ABCA1-CEC was 
linked to fewer new calcified plaques in patients with below median 
time-averaged CRP during follow-up. These observations may be 
explained considering that low inflammation and good disease control 
are associated with the improvement of HDL composition, maturation 
and function, as well as with less cholesterol loading onto macrophages 
by LDL. Indeed, inflammation changes HDL composition, decreases its 
anti-oxidant activity and CEC, blocks LCAT and oxidizes LDL, promoting 
its ability to load cholesterol to cells through unregulated scavenger 
receptors [31,32]. 

Corticosteroids are commonly prescribed to patients with active 
disease or flares of RA. Indeed, prednisone use at baseline and exposure 
during follow-up associated with higher inflammation. As aforemen-
tioned, when inflammation is high, cholesterol loading on arterial wall 
macrophages by oxidized LDL increases and promotes atherosclerosis 
[31,32]. Moreover, the block in pre-β HDL maturation occurring in a 
proinflammatory environment, evidenced by enhanced ABCA1-CEC and 
depressed ABCG1-CEC, may impede the conclusion of the reverse 
cholesterol transport process, thus sustaining atherogenesis. 

However, we previously showed that cumulative prednisone dose 
predicted coronary atherosclerosis progression in RA independently of 
inflammation [11]. Likewise in the present study, ABCA1-CEC associ-
ated with lower plaque progression in prednisone unexposed patients 
and greater plaque progression in those receiving higher weighted 
average prednisone doses independently of inflammation and ASCVD 
score; this suggests an independent effect of prednisone on cell choles-
terol homeostasis. Indeed, we previously found that corticosteroids 
reduced cholesterol efflux to standard acceptors and promoted choles-
terol loading and foam cell formation in human macrophages in vitro 
[33]. Taken together, these observations suggest that prednisone may in 
fact contribute to the proatherogenic environment it was intended to 
treat, by directly impacting cholesterol handling in arterial wall mac-
rophages. In the absence of prednisone use and therefore in the context 
of lower inflammation, lower macrophage cholesterol uptake and higher 
expression of cholesterol transporters for efflux, higher ABCA1-CEC—i. 
e. well-functioning pre-β HDL—may efficiently attenuate atherosclerosis 
progression. This observation has significant clinical repercussions since 
ABCA1-CEC was linked to higher cardiovascular risk in patients using 
prednisone but not nonusers. 

We showed that higher ABCA1-CEC associated with more fully 
calcified plaques at baseline in methotrexate nonusers but not in users. 
Methotrexate treatment decreased plaque burden and intimal macro-
phage migration in cholesterol-fed rabbits [34] and ApoE− /−

high-fat-fed mice [35]. Uptake of methotrexate in plaque reduced 
regulated upon activation, normal T Cell expressed and secreted 
(RANTES), the chemokine responsible for immune cell migration and 
homing into the vessel wall [36]. Methotrexate also induces release of 
adenosine, which, upon binding adenosine A2A receptors on inflam-
matory cells, promotes intracellular c-AMP release [37]. This, in turn, 
upregulates ABCA1 expression and favors ABCA1-mediated cholesterol 
efflux; it also suppresses scavenger receptors CD36, SR-A1 and proin-
flammatory cytokines [36]. In peripheral blood mononuclear cells from 

patients with RA, methotrexate increased ABCA1 mRNA [38]. Metho-
trexate may therefore reduce atherosclerosis by facilitating outflow of 
cholesterol from the arterial wall and controlling local inflammation 
[36,38]. 

We also observed that ABCA1-CEC associated with greater athero-
sclerosis burden and progression in baseline bDMARD nonusers. In 
contrast, ABCA1-CEC associated with fewer new plaques in bDMARD 
users, independently of time-averaged CRP. Patients receiving 
bDMARDs typically have inadequate response to csDMARDs; bDMARD 
users in our cohort had longer RA duration, greater prednisone utiliza-
tion and higher time-averaged disease activity during follow-up (not 
shown)—all factors associated with accelerated atherosclerosis and 
cardiovascular event risk [11,12]. Yet, bDMARDs independently atten-
uated cardiovascular risk and associated with lower lipid content and 
atherosclerotic plaque stabilization [14], enabling the beneficial effects 
of ABCA1-CEC on the atherosclerotic process. TNF-α promotes athero-
sclerosis by downregulating ABCA1 and G1 protein expression, which 
impairs reverse cholesterol transport, and upregulating CD36 and 
SR-A1, which enhances cholesterol uptake [39,40]. TNF-α also sup-
presses LCAT function [41]. Infliximab reversed TNF-α-mediated sup-
pression of cholesterol transporters for efflux [40] and adalimumab 
reduced cholesterol loading by acting both on serum lipoproteins and 
directly on macrophages [19]. Furthermore, both TNF-α and non-TNF-α 
inhibitor bDMARDs were shown to restore LCAT function [42]. Collec-
tively, these observations suggest that normalization of the various steps 
in cholesterol metabolism may lead to the unmasking of the protective 
effects of ABCA1-CEC and to attenuation of atherosclerosis progression. 

Our study has certain limitations. First, analyses of the effects of 
ABCA1-CEC and its interactions with CRP and medications were not 
prespecified or powered for in our original study design. Hence, findings 
should be considered exploratory and prospectively validated. Secondly, 
we did not measure pre-β HDL particles or LCAT activity; however, the 
association between pre-β HDL levels and ABCA1-CEC and the role of 
LCAT on pre-β HDL maturation are extensively reported [23,24]. Lastly, 
patients found to have coronary plaque at screening had statin and/or 
aspirin treatments initiated regardless of clinical indication. Despite 
covarying for statin exposure, this may have still influenced athero-
sclerosis progression and cardiovascular risk [43], as well as the impact 
of ABCA1-CEC and moderators on these outcomes. 

5. Conclusion 

ABCA1-CEC associated with lower coronary plaque burden and 
progression in patients with low baseline and cumulative CRP, predni-
sone nonusers and baseline bDMARD users. In contrast, ABCA1-CEC 
associated with accelerated atherosclerosis in patients with high base-
line CRP, prednisone exposure, and baseline methotrexate nonusers or 
bDMARDs nonusers. While ABCA1-CEC appears atheroprotective in 
well-treated RA with controlled disease activity, when RA is not 
controlled ABCA1-CEC may instead reflect a proatherogenic state pro-
moted by inflammation. 

Author contributions 

George Karpouzas: Conceptualization, Methodology, Formal anal-
ysis, Investigation, Resources, Data Curation, Writing – Original Draft, 
Writing – Review & Editing, Visualization, Supervision, Project admin-
istration, Funding acquisition. Bianca Papotti: Investigation, Writing – 
Review & Editing. Sarah Ormseth: Formal analysis, Data Curation, 
Writing – Review & Editing, Visualization. Marcella Palumbo: Investi-
gation, Writing – Review & Editing. Elizabeth Hernandez: Investigation, 
Data Curation, Writing – Review & Editing. Maria Pia Adorni: Investi-
gation, Writing – Review & Editing. Francesca Zimetti: Investigation, 
Writing – Review & Editing. Matthew Budoff: Conceptualization, 
Methodology, Software, Validation, Formal analysis, Investigation, Re-
sources, Data Curation, Writing – Review & Editing. Nicoletta Ronda: 

G.A. Karpouzas et al.                                                                                                                                                                                                                          



Journal of Translational Autoimmunity 7 (2023) 100209

7

Conceptualization, Methodology Validation, Investigation, Resources, 
Supervision, Data Curation, Writing – Review & Editing. All authors 
critically revised the manuscript for important intellectual content and 
approved the final version to be published. 

Funding 

This work was supported by the American Heart Association [grant 
number AHA-09CRP2251004]; and Pfizer [grant numbers WI215017, 
68633259]. 

Declaration of competing interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
George A Karpouzas reports financial support was provided by American 
Heart Association Inc. George A Karpouzas reports financial support was 
provided by Pfizer. 

Data availability 

Data will be made available on request. 

Acknowledgments 

We thank Drs. Benedict Chou, Gopika Miller and Viet Bui for assis-
tance with clinical assessments, and Ms. Lorena Ruiz for facilitating 
study coordination. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jtauto.2023.100209. 

References 

[1] M.P. Adorni, N. Ronda, F. Bernini, F. Zimetti, High density lipoprotein cholesterol 
efflux capacity and atherosclerosis in cardiovascular disease: pathophysiological 
aspects and pharmacological perspectives, Cells 10 (2021) 574. 

[2] D.J. Rader, E.T. Alexander, G.L. Weibel, J. Billheimer, G.H. Rothblat, The role of 
reverse cholesterol transport in animals and humans and relationship to 
atherosclerosis, J. Lipid Res. 50 (Suppl) (2009) S189–S194. 

[3] T. Oshita, R. Toh, Y. Nagano, K. Kuroda, Y. Nagasawa, A. Harada, K. Murakami, 
M. Kiriyama, K. Yoshikawa, K. Miwa, T. Kubo, T. Iino, M. Nagao, Y. Irino, T. Hara, 
M. Shinohara, H. Otake, T. Shinke, K. Nakajima, T. Ishida, K.-I. Hirata, Association 
of cholesterol uptake capacity, a novel indicator for HDL functionality, and 
coronary plaque properties: an optical coherence tomography-based observational 
study, Clin. Chim. Acta 503 (2020) 136–144. 

[4] M.T. Soria-Florido, H. Schröder, M. Grau, M. Fitó, C. Lassale, High density 
lipoprotein functionality and cardiovascular events and mortality: a systematic 
review and meta-analysis, Atherosclerosis 302 (2020) 36–42. 

[5] B. Xie, J. He, Y. Liu, T. Liu, C. Liu, A meta-analysis of HDL cholesterol efflux 
capacity and concentration in patients with rheumatoid arthritis, Lipids Health Dis. 
20 (2021) 18. 

[6] B. Tejera-Segura, M. Macía-Díaz, J.D. Machado, A. de Vera-González, J.A. García- 
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