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spectroscopy

Kohei Takata1#, Satoshi Honda1#, Samuel L. Sidharta2, MyNgan Duong1, Daisuke Shishikura1,  
Susan W. Kim1, Jordan Andrews1, Belinda A. Di Bartolo1, Peter J. Psaltis1,2,3, Christina A. Bursill1,2,3, 
Matthew I. Worthley1,2,3, Stephen J. Nicholls1,2,3

1South Australian Health & Medical Research Institute, Adelaide, Australia; 2Cardiovascular Investigation Unit, Royal Adelaide Hospital, Adelaide, 

Australia; 3University of Adelaide, Adelaide, Australia

Contributions: (I) Conception and design: All authors; (II) Administrative support: M Duong, BA Di Bartolo, PJ Psaltis, CA Bursill, MI Worthley, 

SJ Nicholls; (III) Provision of study material or patients: K Takata, S Honda, SL Sidharta, M Duong, D Shishikura, MI Worthley, SJ Nicholls; 

(IV) Collection and assembly of data: All authors; (V) Data analysis and interpretation: All authors; (VI) Manuscript writing: All authors; (VII) Final 

approval of manuscript: All authors.
#These authors contributed equally to this work.

Correspondence to: Stephen J. Nicholls, MBBS, PhD. South Australian Health & Medical Research Institute, SAHMRI North Terrace, Adelaide SA 

5001, Australia. Email: stephen.nicholls@sahmri.com.

Background: Although high-density lipoprotein (HDL) has atheroprotective properties, the association of 
HDL functionality with coronary plaques remains unclear.
Methods: We investigated the association between HDL-mediated cholesterol efflux capacity (CEC) and 
coronary lipid burden in 74 patients who underwent near-infrared spectroscopy (NIRS) imaging for acute 
coronary syndrome (ACS) or stable ischemic symptoms. We measured baseline HDL-mediated CEC, 
distinguishing the specific pathways, and stratified patients according to their median CEC values. Coronary 
lipid burden was assessed as lipid core burden index (LCBI) using NIRS at baseline (n=74) and on serial 
imaging (n=47).
Results: Patients with baseline ATP-binding cassette transporter G1 (ABCG1)-mediated CEC > median 
had a greater baseline LCBI {74 [20, 128] vs. 32 [5, 66]; P=0.04} or change in LCBI {−30 [−89, 0] vs. −3 [−16, 
0]; P=0.048}. In addition to a negative association between baseline LCBI and change in LCBI (standardized 
β=−0.31; P=0.02), multivariable analysis demonstrated a significant interaction effect between clinical 
presentation of coronary artery disease (CAD) and baseline ABCG1-mediated CEC on change in LCBI 
(P=0.003), indicating that baseline ABCG1-mediated CEC was inversely associated with change in LCBI in 
patients with ACS (standardized β=−0.79, P=0.003), but not in those with stable ischemic symptoms (P=0.52).
Conclusions: In this study, ABCG1-mediated CEC, but not ATP-binding cassette transporter A1 and 
scavenger receptor B type I, was associated with regression of coronary artery lipid content, especially in 
patients with high-risk phenotype. Further studies are required to determine the roles of ABCG1 pathway in 
the development coronary plaques.
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Introduction

Epidemiological studies have found inverse associations 
between high-density lipoprotein cholesterol (HDL-C) and 
atherosclerotic cardiovascular disease (ASCVD) risk (1). 
Nonetheless, HDL-C-raising clinical trials have largely 
shown no benefit on cardiovascular outcome (1). Recent 
population-based studies have reported that extremely high 
HDL-C levels were associated with high cardiovascular 
mortality (2). Furthermore, genetic evidence has also 
demonstrated that changes in alleles that lead to high 
HDL-C levels do not associate with the risk of myocardial 
infarction (3). These inconsistent findings have led to a shift 
in focus from HDL-C concentrations to HDL functionality 
as a novel target for preventing ASCVD.

HDL is thought to be atheroprotective, in part, via its 
ability to efflux cholesterol from lipid-laden macrophages 
in atherosclerotic plaques (1). Recently, the YELLOW 
(Reduction in Yellow Plaque by Aggressive Lipid-Lowering 
Therapy) II trial demonstrated an association between 
fibrous cap thickness and HDL-mediated cholesterol 
efflux capacity (CEC), but only the ATP-binding cassette 
transporter A1 (ABCA1) pathway was assessed (4).  
HDL-mediated cholesterol efflux occurs via multiple 
pathways including aqueous diffusion and efflux mediated by 
three cell-surface proteins: ABCA1, the ATP-binding cassette 
transporter G1 (ABCG1), and the scavenger receptor B type 
I (SR-BI). The impact of each individual efflux pathway on 
coronary plaques has never been investigated.

The importance of coronary lipid-rich plaques has been 
established in relation to cardiovascular events. Near-
infrared spectroscopy (NIRS), a catheter-based imaging 
modality, has the capability to detect lipid burden in the 
coronary artery wall. In the current study, we sought to 
examine the association of ABCA1, ABCG1 and SR-
B1-mediated CEC with coronary artery lipid content in 
patients who underwent NIRS imaging.

Methods

Study population

Seventy four adult patients, who had blood samples 
collected prior to diagnostic coronary angiography for acute 
coronary syndrome (ACS) or stable ischemic symptoms at 
the Royal Adelaide Hospital (RAH) from April 2013 to July 
2016, were enrolled. The target vessel to be imaged was 
selected according to operators’ discretion. The following 
patients were excluded from the current study: patients 

who had moderate or severe congestive heart failure (New 
York Heart Association Class III or IV), those who had 
significant valvular heart disease or left ventricular systolic 
dysfunction (left ventricular ejection fraction <35%), 
patients who had any history of coronary artery spasm, 
renal impairment (creatinine clearance <60 mL/min), 
and patients with acute/recent ST-elevation myocardial 
infarction or blood pressure at rest ≥180 mmHg. This 
study was approved by the institutional review boards of the 
RAH (ACTRN12612000594820), and all patients provided 
written informed consent.

NIRS imaging and its analysis

NIRS imaging was conducted to evaluate coronary 
l ipid burden as previously described (5) .  Brief ly, 
after intracoronary administration of nitroglycerine  
(100–200 μg), a coronary catheter-based imaging system: the 
Lipiscan Coronary Imaging System (InfraReDx, Burlington, 
MA, USA) was advanced into the distal site of the target 
coronary artery, and automatic pullback was performed  
(0.5 mm/s) until reaching the aorta. NIRS Imaging was 
performed within the same coronary artery at baseline 
and at follow-up. Treatment during the follow-up period 
was at the discretion of the treating physician. Acquired 
NIRS images were analyzed offline using LipiScan analyzer 
software (LipiScan, InfraReDx, Burlington, MA, USA) by an 
independent imaging cardiologist as previously described (5,6).

Measurement of laboratory parameters

Fasting blood samples at baseline were centrifuged and 
stored in aliquots at −80 ℃ until required. Serum lipid levels 
were measured by the routine laboratory measurements 
using enzymatic methods.

Assessment of HDL-mediated CEC

We measured ABCA1, ABCG1, and SR-BI-mediated CEC 
using apolipoprotein B (apoB)-depleted serum. ApoB-
containing lipoproteins were depleted with polyethylene 
glycol (Sigma, St. Louis, MO, USA) as previously  
described (7). ABCA1, ABCG1, and SR-BI-mediated CEC 
were determined using RAW 264.7 macrophages, Chinese 
hamster ovary (CHO)/CHO-K1 cells, and Fu5AH rat 
hepatoma cells, respectively (8). RAW 264.7 macrophages 
were incubated with cAMP to induce ABCA1 expression 
(8,9). CHO cells were transfected to express human 
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ABCG1 constitutively, kindly provided by Dr. W. Jessup 
(University of Sydney) (8). The rat hepatoma cell line 
Fu5AH is used for SR-BI-mediated cholesterol efflux as it 
expresses high levels of SR-BI (8,10). In brief, cells were 
plated and labelled with BODIPY-cholesterol (Avanti Polar 
Lipids, Alabaster, AL, USA) for the ABCA1-mediated assay 
or [3H] cholesterol for the ABCG1/SR-BI-mediated assays. 
The assay using BODIPY-cholesterol has been reported 
to reflect more ABCA1-specifc efflux than that with [3H] 
cholesterol (7). Cells were incubated with apoB-depleted 
serum for 4 h. The fluorescence intensity (FI) of the cell 
media and cell lysates was measured at Ex/Em 485/535 nm 
using a Perkin Elmer Victor 3 plate reader (Perkin-Elmer, 
Wellesley, MA, USA) in the ABCA1-mediated efflux assay. 
Liquid scintigraphy (Perkin Elmer Analytical Sciences, 
Wellesley, MA, USA) was conducted for the quantification 

/ 4 100(%)
/ 4 / 4
Media FI cpmat hCEC

Media FI cpmat h Cell Lysate FI cpmat h
×=

+

ABCA1-mediated CEC was calculated as the difference 
between the percent efflux in cAMP treated cells and that 
of cAMP non-treated cells. ABCG1-mediated CEC was 
calculated as the difference between the percent efflux in 
CHO cells and that of CHO-K1 cells. SR-BI-mediated 
CEC was calculated as the difference in the percent efflux 
between the presence and absence of the acceptor. All assays 
were performed at least in duplicate. To adjust for the inter-
assay variation across plates and measuring date, a pooled 
serum from eight normolipidemic volunteers was included 
on each plate.

Statistical analysis

Given the small sample size, we performed all analyses 
using non-parametric statistics, except for the multivariable 
analyses, where we used linear regression models, after 
checking for the assumptions. Continuous variables were 
expressed as median (interquartile range: IQR), and 
compared using Kolmogorov-Smirnov test. Categorical 
variables were expressed as frequency and percentage, 
and compared using Fisher’s exact test. Relationships of 
HDL-mediated CEC with other variables, including lipid 
core burden index (LCBI), were assessed by Spearman’s 
correlation coefficients. Multivariable linear regression 
analyses were performed to test the associations between 
baseline variables and change in LCBI. Baseline LCBI was 
included as a priori, then variables with P value less than 

0.20 after adjusting for baseline LCBI were included in 
the multivariable model. Coronary lipid burden has been 
demonstrated to be relevant to both clinical presentation 
of coronary artery disease (CAD); therefore, we examined 
the interaction effect between clinical presentation of 
CAD and baseline ABCG1-mediated CEC on change in 
LCBI, considering our small sample size, the following 
insignificant interaction effect of statins and baseline 
ABCG1-mediated CEC on change in LCBI, and the 
undermentioned consistent associations of coronary lipid 
burden using NIRS imaging with clinical presentation of 
CAD (11-13), but not consistent those with statins (5,14,15). 
A two-sided P value of less than 0.05 was considered 
significant. All statistical analyses were conducted using 
Stata 14.2 version (StataCorp., College Station, TX, USA).

Results

Patient characteristics

The characteristics of baseline patients (n=74) are 
summarized in Table 1. Median age was 60 years of which 
27% were female and 32% of the patients presented with 
ACS. Statins were used by 77% of patients. The frequency 
of ACS was similar between the two groups of ≤ median 
versus > median CEC (ABCA1: P=0.21, ABCG1: P=0.46, 
SR-BI: P=1.00). Forty seven of the 74 patients (64%) 
completed coronary angiogram and NIRS imaging at 
follow-up. The median follow-up period was 11.6 months. 
No percutaneous coronary intervention was performed 
in the target coronary artery during the follow-up period. 
Patient characteristics of the 47 patients (subgroup) were 
generally comparable with the whole cohort (Table S1). 
In addition, we compared patient characteristics between 
patients undergoing follow-up NIRS imaging and those 
without the procedure to test the selection bias (Table S2). 
No differences in these parameters were observed except 
for the presence of diabetes. Patients receiving follow-up 
NIRS showed a higher prevalence of diabetes compared 
to those without the procedure (30% vs. 7%; P=0.04). 
However, in the current study, diabetes was not associated 
with coronary lipid burden and baseline HDL-mediated 
CEC (Table S3).

Lipid parameters and HDL-mediated CEC at baseline

Each efflux pathway involved in HDL-mediated CEC at 
baseline is shown in Table 2. The assay variabilities were 
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as follows: intra-, inter-assay % coefficient of variability; 
ABCA1: 6.1%, 13.5%; ABCG1: 5.5%, 12.1%; SR-BI: 
5.1%, 10.0%, respectively. Triglyceride levels associated 
with baseline ABCA1-mediated CEC {97 [71, 159] vs. 
151 [115, 177] mg/dL; P=0.02}, whereas HDL-C level 
associated with both ABCG1 and SR-BI-mediated CEC 
at baseline {ABCG1: 35 [31, 43] vs. 46 [39, 50] mg/dL; 
P=0.01, SR-BI: 35 [31, 39] vs. 46 [43, 54] mg/dL; P<0.001}. 
Lipid parameters and HDL-mediated CEC of the 47 
patients were generally comparable with the whole cohort  
(Table S4).

Effects of coronary risk factors and medications on baseline 
LCBI

Baseline LCBI values ranged from 0 to 277, with a 
median [IQR] of 45 [16, 109] (data not shown). Effects of 
coronary risk factors and medications on baseline LCBI are 
summarized in Table S5. Males showed a higher baseline 
LCBI {56 [25, 114] vs. 14 [0, 103]; P=0.04}. A trend towards 
a higher baseline LCBI was observed in patients with ACS, 
although this did not meet statistical significance (P=0.07). 
Of interest, baseline LCBI was similar notwithstanding 

Table 1 Baseline patient demographics (n=74)

Parameter All patients [n=74]
ABCA1 CEC ABCG1 CEC SR-BI CEC

≤ median > median ≤ median > median ≤ median > median

Age, years 60 [53, 68] 63 [54, 71] 57 [52, 67] 61 [54, 71] 58 [52, 67] 59 [52, 69] 61 [53, 68]

Female, n [%] 20 [27] 7 [19] 13 [35] 11 [30] 9 [24] 4 [11] 16 [43]**

ACS, n [%] 24 [32] 15 [41] 9 [24] 10 [27] 14 [38] 12 [32] 12 [32]

Current smoker, n [%] 15 [20] 7 [19] 8 [22] 6 [16] 9 [24] 7 [19] 8 [22]

Diabetes, n [%] 16 [22] 9 [24] 7 [19] 7 [19] 9 [24] 8 [22] 8 [22]

Hypertension, n [%] 48 [65] 27 [73] 21 [57] 30 [81] 18 [49]* 26 [70] 22 [59]

Dyslipidemia, n [%] 55 [74] 29 [78] 26 [70] 32 [86] 23 [62]* 28 [76] 27 [73]

Medication

Aspirin 67 [91] 35 [95] 32 [86] 31 [84] 36 [97] 35 [95] 32 [86]

ACE-I/ARB 46 [62] 27 [73] 19 [51] 25 [68] 21 [57] 23 [62] 23 [62]

Statin 57 [77] 29 [78] 28 [76] 28 [76] 29 [78] 29 [78] 28 [76]

HIST 35 [47] 18 [49] 17 [46] 18 [49] 17 [46] 19 [51] 16 [43]

Beta-blocker 32 [43] 14 [38] 18 [49] 20 [54] 12 [32] 17 [46] 15 [41]

Analyzed vessel, n [%]

LAD 46 [62] 25 [68] 21 [57] 24 [65] 22 [59] 24 [65] 22 [59]

LCX 22 [30] 9 [24] 13 [35] 9 [24] 13 [35] 11 [30] 11 [30]

RCA 6 [8] 3 [8] 3 [8] 4 [11] 2 [5] 2 [5] 4 [11]

Patients were stratified into two groups according to the cut-off values calculated as median values from baseline HDL-mediated CEC 
(ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; respectively). Continuous variables are expressed median [interquartile 
range], and categorical variables as percentage. *, P<0.05; **, P<0.01. ABCA1 CEC, ATP-binding cassette transporter A1-mediated 
cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; ACS, acute coronary 
syndrome; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor; HIST, high-intensity statin therapy; LAD, left 
anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery; SR-BI, scavenger receptor B type I.
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concomitant use of statin (P=0.28) or high-intensity statin 
therapy (HIST, P=0.99).

The impact of degree of baseline HDL-mediated CEC on 
coronary lipid burden

Patients with a greater baseline ABCG1-mediated CEC 
showed a greater baseline LCBI {32 [5, 66] vs. 74 [20, 128]; 
P=0.04, Figure 1}. In contrast, baseline LCBI was similar 
according to baseline ABCA1 or SR-BI-mediated CEC 

(ABCA1: P=0.52, SR-BI: P=0.72). Consistent with the 
whole cohort, patients with baseline ABCG1-mediated 
CEC >median showed a larger baseline LCBI in the 
subgroup {31 [3, 91] vs. 84 [47, 190]; P=0.02, Figure S1}. 
Furthermore, there was a significant difference of change 
in LCBI between lower and higher groups of baseline 
ABCG1-mediated CEC {−3 [−16, 0] vs. −30 [−89, 0]; 
P=0.048, Figure 2}, whereas baseline ABCA1 or SR-BI-
mediated CEC were not related to change in LCBI (ABCA1: 
P=0.85, SR-BI: P=0.39, Figure 2).

Table 2 Lipids and HDL-mediated cholesterol efflux capacity at baseline (n=74)

Parameter
All patients 

(n=74)

ABCA1 CEC ABCG1 CEC SR-BI CEC

≤ median > median ≤ median > median ≤ median > median

Lipids

T-Cho, mg/dL 174 [135, 209] 155 [124, 197] 186 [159, 209] 159 [128, 193] 182 [151, 213] 159 [112, 197] 182 [151, 209]

LDL-C, mg/dL 97 [77, 135] 97 [62, 131] 101 [85, 139] 89 [66, 128] 101 [85, 135] 101 [62, 135] 97 [81, 131]

HDL-C, mg/dL 41 [35, 46] 39 [35, 43] 43 [35, 50] 35 [31, 43] 46* [39, 50] 35 [31, 39] 46*** [43, 54]

TG, mg/dL 124 [89, 168] 97 [71, 159] 151* [115, 177] 133 [89, 168] 124 [89, 168] 142 [71, 204] 124 [89, 159]

HDL-mediated cholesterol efflux capacity

ABCA1 CEC (%) 22.6 [20.7, 24.5] 20.7 [19.8, 22.0] 24.5*** [23.6, 25.7] 22.0 [20.1, 24.2] 23.4 [21.2, 24.5] 22.5 [20.1, 24.4] 22.9 [21.2, 24.6]

ABCG1 CEC (%) 3.4 [3.1, 4.1] 3.3 [3.0, 4.0] 3.7* [3.2, 4.2] 3.1 [2.9, 3.3] 4.1*** [3.8, 4.3] 3.3 [3.0, 3.8] 3.7 [3.2, 4.2]

SR-BI CEC (%) 10.4 [9.5, 12.3] 10.2 [8.8, 11.7] 10.9 [9.8, 12.6] 9.9 [9.2, 11.0] 11.7** [10.2, 13.1] 9.5 [8.6, 10.1] 12.3*** [11.3, 13.4]

Patients were stratified into two groups according to the cut-off values calculated as median values from baseline HDL-mediated CEC (ABCA1 
CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; respectively). Values are median [interquartile range]. *, P<0.05; **, P<0.01; ***, P<0.001. 
ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette transporter G1-
mediated cholesterol efflux capacity; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; SR-BI CEC, 
scavenger receptor B type I-mediated cholesterol efflux capacity; T-Cho, total cholesterol; TG, triglyceride.

300

200

100

0

300

200

100

0

300

200

100

0

B
as

el
in

e 
LC

B
I

B
as

el
in

e 
LC

B
I

B
as

el
in

e 
LC

B
I

BA C

ABCA1 CEC
≤ median

ABCG1 CEC
≤ median

SR-BI CEC
≤ median

SR-BI CEC
> median

ABCA1 CEC
> median

ABCG1 CEC
> median

P=0.52 P=0.04 P=0.72

Figure 1 The associations of HDL-mediated CEC with LCBI at baseline (n=74). After the stratification based on the cut-off values 
calculated as median values from baseline HDL-mediated CEC (ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; 
respectively), baseline LCBI was associated with baseline ABCG1-mediated CEC (B), but not with neither ABCA1 nor SR-BI-mediated 
CEC at baseline (A,C). ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 CEC, ATP-
binding cassette transporter G1-mediated cholesterol efflux capacity; LCBI, lipid core burden index; SR-BI CEC, scavenger receptor B type 
I-mediated cholesterol efflux capacity.
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Associations of baseline variables with change in LCBI

Baseline LCBI (standardized β=−0.49, P<0.001) and higher 
baseline ABCG1-mediated CEC group (standardized 
β=−0.31, P=0.03) were significantly associated with change 
in LCBI (Table S6). Effect of ABCG1-mediated CEC on 
change in LCBI using multivariable model is shown in  
Table 3. Baseline LCBI was negatively associated with 
change in LCBI (standardized β=−0.31, P=0.02). The 
clinical presentation of CAD was significantly associated 
with change in LCBI (P=0.003). The interaction effect 
between clinical presentation of CAD and baseline ABCG1-
mediated CEC was significant (P<0.001): the baseline 
ABCG1-mediated CEC was inversely associated with 
change in LCBI in ACS patients (standardized β=−0.79, 
P=0.003), but not in those with stable ischemic symptoms 
(standardized β=0.11, P=0.52). This multivariable model 
explained 43% of the variation in change in LCBI.

Effect of patient characteristics’ differences between stable 
ischemic symptoms and ACS

ACS patients showed higher frequencies of HIST and 
beta-blocker whereas any other coronary risk factors were 
not different between stable ischemic symptoms and ACS 
groups (HIST: 29% vs. 88%; P<0.001, beta-blocker: 26% 
vs. 69%; P=0.01, respectively, Table S7). The frequency 
of statin was also more likely to be lower in patients with 
stable ischemic symptoms (68% vs. 94%; P=0.07). On 
the other hand, no differences in each efflux pathway 
among this two different clinical presentation groups were 
observed (ABCA1: P=0.97, ABCG1: P=0.82, SR-BI: P=0.93, 
respectively). However, there was no significant interaction 
effect between the differences in the aforementioned 
medications and clinical presentation of CAD on change in 
LCBI (statin: P=0.78, HIST: P=0.47, beta-blocker: P=0.38, 
respectively, data not shown).
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Figure 2 The associations of baseline HDL-mediated CEC with change in LCBI (n=47). After the stratification based on the cut-off 
values calculated as median values from baseline HDL-mediated CEC (ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; 
respectively), change in LCBI was associated with baseline ABCG1-mediated CEC (B), but not with neither ABCA1 nor SR-BI-mediated 
CEC at baseline (A,C). ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 CEC, ATP-
binding cassette transporter G1-mediated cholesterol efflux capacity; LCBI, lipid core burden index; SR-BI CEC, scavenger receptor B type 
I-mediated cholesterol efflux capacity.

Table 3 Multivariable associations of baseline variables with change in LCBI (n=47)

Parameter β coefficient 95% CI standardized β P value

Baseline LCBI −0.24 [−0.45, −0.03] −0.31 0.02

Follow-up period 0.04 [−0.07, 0.15] 0.11 0.47

Clinical presentation of CAD 306.22 [109.95, 502.49] 2.31 0.003

ABCG1 CEC without clinical presentation of CAD 10.39 [−21.72, 42.51] 0.11 0.52

ABCG1 CEC with clinical presentation of CAD −76.92 [−126.41, −27.44] −0.79 0.003

A plus value of β coefficient, with concomitant P value less than 0.05, indicates that the variable is positively associated with change in 
coronary lipid burden; A minus value of β coefficient, with concomitant P value less than 0.05, indicates that the variable is negatively 
associated with change in coronary lipid burden. ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; 
CAD, coronary artery disease; CI, confidence interval; LCBI, lipid core burden index.
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Discussion

The role of HDL in ASCVD is not fully understood, 
although previous studies have reported inverse associations 
between HDL-mediated CEC and ASCVD (1). In the 
current study, CAD patients with a higher baseline ABCG1-
mediated CEC showed greater reduction in coronary artery 
lipid content. Multivariable analyses suggest a potential role 
of ABCG1-mediated CEC in the formation of coronary 
artery atheroma, especially in CAD patients with more 
unstable clinical presentation. 

A validation study with histology showed that NIRS is 
a superior tool for identifying lipid-rich atherosclerotic 
plaques with a sensitivity and a specificity for the lipid pool 
of 90% and 93%, respectively (16). While NIRS-derived 
LCBI has been reported to associate with cardiovascular 
events (12,17), previous studies have demonstrated 
inconsistent associations between statin therapy and 
NIRS-derived LCBI. The YELLOW trial showed the 
beneficial effect of intensive statin therapy on reducing  
LCBI (14). In contrast, the IBIS-3 (Integrated Biomarker 
and Imaging Study 3) study failed to demonstrate a 
significant reduction in LCBI under intensive statin therapy 
for 1 year (15). Our previous study also did not show the 
beneficial effect of statins, including HIST, on regression 
of LCBI (5). The discrepancy between the results in effects 
of lowering LDL-C on LCBI suggests the need for further 
investigation.

While HDL has atheroprotective properties, acute 
phase response in ACS has been reported to unfavorably 
remodel HDL composition and function (18). However, 
the association of clinical presentation of CAD with 
the specific pathway of HDL-mediated CEC remains 
discordant (18,19). In addition, little is still known about the 
relationship of HDL functionality with coronary plaques. 
The ERASE (Effect of rHDL on Atherosclerosis-Safety and 
Efficacy) study demonstrated that CSL-111 (reconstituted 
HDL) improved the plaque characterization index 
compared to placebo (20). The aforementioned association 
in the YELLOW II trial was assessed using an ABCA1-
upregulated cellular system (4) whereas, in this study, the 
ABCG1 pathway was associated with regression of the 
coronary lipid core in ACS patients although the sample 
size is small. Our findings could support that HDL still has 
potential to improve plaque composition as demonstrated 
in the ERASE study.

An increase in the cellular content of oxysterols, 
including 7-ketocholestrol (7-KC), is shown to induce the 

transcription of ABCA1 and ABCG1 by activating LXR  
(21-23). In contrast, 7-KC, which is the major oxysterol 
present in human atherosclerotic plaques in cholesterol-
loaded macrophages, suppressed the transcription of SR-
BI (24). In addition, ABCG1 overexpression preserved 
endothelial cell function in mice exposed to a high-cholesterol 
diet by promoting the efflux of 7-KC from endothelial  
cells (25). Indeed, the association between endothelial 
dysfunction and a larger NIRS-derived lipid content 
was observed in patients with early atherosclerosis (26). 
Furthermore, ABCG1 was reported to promote efflux 
of cholesterol and 7-KC from macrophages, whereas 
ABCA1 did not (25,27). Cholesterol enrichment enhanced 
cholesterol efflux via ABCG1, increasing the contribution of 
ABCG1 to total efflux from 10% to 25% (28). These studies 
could support our observed beneficial effect of ABCG1 
in ACS patients, with a trend towards a higher baseline 
LCBI for ACS. Consistent with our findings, a previous 
study demonstrated that regression of lipid-rich plaques 
was observed mainly in plaques with a larger coronary lipid 
burden at baseline (29). We observed an association between 
ABCG1-mediated cholesterol efflux and the regression of 
coronary lipid burden in ACS patients, but not for patients 
with stable ischemic symptoms, despite the small number 
of subjects in this study. Our findings indicate that ABCG1 
may play a role in the regression of high-risk populations by 
changing plaque characterization.

Several caveats should be noted. This is a single center 
study involving a small sample size. Also a significant 
number (36%) of the baseline subjects failed to complete 
the serial NIRS imaging. Blood samples were only available 
at baseline. Accordingly, we were not able to evaluate the 
relationship between the change in CEC and LCBI. In 
addition, although there were no significant associations 
between the follow-up period and the change in LCBI, it 
remains unclear whether the heterogeneity of the follow-
up period has affected our findings. The primary finding 
suggests a potential relationship between the ABCG1 
pathway and changes in plaque lipid content. Given the 
possibility of being underpowered, this study cannot 
exclude the involvements of ABCA1 and SR-BI pathway 
in regression of coronary lipid burden. Thus future larger 
prospective studies are needed to elucidate the association 
of HDL-mediated CEC with regression of coronary 
lipid burden assessed by NIRS imaging. Unlike ABCA1, 
the relationship between ABCG1 mediated CEC and 
cardiovascular outcomes remains unknown.

Although the frequency of diabetes was significantly 
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different between patients with and without the follow-
up IVUS, the potential effects of diabetes on our findings 
is uncertain. All patients had presented for a clinically 
indicated coronary angiogram. As a result, it is unknown 
whether the findings would translate to an asymptomatic 
cohort. Circulating inflammatory markers were not 
measured, and it is unknown how these may have influenced 
the findings. 

In conclusion, the ABCG1 pathway was associated with 
the regression of coronary lipid burden. The beneficial 
effects of ABCG1-mediated cholesterol efflux were observed 
in patients with more unstable clinical presentation. Our 
findings imply the need for further studies to elucidate the 
role of ABCG1 pathway in atherogenesis.
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Supplementary

Table S1 Baseline patient characteristics of the subgroup (n=47)

Parameter All patients (n=47)
ABCA1 CEC ABCG1 CEC SR-BI CEC

≤ median > median ≤ median > median ≤ median > median

Age, years 61 [53, 71] 66 [58, 72] 57 [53, 65]* 62 [54, 72] 60 [53, 67] 60 [53, 72] 61 [55, 68]

Female, n [%] 14 [30] 6 [26] 8 [33] 9 [38] 5 [22] 4 [17] 10 [42] 

ACS, n [%] 16 [34] 9 [39] 7 [29] 9 [38] 7 [30] 8 [35] 8 [33]

Current smoker, n [%] 11 [23] 4 [17] 7 [29] 6 [25] 5 [22] 5 [22] 6 [25]

Diabetes, n [%] 14 [30] 7 [30] 7 [29] 5 [21] 9 [39] 6 [26] 8 [33]

Hypertension, n [%] 32 [68] 18 [78] 14 [58] 21 [88] 11 [48]** 15 [65] 17 [71]

Dyslipidemia, n [%] 36 [77] 18 [78] 18 [75] 21 [88] 15 [65] 18 [78] 18 [75]

Medication, n [%]

Aspirin 43 [91] 21 [91] 22 [92] 20 [83] 23 [100] 21 [91] 22 [92]

ACE-I/ARB 31 [66] 18 [78] 13 [54] 18 [75] 13 [57] 15 [65] 16 [67]

Statin 36 [77] 17 [74] 19 [79] 18 [75] 18 [78] 17 [74] 19 [79]

HIST 23 [49] 10 [43] 13 [54] 13 [54] 10 [43] 11 [48] 12 [50]

Beta-blocker 19 [40] 9 [39] 10 [42] 14 [58] 5 [22]* 8 [35] 11 [46]

Patients were stratified into two groups according to the cut-off values calculated as median values from baseline HDL-mediated CEC 
(ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; respectively). Continuous variables are expressed median [interquartile 
range], and categorical variables as percentage. *, P<0.05; **, P<0.01. ABCA1 CEC, ATP-binding cassette transporter A1-mediated 
cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; ACE-I, angiotensin 
converting enzyme inhibitor; ACS, acute coronary syndrome; ARB, angiotensin II receptor blocker; HIST, high-intensity statin therapy; SR-
BI CEC, scavenger receptor B type I-mediated cholesterol efflux capacity.

Table S2 Baseline characteristics according to the presence of follow-up NIRS imaging (n=74)

Parameter Patients with follow-up NIRS (n=47) Patients without follow-up NIRS (n=27) P value

Age, years 61 [53, 71] 56 [50, 68] 0.26

Female, n [%] 14 [30] 6 [22] 0.59

ACS, n [%] 16 [34] 8 [30] 0.80

Current smoker, n [%] 11 [23] 4 [15] 0.55

Diabetes, n [%] 14 [30] 2 [7] 0.04

Hypertension, n [%] 32 [68] 16 [59] 0.46

Dyslipidemia, n [%] 36 [77] 19 [70] 0.59

Medication, n [%]

Aspirin 43 [91] 24 [89] 0.70

ACE-I/ARB 31 [66] 15 [56] 0.46

Statin 36 [77] 21 [78] 1.00

HIST 23 [49] 12 [44] 0.81

Beta-blocker 19 [40] 13 [48] 0.63

Lipids, mg/dL

T-Cho 174 [135, 193] 174 [135, 217] 0.64

LDL-C 101 [77, 131] 97 [70, 135] 0.95

HDL-C 43 [31, 46] 39 [35, 50] 0.99

TG 133 [89, 168] 124 [89, 177] 0.99

Continuous variables are expressed median [interquartile range], and categorical variables as percentage. ABCA1 CEC, ATP-binding 
cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol 
efflux capacity; ACE-I, angiotensin converting enzyme inhibitor; ACS, acute coronary syndrome; ARB, angiotensin II receptor blocker; 
HDL-C, high-density lipoprotein cholesterol; HIST, high-intensity statin therapy; LDL-C, low-density lipoprotein cholesterol; SR-BI CEC, 
scavenger receptor B type I-mediated cholesterol efflux capacity; T-Cho, total cholesterol; TG, triglyceride.



Table S3 Effect of diabetes with HDL-mediated CEC and coronary lipid burden

Parameter DM non-DM P value

Whole cohort (n=74)

ABCA1 CEC 22.2 [20.1, 24.6] 22.8 [20.8, 24.5] 0.85

ABCG1 CEC 3.6 [3.0, 4.2] 3.4 [3.1, 4.1] 0.92

SR-BI CEC 10.6 [9.0, 11.7] 10.4 [9.5, 12.6] 0.30

Baseline LCBI 66 [13, 161] 42 [16, 94] 0.61

Subgroup (n=47)

ABCA1 CEC 22.7 [19.9, 25.7] 22.7 [20.8, 24.8] 0.94

ABCG1 CEC 3.7 [3.1, 4.2] 3.4 [3.2, 3.9] 0.48

SR-BI CEC 11.0 [10.2, 11.8] 10.3 [9.5, 12.4] 0.61

Baseline LCBI 80 [4, 190] 58 [16, 109] 0.70

Change in LCBI −28 [−66, 0] −5 [−27, 0] 0.34

Values are median [interquartile range]. ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 
CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; DM, diabetes mellitus; HDL, high-density lipoprotein; 
LCBI, lipid core burden index; SR-BI CEC, scavenger receptor B type I-mediated cholesterol efflux capacity.

Table S4 Lipids and baseline HDL-mediated cholesterol efflux capacity of the subgroup (n=47)

Parameter
All patients 

(n=47)

ABCA1 CEC ABCG1 CEC SR-BI CEC

≤ median > median ≤ median > median ≤ median > median

Lipids, mg/dL

T-Cho 7.1 [135, 193] 155 [124, 189] 184 [151, 207] 159 [131, 191] 182 [143, 220] 159 [124, 193] 179 [147, 195]

LDL-C 101 [77, 131] 89 [62, 128] 102 [81, 139] 89 [75, 124] 104 [81, 139] 101 [66, 135] 101 [79, 126]

HDL-C 43 [31, 46] 39 [35, 43] 44 [31, 50] 41 [31, 43] 46* [35, 50] 35 [31, 39] 46** [43, 54]

TG 133 [89, 168] 97 [71, 159] 151* [115, 173] 137 [84, 168] 124 [89, 168] 133 [71, 257] 124 [97, 159]

HDL-mediated cholesterol efflux capacity, %

ABCA1 CEC 22.7 [20.7, 25.2] 20.7 [19.6, 22.0] 25.0** [23.7, 26.0] 22.0 [20.1, 25.0] 23.7 [20.8, 25.7] 22.6 [20.1, 24.8] 22.8 [21.4, 25.5]

ABCG1 CEC 3.4 [3.1, 4.1] 3.3 [3.0, 3.6] 3.7* [3.3, 4.1] 3.1 [2.9, 3.3] 4.1** [3.6, 4.3] 3.4 [3.0, 3.9] 3.5 [3.2, 4.2]

SR-BI CEC 10.6 [9.6, 12.3] 10.3 [8.6, 11.7] 11.1 [9.7, 12.5] 10.4 [9.3, 11.4] 10.9 [10.2, 12.4] 9.6 [8.5, 10.2] 12.2** [11.3, 12.8]

Patients were stratified into two groups according to the cut-off values calculated as median values from baseline HDL-mediated CEC 
(ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; respectively). Values are median [interquartile range]. *, P<0.05; **, 
P<0.001. ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette 
transporter G1-mediated cholesterol efflux capacity; HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; LDL-C, 
low-density lipoprotein cholesterol; SR-BI CEC, scavenger receptor B type I-mediated cholesterol efflux capacity; T-Cho, total cholesterol; 
TG, triglyceride.



Table S5 Effects of clinical characteristics on baseline LCBI (n=74)

Parameter
Baseline LCBI

P value
Yes/+ No/−

Female 14 [0, 103] 56 [25, 114] 0.04

Current smoker 58 [25, 97] 43 [5, 114] 0.59

ACS 74 [32, 145] 39 [4, 85] 0.07

Diabetes 66 [13, 161] 42 [16, 94] 0.61

Hypertension 42 [16, 112] 57 [2, 94] 0.94

Dyslipidemia 42 [20, 109] 58 [1, 118] 0.82

Medication

Aspirin 49 [16, 114] 23 [0, 94] 0.22

ACE-I/ARB 39 [16, 97] 48 [11, 118] 0.87

Statin 55 [20, 118] 43 [1, 72] 0.28

HIST 41 [16, 118] 47 [7, 94] 0.99

Beta-blocker 46 [24, 112] 45 [5, 97] 0.61

Values are median [interquartile range]. ACS, acute coronary syndrome; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin 
II receptor; HIST, high-intensity statin therapy; LCBII, lipid core burden index.

Figure S1 After the stratification based on the cut-off values calculated as median values from baseline HDL-mediated CEC (ABCA1 CEC: 
22.6%; ABCG1 CEC: 3.4%; SR-BI CEC: 10.4%; respectively), baseline LCBI was associated with baseline ABCG1-mediated CEC (B), 
but not with neither ABCA1 nor SR-BI-mediated CEC at baseline (A,C). ABCA1 CEC, ATP-binding cassette transporter A1-mediated 
cholesterol efflux capacity; ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; LCBI, lipid core 
burden index; SR-BI CEC, scavenger receptor B type I-mediated cholesterol efflux capacity.
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Table S6 Linear regression analyses of associations with change in LCBI

Parameter
Univariate linear regression model Adjusted model†

β coefficient 95% CI standardized β P value P value

Age −0.99 [−3.02, 1.04] −0.14 0.33 0.82

Female 11.21 [−29.91, 52.34] 0.081 0.59 0.85

ACS −18.77 [−58.19, 20.66] −0.14 0.34 0.80

Current smoker −22.72 [−66.76, 21.33] −0.15 0.30 0.47

Diabetes −16.15 [−57.13, 24.82] −0.12 0.43 0.77

Hypertension 32.50 [−6.79, 71.79] 0.24 0.10 0.24

Dyslipidemia 7.41 [−37.11, 51.92] 0.050 0.74 0.55

Follow-up period 0.084 [−0.026, 0.19] 0.22 0.13 0.14

Medication

Aspirin −35.66 [−102.43, 31.12] −0.16 0.29 0.50

ACE-I/ARB 16.49 [−23.02, 56.00] 0.12 0.41 0.67

Statin −8.73 [−53.23, 35.76] −0.059 0.69 0.61

HIST −5.53 [−43.24, 32.18] −0.044 0.77 0.83

Beta-blocker 11.45 [−26.85, 49.75] 0.089 0.55 0.54

Lipids

T-Cho 0.058 [−0.34, 0.45] 0.044 0.77 0.84

LDL-C −0.027 [−0.52, 0.46] −0.017 0.91 0.53

HDL-C 0.49 [−1.45, 2.44] 0.076 0.61 0.81

TG 0.10 [−0.14, 0.34] 0.13 0.40 0.37

HDL-mediated cholesterol efflux capacity

ABCA1 CEC 2.25 [−4.84, 9.35] 0.095 0.53 0.38

ABCG1 CEC −25.40 [−53.62, 2.82] −0.26 0.08 0.14

SR-BI CEC 3.44 [−7.31, 14.19] 0.096 0.52 0.72

HDL-mediated cholesterol efflux capacity groups

Higher ABCA1 CEC group 5.95 [−31.75, 43.66] 0.047 0.75 0.52

Higher ABCG1 CEC group −39.59 [−75.42, −3.76] −0.31 0.03 0.30

Higher SR-BI CEC group 16.17 [−21.26, 53.61] 0.13 0.39 0.62

NIRS parameter

Baseline LCBI −0.39 [−0.60, −0.18] −0.49 <0.001 –

HDL-mediated CEC groups were stratified by median value of each efflux pathway at baseline (ABCA1 CEC: 22.6%; ABCG1 CEC: 3.4%; 
SR-BI CEC: 10.4%; respectively). †, adjusted for baseline LCBI. A plus value of β coefficient, with concomitant P value less than 0.05, 
indicates that the variable is positively associated with change in coronary lipid burden; A minus value of β coefficient, with concomitant P 
value less than 0.05, indicates that the variable is negatively associated with change in coronary lipid burden. HDL-mediated CEC groups 
were stratified by median value of each efflux pathway. ABCA1 CEC, ATP-binding cassette transporter A1-mediated cholesterol efflux 
capacity; ABCG1 CEC, ATP-binding cassette transporter G1-mediated cholesterol efflux capacity; ACS, acute coronary syndrome; ACE-I, 
angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor; CI, confidence interval; HDL, high-density lipoprotein cholesterol; 
HIST, high-intensity statin therapy; LCBI, lipid core burden index; LDL-C, low-density lipoprotein cholesterol; SR-BI, scavenger receptor B 
type I; T-Cho, total cholesterol; TG, triglyceride.



Table S7 Comparisons of characteristics and lipid-related parameters according to clinical presentation (n=47)

Parameter Stable ischemic symptoms (n=31) Acute coronary syndrome (n=16) P value

Age, years 59 [53, 71] 62 [54, 70] 0.92

Female, n [%] 11 [35] 3 [19] 0.32

Current smoker, n [%] 6 [19] 5 [31] 0.47

Diabetes, n [%] 11 [35] 3 [19] 0.32

Hypertension, n [%] 22 [71] 10 [63] 0.74

Dyslipidemia, n [%] 24 [77] 12 [75] 1.00

Medication, n [%]

Aspirin 27 [87] 16 [100] 0.28

ACE-I/ARB 19 [61] 12 [75] 0.52

Statin 21 [68] 15 [94] 0.07

HIST 9 [29] 14 [88] <0.001

Beta-blocker 8 [26] 11 [69] 0.01

Lipids, mg/dL

T-Cho 178 [128, 197] 159 [147, 191] 0.76

LDL-C 108 [81, 135] 89 [72, 104] 0.30

HDL-C 43 [35, 50] 41 [31, 44] 0.92

TG 124 [80, 168] 142 [106, 190] 0.78

HDL-mediated cholesterol efflux capacity, %

ABCA1 CEC 22.9 [20.8, 25.2] 22.3 [20.4, 24.7] 0.97

ABCG1 CEC 3.4 [3.0, 4.1] 3.3 [3.2, 4.0] 0.82

SR-BI CEC 10.6 [9.6, 12.3] 10.5 [9.4, 11.7] 0.93

NIRS parameters

Baseline LCBI 42 [4, 109] 79 [45, 153] 0.20

Continuous variables are expressed median [interquartile range], and categorical variables as percentage. ACE-I, angiotensin converting 
enzyme inhibitor; ARB, angiotensin II receptor blocker; HDL-C, high-density lipoprotein cholesterol; HIST, high-intensity statin therapy; 
LCBI, lipid core burden index; LDL-C, low-density lipoprotein cholesterol; NIRS, near-infrared spectroscopy; T-Cho, total cholesterol; TG, 
triglyceride.


