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The removal of excess cholesterol from the body by High-density lipoprotein

(HDL) in a process termed reverse cholesterol transport (RCT) has long been

proposed to play a critical role in reduction of the lipid burden in arterial wall

atherosclerotic lesions. While HDL-cholesterol levels are associated with

decreased cardiovascular risk and considered to be “good-cholesterol”, clinical

studies using HDL-raising therapies to potentially enhance RCT have

consistently produced disappointing results. In this mini review we evaluate

the effects of human disease on RCT along with the changes in this process

upon various therapeutic interventions. Despite the importance of assay

standardization, the major method for monitoring RCT has relied upon the

cholesterol efflux capacity (CEC) assay, a highly-difficult and tedious cell

culture assay, which is low-throughput and only suitable for research studies.

Hence, we also briefly review several new methods to measure RCT both in

vitro and in vivo, along with new cell-free alternative RCT assays, which have

the potential to be developed into routine automated diagnostic assay. The

benefits of HDL may yet be revealed by the use of these new high-throughput

RCT assays perhaps as a screening tool for novel RCT boosting agents or as

new biomarkers for cardiovascular disease risk.
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1 Introduction

High-density lipoprotein (HDL) is a spherical complex made up of a heterogenous

array of proteins and lipids, as well as small RNA molecules (1–4). Throughout its

lifecycle, HDL undergoes continuous recruitment, assembly, delivery and turnover of its

various protein and lipid components (5). With such a diversity of cargo, HDL is

believed to have functions in numerous biological processes, such as in oxidation,

inflammation and diabetes (3). HDL also removes cholesterol deposited in the arterial

wall by LDL by both active and passive efflux processes that are commonly measured

as its cholesterol efflux capacity (CEC). Subsequently, cholesterol on HDL is either

directly taken up by the liver or is indirectly removed by the liver after being

transferred to LDL by cholesteryl-ester transfer protein (CETP) (6). Ultimately,
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cholesterol delivered to the liver is either reutilized or is excreted

into the intestine in the bile either as free cholesterol or as bile

salt after conversion. The final subsequent removal of cholesterol

from the body completes a process called Reverse Cholesterol

Transport (RCT) by John Glomset in the late 1960s (3, 7). Given

that many of the individual steps in RCT are potentially

atheroprotective, and supported by numerous epidemiologic

studies demonstrating an inverse-relationship between HDL-C

levels and the risk of developing coronary heart disease,

cholesterol on HDL became commonly referred to as ‘good’

cholesterol (8, 9). Based on this evidence, numerous HDL level-

boosting agents were tested therapeutically as an approach to

reduce cardiovascular disease (CVD) [summarized in (5, 9)].

Despite the seeming biologic plausibility of the atheroprotective

role of RCT, none of HDL- based therapies tested to date have

translated to human benefit (5, 10). The most recent clinical trial

(AEGIS-II) infused CSL112 (reconstituted HDL) or placebo

control in a total of 18,219 patients with acute myocardial

infarction, coronary artery disease and other cardiovascular risk

factors with the 90-day composite end point being either

myocardial infarction, stroke or death (11). CSL112 was

formulated with ApoA-1 purified from plasma and combined

with phospholipid to form a reconstituted form of HDL, which

both in vitro and in vivo studies was demonstrated to increase

RCT (11, 12). Unfortunately, this clinical trial found no

significant differences in the primary outcome measures for

cardiovascular events between the CSL112 and the placebo

treated groups (11). While these accumulating trial failures have

diminished enthusiasm for HDL-raising agents as a CVD

therapeutic target, a number of possible explanations have been

proposed for these negative findings, which should be addressed

before the RCT hypothesis is abandoned (13, 14).

One important limitation of the AEGIS-II study is that patients

lacked both baseline and follow-up measurements of CEC (11, 13).

Though this information would have been valuable for this study,

the lack of suitable technology for performing high-throughput

large-scale measurements of CEC made this unfeasible. However,

recent reports have described new approaches for performing

CEC assays, which may point to a future where CEC

measurements are a routine diagnostic tool in the clinical

laboratory. This review provides a brief history on the variety of

methods used to assess RCT in the laboratory (Section 1) and

the new cell-free approaches (Section 4). We also provide an

overview of how HDL function is affected by many human

diseases and disorders (Section 2), in response to therapeutic

intervention (Section 3) and the HDL proteome (Section 5).

2 A brief history of RCT measurement
in the laboratory

RCT was first studied in human and animal in vivo studies via

compartmental modeling of the distribution of i.v. injected

radiocholesterol in plasma lipoproteins, red blood cells and the

liver (15). Subsequently models involving cholesterol RCT

measurement of 3H-cholesterol or cholesterol mass changes in

macrophages implanted i.p. in mice were developed and

provided evidence for HDL-mediated RCT from macrophages in

vivo (16, 17).

It has been almost fifteen years since the first cell-based assays

were developed to quantify the initial step of RCT (18, 19)

(Figure 1), namely CEC. These early CEC assays of HDL

function typically utilize mouse macrophage J774, Raw 264.7

cells or human Thp-1 cells, which are either radiolabeled with

3H- or fluorescently-labeled with BODIPY fluorophore

(dipyrrometheneboron difluoride) and then incubated with apoB-

depleted sera for a short time period, typically 4 h (Figure 1A).

Additionally, specific CEC pathways related to ABCA1, ABCG1

and SRB1 may be revealed by CEC assays in Baby Hamster

Kidney (BHK), Chinese Hamster Ovary (CHO) or HeLa cell

lines with stable expression of these proteins that also affect the

efflux of lipids from cells (20). An index of CEC is then

calculated either by using a ratio to a pool of healthy control

subjects or a percentage apoB-depleted serum of a cellular total

of cholesterol label (21, 22).

Detailed methodological aspects of the cell-based assays are

thoroughly discussed elsewhere (23, 24). It should be noted that

these assays are technically challenging. They are not only

affected by cell-density but also cell adherence, which given the

semi-adherent nature of J774, Raw 264.7 and Thp-1 cells make

experimental reproducibility a problem (24). The relatively large

assay-to-assay variability may best be mitigated by comparison of

a control pool of healthy subjects with each test sample. Another

alternative is to measure CEC in radiolabeled cells to purified

HDL, isolated by either ultracentrifugation or size-exclusion

chromatography (25, 26), which is perhaps a more accurate

measure of CEC but is time-consuming.

3 Human conditions and their effect
on RCT

Numerous reports have shown that systemic and vascular

inflammatory states can impair RCT via perturbed CEC function,

which consequently promotes plaque progression (27, 28). The

inter-relationship between RCT and both inflammatory and non-

inflammatory states is highlighted by a detailed evaluation of the

effect of human diseases and disorders on RCT (Table 1).

In brief, nearly 40 published articles, covering almost 30

different human conditions, have shown that HDL can become

dysfunctional leading to decreased CEC. In the following few

paragraphs, we highlight the several examples of this by describing

HDL function in Inflammatory diseases, Atherosclerotic

Cardiovascular Disease, Familial Hypercholesterolemia, Diabetes

and Chronic Kidney Disease.

3.1 Chronic systemic inflammation on
RCT/CEC

Chronic systemic inflammation plays a key role in the

pathogenesis of a wide variety of human diseases, including
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FIGURE 1

Cholesterol Efflux based in vitro RCT surrogate assays (A–C) and ApoA-I exchange-mediated in vitro RCT surrogate assays (D–F). Schematized

representations of surrogate assays for the initial step(s) in RCT. (A) Cellular Cholesterol Efflux Capacity, the “gold standard” in vitro method to

measure RCT requires days of cell culture, radiocholesterol, apoB- depleted serum and is not amenable to translation to a clinical diagnostic

assay. Cell-free cholesterol efflux assays. (B) The “Non-Cellular” Cholesterol Efflux Capacity assay replaces cells with immobilized liposome-bound

gel beads (ILG) as a donor of fluorescent cholesterol to apoB- depleted plasma and requires overnight incubation. (C) The Cholesterol Uptake

Capacity is an automated multi-step assay that requires apoA-I-mediated capture of Biotin-PEG3-cholesterol- labeled serum HDL onto magnetic

beads and then detection of luminescence of biotin-bound alkaline phosphatase-conjugated streptavidin. (D) Exchange of exogenous apoA-I to

plasma HDL: The HDL-apoA-I Exchange assay measures electron paramagnetic resonance of exogenous nitroxide spin-labeled apoA-I that

exchanges onto plasma HDL. (E) The ApoA1 Exchange Rate assay measures the kinetics of dual fluorescent emission of plasma HDL- associated

exogenous apoA-I labeled with NBD (cholesterol-sensitive) and Alexa647 (non- cholesterol-sensitive reference). (F) The HDL-specific phospholipid

efflux assay monitors solubilization by endogenous apoA-I and other exchangeable HDL apolipoproteins in whole plasma, of a non-transferable

fluorescent phospholipid from phospholipid/cholesterol coated nanoparticles. Figure created in BioRender. Zubiran, R. (2025) https://BioRender.

com/k10f072.
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TABLE 1 Reverse cholesterol transport: alterations with human disorders.

Condition/
disease

Human condition/
disease type

Reference PMID year Cells for
efflux

Cholesterol
label

Numbers of subjects Change from control

AD Alzheimer's disease Marchi C et al. 31167810 2019 J774 and CHO-K1-

ABCG1

3H AD 37, control 39 CSF from AD patients had lower ABCA1 CEC 73%

AS Ankylosing spondylitis Gkolfinopoulou C

et al.

26233507 2015 J774 3H 35 AS and 35 controls AS patients have decreased ability to efflux cholesterol

BD Schizophrenia and bipolar

disorder

Hussein O et al. 26253619 2015 J774 3H 19 test, 10 control Test subjects down 20%

CHD Coronary heart disease Saleheen D et al. 26025389 2015 J774 3H 1745 disease, 1749 control CEC inversely correlated with T2D, positively correlated with

alcohol consumption

CKD Chronic kidney disease Chindhy S et al. 30072004 2018 J774 BODIPY 210 baseline CKD vs. 2595 no CKD No change

CKD Chronic kidney disease Holzer M et al. 21804091 2011 Raw 264.7 3H 27 hemodialysis (HD) patients, 19

controls

HD patients have significantly lower CEC to pure HDL

COVID COVID-19 Mietus-Snyder M

et al.

36312284 2022 J774 3H 30 control, 38 mild disease, 33 severe

disease, 31 MIS-C

CEC capacity decreased in proportion to disease severity. MIS-C

decreased 31% from control

COVID COVID-19 Stadler JT et al. 36290581 2022 J774 3H 47 COVID-19, 32 control non-

COVID pneumonia

CEC lower in COVID-19 patients. CEC inversely associated with

risk of mortality

Crohns Crohns disease Franssen R et al. 22611487 2012 Thp-1 and

fibroblasts

3H 10 test, 5 control No change

CVD Atherosclerosis Khera AV et al. 21226578 2011 J774 3H 442 CAD, 203 healthy Control 0.9, test 0.82. 10% decrease

CVD Diagnosed CVD or one CV

factor

Noflatscher M et al. 37509557 2023 J774 3H 176 subjects with risk factor or pre-

existing CVD

Inverse correlation between CEC and high peripheral plaque

volume

CVD Acute coronary syndrome Hafiane A et al. 24210679 2014 J774 3H 20 ACS, 9 healthy Control 25.9%, ACS baseline 16.9

CVD STEMI Annema W et al. 27919348 2016 Thp-1 3H 41 non-STEMI, 37 STEMI, 33 non-

MI

11% decrease in STEMI compared to non-STEMI or NON-MI

CVD Acute heart failure Pammer A et al. 39244794 2024 J774 3H 315 AHF patients (74 deceased, 241

alive)

CEC significantly reduced in deceased AHF patients

CVID Common variable

immunodeficiency

Macpherson ME

et al.

31263122 2019 Thp-1 14C 102 CVID, 28 healthy Healthy CEC 15%, CVID CEC 14.1%

FH Familial hypercholesterolemia Bellanger N et al. 21527752 2011 Thp-1 3H 12 test 12 control 27% defect in efflux to HDL-2 in FH patients. No change with

HDL-3

FH Familial hypercholesterolemia Ogura M et al. 26543100 2016 J774 3H 227 FH, 76 with additional CVD 12% CEC defect compared to control pool, CEC inversely

associated with CVD

FH Familial hypercholesterolemia Sato M et al. 39048165 2024 HDL-SPE PE 30 FH, 60 age- and sex- matched

controls

HDL-SPE in control 1.12, FH patients 0.9

GS Gilbert's syndrome (high

bilirubin)

Wang D et al. 28455345 2017 Thp1 3H 60 test, 60 control FH down 7.2%

H.pylori Helicobacter. pylori infection Fallah S et al. 33250430 2021 J774 3H 44 test, 43 control HP 10.06% down when adjusted for age, sex and BMI

HF Heart failure Potocnjak I et al. 27304214 2016 J774 3H 152 heart failure patients Low CEC inversely associated with hospital mortality (odds ratio

= 0.78)

HIV HIV Munger AM et al. 25416403 2015 J774 3H 118 test Test 0.975, pool 1

IBD Inflammatory bowel disease Piquer BR et al. 16784973 2006 Fu5AH 3H 20 test (5 quiescent, 15 active), 20

control

Active IBD down 11.53%, quiescent down 13.64%

Met/Syn Metabolic syndrome Annema W et al. 27270665 2016 Thp-1 3H 297 Met S, 255 no Met S 1.29/1.38 in Met S. down 6.5%. Independent of plasma HDL-C
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TABLE 1 Continued

Condition/
disease

Human condition/
disease type

Reference PMID year Cells for
efflux

Cholesterol
label

Numbers of subjects Change from control

Met/Syn Metabolic syndrome Lucero D et al. 26232163 2015 BHK-ABCA1 or

ABCG1

3H 35 Met S, 15 healthy control Increase in ABCA1-mediated CEC in Met S patients (10.4%) vs.

control (8.7%)

None No history of CVD Rohatgi A et al. 25404125 2014 J774 BODIPY 2924 67% decrease in CV risk for highest quartile from lowest. After

adjustment

None No history of CVD Hunter WG et al. 37615111 2023 J774 BODIPY 3543 After adjustment, CEC inversely related to betaine and succinate.

Positive with threonine and dimethylamine

NAFLD Non-alcoholic fatty liver

disease

Fadaei R et al. 30076407 2018 J774 and Thp-1 3H 55 NAFLD, 30 control 0.89 to 1.03 J774, 1.09–1.16 Thp1

OSA Obstructive sleep apnea Fadaei R et al. 36344946 2022 J774 3H 69 test, 23 control OSA down 14.6%

PCOS Polycystic ovarian syndrome Roe A et al. 24512495 2014 J774 3H 124 PCOS, 67 control Test 0.98, control 1.05

PSO Psoriasis Mehta NN et al. 22858285 2012 J774 3H 122 PSO, 134 healthy Control 0.98, PSO 0.83.

PSO Psoriasis Holzer M et al. 23985995 2014 Raw 264.7 3H 15 PSO and 15 healthy PSO down 20%

RA Rheumatoid arthritis Ronda N et al. 23562986 2014 J774 and CHO-K1-

ABCG1

3H 30 control, 30 RA RA down 15% to ABCG1,

RA Rheumatoid arthritis Vivekanadan-Giri A

et al.

23313808 2013 J774 3H 20 control, 38 RA RA down 21%

SLE SLE Ronda N et al. 23562986 2014 J774 and CHO-K1-

ABCG1

3H 30 control, 30 SLE SLE down 40% to ABCG1, down 24% to ABCA1

SLE SLE Sanchez-Perez H

et al.

32065639 2020 J774 BODIPY 195 SLE, 223 controls SLE 8.1%, control 16.9%

SSc Systemic sclerosis Ferraz-Amaro et al. 33622410 2021 J774 BODIPY 73 test, 115 controls SSc 8%, control 17

Stroke Ischemic stroke Papagiannis A et al. 36657609 2023 J774 3H 102 severe stroke, 97 mild stroke 97 Lower CEC in patients with severe stroke than mild stroke

T1D Type 1 diabetes mellitus Majunatha S et al. 27506748 2016 J774 3H 15 test (with good glycemic control),

15 control

T1D down 6.1%

T1D Type 1 diabetes mellitus Gourgari E et al. 30567548 2018 J774 3H 78 test, 59 control T1D down 6.7%

T2D Type 2 diabetes mellitus Apro J et al. 27034474 2016 Thp-1 3H 35 test 35 control 10% decrease in T2D

T2D Type 2 diabetes mellitus Denimal D et al. 35647758 2022 Thp-1 BODIPY 20 test, 25 control No change
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diabetes (T1D and T2D), psoriasis, systemic lupus erythematosus

(SLE), inflammatory bowel disease (IBD), fatty liver disease and

several arthritic conditions. Low-grade systemic inflammation is

also observed in patients infected with HIV, polycystic ovarian

syndrome, schizophrenia and even in sleep apnea. Table 1

highlights the human studies that have measured RCT in these

different inflammatory conditions.

Despite the heterogenous options to measure RCT/ CEC in vitro,

a common theme across all these studies is the almost universal

reduction of RCT/ CEC under all inflammatory conditions

(Table 1) (29–40). For example, in a 2012 study using J774 cells

loaded with 3H-cholesterol and apoB- depleted serum, CEC was

reduced 15.3% in 122 psoriasis patients compared with 134 non-

psoriatic controls (21). A similar finding was reported in a later

study, where CEC was impaired 20% in 3H-loaded Raw 264.7 cells

to purified HDL from 15 patients with psoriasis, compared to HDL

from 15 age and sex matched healthy controls (25).

One inflammatory disease for which the effect on RCT remain

inconclusive are in the bowel, but the studies are small and the

CEC assays are performed differently. While Ripolles-Piquer

et al. found a 11.5% decrease in CEC in 15 active IBD subjects

using 3H-loaded rat hepatoma Fu5AH cells, Franssen et al. failed

to note any difference in CEC between 10 Crohns patients and 5

controls when using Thp-1 cells as lipid-laden host cell (41, 42).

3.2 Atherosclerotic cardiovascular disease
(ASCVD)

The shift in HDL research from just measuring HDL-C to

assessing its functionality has gained interest as a potential tool

for ASCVD risk prediction, as well as in providing guidance in

the development of new HDL target therapies. Meta-analyses of

CEC trials have shown consistently the inverse association

between different cardiovascular outcomes, such as Coronary

Artery Disease (CAD), unstable angina, non fatal MI, stenosis of

major coronary vessels, coronary revascularization, stroke,

cardiovascular death and all cause mortality (43, 44). The first

report to establish the inverse relationship between CEC and

CAD was done in a study by Khera et al. where (ATP-binding

cassette transporter-dependent cholesterol efflux capacity

(ABCA1-CEC) was measured in 203 healthy volunteers studied

for subclinical atherosclerosis (assessed by carotid intima-media

thickness) and 793 patients who underwent cardiac

catheterization (442 case and 351 controls). In both cohorts, it

was shown that CEC was a strong inverse predictor of CVD

status; per 1-Standard Deviation (SD) increase of CEC there was

a 30% less risk of CAD (45). Despite the reduction in levels of

both HDL-C and ApoA-I between healthy volunteers and

patients with CAD, adjustment for either factor caused the

association between CEC and CAD to be attenuated yet

remained significant (45). These findings were later replicated by

Rohtagi et al. in 2,924 adults without CVD of the Dallas Heart

Study where the highest quartile of ABCA1-CEC was associated

with 67% less risk for developing ASCVD events (46). Later

studies by Mody et al. showed that adding HDL-CEC to

common CVD risk factors improved the net classification index

for the prediction of ASCVD (47). In 2014, Saleheen et al.

confirmed these findings in a nested case-control sample from

the prospective EPIC-Norfolk study (48). This study showed how

that the relation between ABCA1-CEC and incident coronary

heart disease events were independent of multiple cardiovascular

risk factors and remained significant after adjustment for HDL-C

and ApoA-I (48). Similar findings have been shown in several

clinical scenarios, such as acute coronary syndromes (49, 50),

non fatal Myocardial Infarction (MI) (51), and stenosis of major

coronary vessels (52), and coronary revascularization (53).

Despite strong associations at baseline, some longitudinal studies

on CEC have provided contradictory findings (54, 55). For example,

in a posthoc analysis on the Justification for the Use of Statins in

Prevention: an Intervention Trial Evaluating Rosuvastatin

(JUPITER) trial, CEC at baseline was not associated with incident

CV events (56), and treatment group with rosuvastatin for 12

months did not change CEC while increasing HDL-C and

Apolipoprotein A1 (ApoA-I), 7.7% and 4.3% respectively.

Interestingly this study also revealed that those on statins HDL-

CEC was inversely associated with incident ASCVD (56).

However, in this trial, an inverse relationship between

inflammatory biomarkers and CEC was observed. These

contradictory findings suggest that relationship between CEC and

CVD could be population-specific and further influenced by

multiple factors, such as HDL size, lipid free ApoA-1 in the

Apo-B depleted serum, and the metabolomic profile of patients.

The latter idea was recently studied by Hunter et al. in the

MESA (Multi-Ethnic Study of Atherosclerosis) where using NMR

metabolomic and lipidomic profile, they identified association of

subclasses of VLDL and HDL, as well as their constituent ApoA-

1, ApoA-2, phospholipid, and cholesterol components with CEC.

Race, however, was found to be the most powerful predictor of

CEC (57).

A recent metanalysis have concluded that higher CEC is

associated with a lower risk for ASCVD. This study showed that

the highest levels of CEC were associated with a 34% lower risk

of ASCVD (RR = 0.66; 95% CI, 0.55–0.80; P < 0.0001), which

remained significant after adjustment for other common CVD

risk factors and HDL-C (RR = 0.79; 95% CI, 0.65–0.97; P = 0.02).

This study also concluded that for each standard deviation

increase in CEC there was a 20% lower risk for ASCVD (44).

It is important to note that the design of the above studies,

follow-ups and definitions of cardiovascular events are somewhat

heterogeneous. There are also several methodological limitations

as some studies use THP-1 cells, whereas most others use J774

(mouse) as the host cholesterol-laden macrophages. In addition,

a few studies label cholesterol with fluorescent sterols (BODIPY)

as an alternative to the more frequent use of radioisotope

labeling (3H or 14C).

3.3 Familial hypercholesterolemia

Familial hypercholesterolemia (FH), an autosomal dominant

genetic disorder caused by mutations in Low-Density Lipoprotein
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Receptor (LDLR), ApoB or Proprotein Convertase Subtilisin/kexin

type 9 (PCSK9), is characterized by life-long exposure of very high

levels of LDL-C and early cardiovascular disease. Although there

are no HDL-related genes affected in FH, many studies have

shown quantitative and qualitative changes in HDL, leading to a

change in its function (58). For example, it has been reported

that individuals with Heterozygous FH (HeFH) have an

independent and inverse association of ASCVD and

ABCA1-CEC (59). Another study showed that compared to their

non-affected siblings, individuals with FH without CVD had

16% ± 22% higher efflux and those with FH and CVD had

7% ± 8% lower (59). This effect could be partly explained by the

changes in the HDL proteome in asymptomatic patients and

could play a role in the development of early CVD in these

patients. Using the HDL-specific phospholipid efflux (HDL-SPE)

assay, a recent report demonstrated that FH patients (n = 30) had

a near 20% efflux decrease compared to age- and sex- matched

controls (60). Levels of HDL-C were similar between both

cohorts (60).

3.4 Diabetes

HDL abnormalities in diabetes have been the subject of several

recent reviews (61). Glycation of HDL in diabetes increases plasma

clearance and the loss of the protein components (62, 63).

Consistently, most studies have shown that compared to healthy

subjects, CEC in patients with Type 2 diabetes (T2D) is reduced

(48, 64). A study of a cohort of 640 patients with T2D matched

to controls by HDL-C showed that there was a reduction in

ABCA1-CEC (65). This was later supported by another study

where reduced ABCA1-CEC of small HDL was likely due to the

loss of the protein SERPINA1 (63). Other studies have

speculated that the shift to smaller HDL particles in diabetic

patients could be the reason for the lack of significant differences

or even enhanced CEC in different studies of diabetics (66, 67).

Interestingly, patients with Type 1 Diabetes (T1D), as opposed

to T2D patients, typically have higher levels of HDL-C, although

their HDL is generally not considered to be as atheroprotective.

Consistent with this, some studies have shown that compared to

healthy subjects, those with T1D had smaller HDL size and

lower CEC (40). However, glycemic control in patients with T1D

was not associated with improvement on CEC. The effect of

statin therapy on CEC is inconsistent. Some reports have shown

pitavastatin enhanced CEC, whereas atorvastatin had no effect on

CEC (68, 69).

It should be noted that there are inconsistent findings in the

reporting of RCT/CEC for T2D. Using 3H-loaded Thp-1 cells,

Apro et al. reported a 10% decrease in CEC in 35 T2D subjects

compared to 35 controls, whereas Denimal et al. using similar

cells, but labeled with BODIPY, failed to note a change in CEC

between 20 subjects and 25 control (38, 39). Taken together, the

effect of T2D on CEC studies remains inconclusive and would

benefit from further studies with larger numbers of subjects and

performed either in 3H-cholesterol labeled J774 cells or using a

cell-free assay, as described below.

3.5 Chronic kidney disease and kidney
transplant

Chronic kidney disease (CKD) is considered one of the most

common risk factors for CVD. Despite being most commonly

caused by hypertension and diabetes, CKD is recognized as an

independent risk factor for CVD (70). Within the different

changes that happen during CKD, dyslipidemia is one of the

most frequent. Low HDL-C levels are present in 42% of

patients with CKD. Structural modifications in HDL that

occur in CKD include enrichment in Serum Amyloid A1

(SAA1) and ApoC-III and the depletion in apoA-I, apoA-II,

and phospholipids, all of which could impede HDL function

(70). It has been consistently shown that CKD patients with

albuminuria or low estimated.

glomerular filtration rate have impaired ABCA1-CEC (71). It

has been even shown in the Dallas heart study that in those

without CVD a higher CEC at baseline may predict an

increased CVD risk in CKD patients, and CEC was found to

be negatively associated with incident CVD in subjects without

CKD (72). In more advanced CKD, such as in patients on

dialysis, changes in the PL and TG content of HDL are shown

to correlate with impairment in CEC. In particular the

depletion of PL was found to be associated with reduced

content of ApoA-I and ApoA-II, due to displacement by SAA,

leading to impaired cholesterol efflux capability. Despite the

inverse relationship of CEC with ASCVD events in other

conditions, a recent metanalysis did not observe this

relationship in CKD patients (RR = 1.08; 95% CI, 0.86–1.38;

P = 0.50) (44). Interestingly, other studies have found that

CEC did not independently predict risk for cardiovascular

disease and all-cause mortality after kidney transplantation.

Improved CEC was, however, associated with protection

against graft failure (71).

3.6 RCT/ CEC in cancer and other disorders

Alterations in cholesterol transport have also been shown to

facilitate the pathogenesis of cancer, age-related macular

degeneration and Fragile X (73–75). For example, a recent report

has demonstrated that impaired RCT pathways may be linked to

increased lung tumor growth (73). Impaired cholesterol efflux

pathways due to downregulation of ABCA1 expression have also

been shown to promote macular degeneration in mice (74).

Finally, aberrations in HDL function have also been found in

Fragile X, a genetic condition with a wide range of

developmental disorders (76). Using iPSC generated human

astrocytes, Talvio et al. found a dramatic decrease in ABCA1

expression in Fragile X patients, leading to the build-up of

cholesterol (75).

In conclusion, while systemic inflammation generally leads to

defective RCT and hence predictive of pre-clinical atherosclerosis,

measurements of RCT may also be important for human

conditions outside of cardiovascular disease.
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4 RCT/CEC in response to therapeutic
intervention

The number of human studies reporting changes in CEC upon

therapeutic intervention remains relatively small and mostly been

described in inflammatory states. We mostly discuss here

changes in CEC upon anti-inflammatory treatments of two

autoimmune diseases, namely psoriasis and SLE, but the effect of

a therapeutic intervention on CEC has been examined for several

other diseases and conditions including Familial

Hypercholesterolemia and Rheumatoid Arthritis (77–81).

4.1 Psoriasis (PSO)

To date, five studies have investigated the role of different

psoriasis treatments on CEC. While each treatment has proven

successful in resolving skin inflammation, the effect on CEC has

proven modest and inconsistent across therapies. The first

reported study that measured CEC after PSO treatment was

performed using the oral Janus kinase inhibitor, tofacitinib,

where a difference in CEC between baseline and the 16-week end

of study was not observed (82). A few months later, a

randomized, double-blind trial which included an arm of PSO

treatment with the TNFα blocking antibody adalimumab

revealed a small improvement in CEC after 12 weeks, but it later

decreased at the 52-week timepoint (83). Other potent anti-PSO

treatments, such as secukinumab, which neutralizes the cytokine

IL-17A, and ustekinumab, which blocks cytokines IL- 12 and IL-

23, failed to demonstrate any significant improvement in CEC at

any timepoint (84, 85). As an alternative to cytokine inhibition,

the phosphodiesterase 4 inhibitor apremilast, is also used as a

PSO treatment and is associated with weight loss (86). In a phase

4, open-label nonrandomized clinical trial Gelfand et al.

demonstrated that although apremilast is generally beneficial to

cardiometabolism, an improvement in CEC was not observed (86).

4.2 Systemic lupus erthematosus (SLE)

Therapeutic interventions for SLE include Peroxisome Proliferator-

Activated Receptor (PPAR)-γ agonism (pioglitazone) and type 1

Interferon receptor (anifrolumab) or B cell-activating factor (BAFF)

blockade. SLE patients undergoing treatment with these three

therapies have been examined for changes to CEC (87–89). Blockade

of the IFN receptor pathway for up to one year failed to improve

CEC. Similarly, a small but not significant improvement in CEC was

observed with pioglitazone treatment at the end of a 3- month study

(87, 89). However, a recent study reported that a 6-month treatment

of SLE patients with the BAFF blocking antibody belimumab, which

inhibits B-cell activation and maturation, caused a significant

improvement in CEC in SLE patients (88).

While the overall effect of anti-inflammatory therapeutics on

CEC seem to be disappointing, it is plausible that optimal

treatment time and the most potent CEC boosting pathways are

yet to be determined. It would also be beneficial to perform

studies with larger patient cohorts, which could be facilitated with

one or more of the newer, higher throughput assays described below.

5 Cell-free RCT assays

Recently, several cell-free assays that closely correlate to the

classic CEC assays done with cells for measuring HDL function

have been developed, which vary in their potential for translation

into a routine diagnostic test (90). Several cell-free HDL

functionality assays measure CEC (91) or cholesterol uptake

capacity (CUC) (92–94) by monitoring the efflux of fluorescent

analogs of cholesterol from a lipid-coated substrate to apoB-

depleted serum (Figures 1B,C). Recently, a fully automated

immunoassay for CUC to assess HDL function and CVD risk

has been developed (95). The latter assay appears to be

promising, however, it relies on a monoclonal apoA-I antibody,

which potentially introduces a selection bias as it does not

capture non-apoA-I-containing HDL particles that also likely

modulate CUC. Nevertheless, the rapid, high-throughput fully-

automated CUC immunoassay, which highly correlates with CEC

[81], appears to be a potential suitable surrogate assay for CEC.

Other means of HDL functionality assessment involve

measurement of the rate of exogenous apoA-I exchange onto

serum HDL by electron paramagnetic resonance (96, 97) or by

using NBD/Alexa647 double-labeled ApoA-I, whose NBD/

Alexa647 emission ratio increased upon exchange into HDL (98,

99) (Figures 1D,E). Several exchangeable plasma HDL

apolipoproteins have been shown, however, to mediate both

cellular cholesterol and phospholipid efflux (100). Since the

aforementioned ApoA-I exchange assays use only exogenous

ApoA-I as a probe, they are not able to fully assess endogenous

exchangeable HDL apolipoprotein functionality.

We have developed a relatively simple and sensitive cell-free,

HDL-specific phospholipid efflux (HDL-SPE) assay that is based

on active solubilization of a non-exchangeable, head group-

tagged fluorescent phosphatidylethanolamine (PE) from donor

particles by endogenous exchangeable plasma HDL-derived

apolipoproteins (ApoA-I, ApoA-II, ApoA-IV and ApoC-III) [90].

Whole sample plasma or serum and a pooled human reference

plasma, are incubated with the fluoresent PE donor particles in

96-well plates for I hr at 37 o C with shaking (Figure 1F). The

plates are centrifuged to pellet the dense donor lipid particles

and supernatant HDL-associated PE fluorescence is measured

and normalized to the reference plasma fluorescence [90]. HDL-

SPE predicts incident CVD independent of traditional risk

factors better than HDL-C and ApoA-I and is amenable for

automation into a clinical diagnostic test (101).

The functionalities of HDL that underlies this assay includes

the ability of the HDL-associated exchangeable lipoproteins to (i)

dissociate from HDL particles (ii) bind to the surface of the

donor lipid particle (iii) solubilize donor particle lipids and (iv)

dissociate from the lipid particle along with the solubilized lipids.

HDL-mediated phospholipid efflux is solely an active

apolipoprotein-mediated process, as opposed to cholesterol-
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mediated efflux, which is based on equilibration of cholesterol pools

on donor particle and acceptor lipoprotein surfaces via monomeric

diffusion of cholesterol. Efflux of a non-transferable phospholipid

on the other hand is HDL-specific and thus can be measured in

whole plasma, whereas cholesterol efflux is non-specific and

requires the use of ApoB-depleted plasma/serum (101, 102).

The multiple mechanistic steps underlying the HDL-SPE assay

may be the reason why it was more strongly inversely associated

with CAD in a CVD cohort than the cell-based CEC assay and

was also more significantly inversely correlated with non-calcified

plaque burden, total plaque burden, fibro-fatty burden and

fibrous burden in CAD subjects assessed by coronary CT

angiography (101). These findings suggest that HDL-SPE may be

able assess the ability of HDL to solubilize excess extracellular

lipid present in advanced arterial wall lesions, which tends to be

more abundant than intracellular lipid in late atherosclerotic

lesions (103). In this cohort, HDL-C was matched in CAD and

non-CAD subjects. It is important to note that the cell-based

CEC assay has been analyzed in other cohorts with plaque and

has also been linked to non-calcified plaque.

6 HDL proteome and subspecies effect
on CEC

The wide variety of subspecies and variability of composition of

the HDL proteome has been shown consistently to play a major

role in its functions (1). Some studies have shown that specific

proteins such as apolipoprotein ApoA-I, ApoC-II, ApoC-III, and

ApoA-IV differentially correlate with CEC. For instance, ApoA-I

and ApoC-III are positively associated with high CEC, while

ApoA-IV shows an inverse relationship in certain populations

(104). Additionally, proteins like complement C3, ApoE, and

plasminogen are inversely associated with CEC (104).

HDL subspecies also been shown to have an effect in

cholesterol efflux. In particular, studies have shown that HDL3b

and HDL3c are the most efficient mediators of cholesterol efflux

via the ABCA1 pathway (105). These small HDL particles are

enriched in negatively charged phospholipids, which enhance

their functionality in cholesterol efflux and other activities (106).

Conversely, large HDL particles are more effective in cholesterol

efflux via the SR-BI pathway (107). Taken together, these

observations still suggest that measuring the HDL proteome is

not enough to completely explain the determinants in CEC in all

HDL subspecies, but it does highlight the protein modifications

and subspecies of lipids might be playing a role in CEC variations.

7 Concluding thoughts

Due to the now many clinical trials that have failed to show any

benefit from raising HDL-C in lowering CVD risk, many

investigators in the field are losing interest or even abandoning

their research efforts in this area. Recent studies have provided

convincing evidence for the existence of dysfunctional HDL (90,

101, 108), which has shifted interest from measuring HDL-C levels

to measuring HDL functionality as a possible future metric of CVD

risk. We have shown that the HDL-SPE assay, which can be readily

translated into a relatively rapid automated diagnostic assay, is at

least as good as CEC in assessing incident CVD risk. Other cell-free

assays of HDL function, particularly the CUC [84] and exogenous

apoA-I exchange rate [88] assays, also show great promise for being

developed into new diagnostic tests. These cell-free assays

apparently reflect complementary risk information distinct from

cell-based CEC and may offer improved risk prediction.

There is presently a great need for a well standardized and fully

automated assays to conduct large studies on the effects of new

drugs on HDL function. It will also be important to perform

baseline and follow-up measurements of HDL function after any

type of therapeutic intervention. Ideally these types of studies on

HDL function should be done throughout the course of a clinical

trial and not just at baseline as has been done for most previous

studies. Longer follow-up times are also needed before definitive

conclusions can be made concerning their effectiveness.

Lipid-rich plaque with longer lipid length, wider lipid arc, and

higher degree of stenosis has identified in patients at higher risk of

future cardiac events (109). Insofar as HDL-SPE was significantly

inversely correlated with noncalcified plaque and fibro-fatty

plaque burden, it may also serve as an additional metric to assess

the need for invasive cardiologic procedures, such as cardiac

catheterization. Although the association of other cell-free assays

with non-calcified plaque burden have yet to be determined, they

may also prove to be useful for assessing CVD risk and thus aid

cardiologists in the future.

In summary, the new cell-free HDL functionality assays, will likely

quicken the pace of research for better understanding the mechanisms

underlying HDL functionality, as well as factors that modulate lipid

removal from arterial wall plaque. Such information may prove vital

for the possible future development of HDL based drugs.

Author contributions

MP: Conceptualization, Data curation, Writing – original draft,

Writing – review & editing. EN: Conceptualization, Writing –

original draft, Writing – review & editing. RZ: Conceptualization,

Writing – original draft, Writing – review & editing. AR:

Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for

the research and/or publication of this article. Funding support

was received by the Intramural Program of the NHLBI

(HL006275) at the National Institutes of Health (EN, RZ, AR).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Playford et al. 10.3389/fcvm.2025.1608384

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.3389/fcvm.2025.1608384
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.

Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Davidson WS, Shah AS, Sexmith H, Gordon SM. The HDL proteome watch:
compilation of studies leads to new insights on HDL function. Biochim Biophys
Acta Mol Cell Biol Lipids. (2022) 1867(2):159072. doi: 10.1016/j.bbalip.2021.159072

2. Morvaridzadeh M, Zoubdane N, Heshmati J, Alami M, Berrougui H, Khalil A.
High-density lipoprotein metabolism and function in cardiovascular diseases: what
about aging and diet effects? Nutrients. (2024) 16(5):653. doi: 10.3390/nu16050653

3. Rohatgi A, Westerterp M, von Eckardstein A, Remaley A, Rye KA. HDL in the
21st century: a multifunctional roadmap for future HDL research. Circulation.
(2021) 143(23):2293–309. doi: 10.1161/CIRCULATIONAHA.120.044221

4. Vickers KC, Michell DL. HDL-small RNA export, transport, and functional
delivery in atherosclerosis. Curr Atheroscler Rep. (2021) 23(7):38. doi: 10.1007/
s11883-021-00930-7

5. Darabi M, Kontush A. High-density lipoproteins (HDL): novel function and
therapeutic applications. Biochim Biophys Acta Mol Cell Biol Lipids. (2022)
1867(1):159058. doi: 10.1016/j.bbalip.2021.159058

6. de Grooth GJ, Klerkx AH, Stroes ES, Stalenhoef AF, Kastelein JJ, Kuivenhoven JA.
A review of CETP and its relation to atherosclerosis. J Lipid Res. (2004)
45(11):1967–74. doi: 10.1194/jlr.R400007-JLR200

7. Glomset JA. The plasma lecithins:cholesterol acyltransferase reaction. J Lipid Res.
(1968) 9(2):155–67. doi: 10.1016/S0022-2275(20)43114-1

8. Fisher EA, Feig JE, Hewing B, Hazen SL, Smith JD. High-density lipoprotein
function, dysfunction, and reverse cholesterol transport. Arterioscler Thromb Vasc
Biol. (2012) 32(12):2813–20. doi: 10.1161/ATVBAHA.112.300133

9. von Eckardstein A, Nordestgaard BG, Remaley AT, Catapano AL. High-density
lipoprotein revisited: biological functions and clinical relevance. Eur Heart J. (2023)
44(16):1394–407. doi: 10.1093/eurheartj/ehac605

10. Begue F, Apalama ML, Lambert G, Meilhac O. HDL as a treatment target:
should we abandon this idea? Curr Atheroscler Rep. (2023) 25(12):1093–9. doi: 10.
1007/s11883-023-01176-1

11. Gibson CM, Duffy D, Korjian S, Bahit MC, Chi G, Alexander JH, et al.
Apolipoprotein A1 infusions and cardiovascular outcomes after acute myocardial
infarction. N Engl J Med. (2024) 390(17):1560–71. doi: 10.1056/NEJMoa2400969

12. Gille A, Easton R, D’Andrea D, Wright SD, Shear CL. CSL112 enhances
biomarkers of reverse cholesterol transport after single and multiple infusions in
healthy subjects. Arterioscler Thromb Vasc Biol. (2014) 34(9):2106–14. doi: 10.1161/
ATVBAHA.114.303720

13. Ballantyne CM, Nambi V. HDL therapeutics - time for a curtain call or time to
reconceptualize? N Engl J Med. (2024) 390(17):1622–3. doi: 10.1056/NEJMe2403036

14. Finn AV. Enhancing HDL function to prevent atherothrombosis: is it time to
efflux the HDL hypothesis? J Am Coll Cardiol. (2024) 83(22):2175–8. doi: 10.1016/j.
jacc.2024.04.015

15. Schwartz CC, Vlahcevic ZR, Berman M, Meadows JG, Nisman RM, Swell L.
Central role of high density lipoprotein in plasma free cholesterol metabolism.
J Clin Invest. (1982) 70(1):105–16. doi: 10.1172/JCI110582

16. Weibel GL, Hayes S, Wilson A, Phillips MC, Billheimer J, Rader DJ, et al. Novel
in vivo method for measuring cholesterol mass flux in peripheral macrophages.
Arterioscler Thromb Vasc Biol. (2011) 31(12):2865–71. doi: 10.1161/ATVBAHA.111.
236406

17. Zhang Y, Zanotti I, Reilly MP, Glick JM, Rothblat GH, Rader DJ. Overexpression
of apolipoprotein A-I promotes reverse transport of cholesterol from macrophages to
feces in vivo. Circulation. (2003) 108(6):661–3. doi: 10.1161/01.CIR.0000086981.
09834.E0

18. de la Llera-Moya M, Drazul-Schrader D, Asztalos BF, Cuchel M, Rader DJ,
Rothblat GH. The ability to promote efflux via ABCA1 determines the capacity of
serum specimens with similar high-density lipoprotein cholesterol to remove
cholesterol from macrophages. Arterioscler Thromb Vasc Biol. (2010) 30(4):796–801.
doi: 10.1161/ATVBAHA.109.199158

19. Sankaranarayanan S, Kellner-Weibel G, de la Llera-Moya M, Phillips MC,
Asztalos BF, Bittman R, et al. A sensitive assay for ABCA1-mediated cholesterol
efflux using BODIPY-cholesterol. J Lipid Res. (2011) 52(12):2332–40. doi: 10.1194/
jlr.D018051

20. Hoang A, Drew BG, Low H, Remaley AT, Nestel P, Kingwell BA, et al.
Mechanism of cholesterol efflux in humans after infusion of reconstituted high-
density lipoprotein. Eur Heart J. (2012) 33(5):657–65. doi: 10.1093/eurheartj/ehr103

21. Mehta NN, Li R, Krishnamoorthy P, Yu Y, Farver W, Rodrigues A, et al.
Abnormal lipoprotein particles and cholesterol efflux capacity in patients with
psoriasis. Atherosclerosis. (2012) 224(1):218–21. doi: 10.1016/j.atherosclerosis.2012.
06.068

22. Ogura M, Hori M, Harada-Shiba M. Association between cholesterol efflux
capacity and atherosclerotic cardiovascular disease in patients with familial
hypercholesterolemia. Arterioscler Thromb Vasc Biol. (2016) 36(1):181–8. doi: 10.
1161/ATVBAHA.115.306665

23. Hafiane A, Genest J. HDL-mediated cellular cholesterol efflux assay method.
Ann Clin Lab Sci. (2015) 45(6):659–68.

24. Schachtl-Riess JF, Coassin S, Lamina C, Demetz E, Streiter G, Hilbe R, et al. Lysis
reagents, cell numbers, and calculation method influence high-throughput
measurement of HDL-mediated cholesterol efflux capacity. J Lipid Res. (2021)
62:100125. doi: 10.1016/j.jlr.2021.100125

25. Holzer M, Wolf P, Inzinger M, Trieb M, Curcic S, Pasterk L, et al. Anti-psoriatic
therapy recovers high-density lipoprotein composition and function. J Invest
Dermatol. (2014) 134(3):635–42. doi: 10.1038/jid.2013.359

26. Gordon SM, Chung JH, Playford MP, Dey AK, Sviridov D, Seifuddin F, et al.
High density lipoprotein proteome is associated with cardiovascular risk factors and
atherosclerosis burden as evaluated by coronary CT angiography. Atherosclerosis.
(2018) 278:278–85. doi: 10.1016/j.atherosclerosis.2018.09.032

27. Rosenson RS, Brewer HB Jr, Ansell BJ, Barter P, Chapman MJ, Heinecke JW,
et al. Dysfunctional HDL and atherosclerotic cardiovascular disease. Nat Rev
Cardiol. (2016) 13(1):48–60. doi: 10.1038/nrcardio.2015.124

28. McGillicuddy FC, de la Llera Moya M, Hinkle CC, Joshi MR, Chiquoine EH,
Billheimer JT, et al. Inflammation impairs reverse cholesterol transport in vivo.
Circulation. (2009) 119(8):1135–45. doi: 10.1161/CIRCULATIONAHA.108.810721

29. Fadaei R, Mohassel Azadi S, Rheaume E, Khazaie H. High-density lipoprotein
cholesterol efflux capacity in patients with obstructive sleep apnea and its relation
with disease severity. Lipids Health Dis. (2022) 21(1):116. doi: 10.1186/s12944-022-
01723-w

30. Fadaei R, Poustchi H, Meshkani R, Moradi N, Golmohammadi T, Merat S.
Impaired HDL cholesterol efflux capacity in patients with non-alcoholic fatty liver
disease is associated with subclinical atherosclerosis. Sci Rep. (2018) 8(1):11691.
doi: 10.1038/s41598-018-29639-5

31. Hussein O, Izikson L, Bathish Y, Dabur E, Hanna A, Zidan J. Anti-atherogenic
properties of high-density lipoproteins in psychiatric patients before and after two
months of atypical anti-psychotic therapy. J Psychopharmacol. (2015)
29(12):1262–70. doi: 10.1177/0269881115598320

32. Manjunatha S, Distelmaier K, Dasari S, Carter RE, Kudva YC, Nair KS.
Functional and proteomic alterations of plasma high density lipoproteins in type 1
diabetes mellitus. Metab Clin Exp. (2016) 65(9):1421–31. doi: 10.1016/j.metabol.
2016.06.008

33. Munger AM, Chow DC, Playford MP, Parikh NI, Gangcuangco LM, Nakamoto
BK, et al. Characterization of lipid composition and high-density lipoprotein function
in HIV-infected individuals on stable antiretroviral regimens. AIDS Res Hum
Retroviruses. (2015) 31(2):221–8. doi: 10.1089/aid.2014.0239

34. Roe A, Hillman J, Butts S, Smith M, Rader D, Playford M, et al.
Decreased cholesterol efflux capacity and atherogenic lipid profile in young
women with PCOS. J Clin Endocrinol Metab. (2014) 99(5):E841–7. doi: 10.1210/jc.
2013-3918

Playford et al. 10.3389/fcvm.2025.1608384

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.1016/j.bbalip.2021.159072
https://doi.org/10.3390/nu16050653
https://doi.org/10.1161/CIRCULATIONAHA.120.044221
https://doi.org/10.1007/s11883-021-00930-7
https://doi.org/10.1007/s11883-021-00930-7
https://doi.org/10.1016/j.bbalip.2021.159058
https://doi.org/10.1194/jlr.R400007-JLR200
https://doi.org/10.1016/S0022-2275(20)43114-1
https://doi.org/10.1161/ATVBAHA.112.300133
https://doi.org/10.1093/eurheartj/ehac605
https://doi.org/10.1007/s11883-023-01176-1
https://doi.org/10.1007/s11883-023-01176-1
https://doi.org/10.1056/NEJMoa2400969
https://doi.org/10.1161/ATVBAHA.114.303720
https://doi.org/10.1161/ATVBAHA.114.303720
https://doi.org/10.1056/NEJMe2403036
https://doi.org/10.1016/j.jacc.2024.04.015
https://doi.org/10.1016/j.jacc.2024.04.015
https://doi.org/10.1172/JCI110582
https://doi.org/10.1161/ATVBAHA.111.236406
https://doi.org/10.1161/ATVBAHA.111.236406
https://doi.org/10.1161/01.CIR.0000086981.09834.E0
https://doi.org/10.1161/01.CIR.0000086981.09834.E0
https://doi.org/10.1161/ATVBAHA.109.199158
https://doi.org/10.1194/jlr.D018051
https://doi.org/10.1194/jlr.D018051
https://doi.org/10.1093/eurheartj/ehr103
https://doi.org/10.1016/j.atherosclerosis.2012.06.068
https://doi.org/10.1016/j.atherosclerosis.2012.06.068
https://doi.org/10.1161/ATVBAHA.115.306665
https://doi.org/10.1161/ATVBAHA.115.306665
https://doi.org/10.1016/j.jlr.2021.100125
https://doi.org/10.1038/jid.2013.359
https://doi.org/10.1016/j.atherosclerosis.2018.09.032
https://doi.org/10.1038/nrcardio.2015.124
https://doi.org/10.1161/CIRCULATIONAHA.108.810721
https://doi.org/10.1186/s12944-022-01723-w
https://doi.org/10.1186/s12944-022-01723-w
https://doi.org/10.1038/s41598-018-29639-5
https://doi.org/10.1177/0269881115598320
https://doi.org/10.1016/j.metabol.2016.06.008
https://doi.org/10.1016/j.metabol.2016.06.008
https://doi.org/10.1089/aid.2014.0239
https://doi.org/10.1210/jc.2013-3918
https://doi.org/10.1210/jc.2013-3918
https://doi.org/10.3389/fcvm.2025.1608384
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


35. Ronda N, Favari E, Borghi MO, Ingegnoli F, Gerosa M, Chighizola C, et al.
Impaired serum cholesterol efflux capacity in rheumatoid arthritis and systemic
lupus erythematosus. Ann Rheum Dis. (2014) 73(3):609–15. doi: 10.1136/
annrheumdis-2012-202914

36. Sanchez-Perez H, Quevedo-Abeledo JC, de Armas-Rillo L, Rua-Figueroa I,
Tejera-Segura B, Armas-Gonzalez E, et al. Impaired HDL cholesterol efflux capacity
in systemic lupus erythematosus patients is related to subclinical carotid
atherosclerosis. Rheumatology (Oxford). (2020) 59(10):2847–56. doi: 10.1093/
rheumatology/keaa038

37. Vivekanandan-Giri A, Slocum JL, Byun J, Tang C, Sands RL, Gillespie BW, et al.
High density lipoprotein is targeted for oxidation by myeloperoxidase in rheumatoid
arthritis. Ann Rheum Dis. (2013) 72(10):1725–31. doi: 10.1136/annrheumdis-2012-
202033

38. Apro J, Tietge UJ, Dikkers A, Parini P, Angelin B, Rudling M. Impaired
cholesterol efflux capacity of high-density lipoprotein isolated from interstitial fluid
in type 2 diabetes mellitus-brief report. Arterioscler Thromb Vasc Biol. (2016)
36(5):787–91. doi: 10.1161/ATVBAHA.116.307385

39. Denimal D, Benanaya S, Monier S, Simoneau I, de Barros JP P, Le Goff W, et al.
Normal HDL cholesterol efflux and anti-inflammatory capacities in type 2 diabetes
despite lipidomic abnormalities. J Clin Endocrinol Metab. (2022) 107(9):e3816–e23.
doi: 10.1210/clinem/dgac339

40. Gourgari E, Playford MP, Campia U, Dey AK, Cogen F, Gubb-Weiser S, et al.
Low cholesterol efflux capacity and abnormal lipoprotein particles in youth with
type 1 diabetes: a case control study. Cardiovasc Diabetol. (2018) 17(1):158. doi: 10.
1186/s12933-018-0802-0

41. Franssen R, Schimmel AW, van Leuven SI, Wolfkamp SC, Stroes ES, Dallinga-
Thie GM. In vivo inflammation does not impair ABCA1-mediated cholesterol efflux
capacity of HDL. Cholesterol. (2012) 2012:610741. doi: 10.1155/2012/610741

42. Ripolles Piquer B, Nazih H, Bourreille A, Segain JP, Huvelin JM, Galmiche JP,
et al. Altered lipid, apolipoprotein, and lipoprotein profiles in inflammatory bowel
disease: consequences on the cholesterol efflux capacity of serum using Fu5AH cell
system. Metab Clin Exp. (2006) 55(7):980–8. doi: 10.1016/j.metabol.2006.03.006

43. Cheng W, Rosolowski M, Boettner J, Desch S, Jobs A, Thiele H, et al. High-
density lipoprotein cholesterol efflux capacity and incidence of coronary artery
disease and cardiovascular mortality: a systematic review and meta-analysis. Lipids
Health Dis. (2022) 21(1):47. doi: 10.1186/s12944-022-01657-3

44. Lee JJ, Chi G, Fitzgerald C, Kazmi SHA, Kalayci A, Korjian S, et al. Cholesterol
efflux capacity and its association with adverse cardiovascular events: a systematic
review and meta-analysis. Front Cardiovasc Med. (2021) 8:774418. doi: 10.3389/
fcvm.2021.774418

45. Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A, Burke MF, Jafri K, et al.
Cholesterol efflux capacity, high-density lipoprotein function, and atherosclerosis.
N Engl J Med. (2011) 364(2):127–35. doi: 10.1056/NEJMoa1001689

46. Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE, et al. HDL
Cholesterol efflux capacity and incident cardiovascular events. N Engl J Med. (2014)
371(25):2383–93. doi: 10.1056/NEJMoa1409065

47. Mody P, Joshi PH, Khera A, Ayers CR, Rohatgi A. Beyond coronary calcification,
family history, and C-reactive protein: cholesterol efflux capacity and cardiovascular
risk prediction. J Am Coll Cardiol. (2016) 67(21):2480–7. doi: 10.1016/j.jacc.2016.03.
538

48. Saleheen D, Scott R, Javad S, Zhao W, Rodrigues A, Picataggi A, et al.
Association of HDL cholesterol efflux capacity with incident coronary heart disease
events: a prospective case-control study. Lancet Diabetes Endocrinol. (2015)
3(7):507–13. doi: 10.1016/S2213-8587(15)00126-6

49. Annema W, Willemsen HM, de Boer JF, Dikkers A, van der Giet M, Nieuwland
W, et al. HDL function is impaired in acute myocardial infarction independent of
plasma HDL cholesterol levels. J Clin Lipidol. (2016) 10(6):1318–28. doi: 10.1016/j.
jacl.2016.08.003

50. Hafiane A, Jabor B, Ruel I, Ling J, Genest J. High-density lipoprotein mediated
cellular cholesterol efflux in acute coronary syndromes. Am J Cardiol. (2014)
113(2):249–55. doi: 10.1016/j.amjcard.2013.09.006

51. Guerin M, Silvain J, Gall J, Darabi M, Berthet M, Frisdal E, et al. Association of
serum cholesterol efflux capacity with mortality in patients with ST-segment elevation
myocardial infarction. J Am Coll Cardiol. (2018) 72(25):3259–69. doi: 10.1016/j.jacc.
2018.09.080

52. Noflatscher M, Hunjadi M, Schreinlechner M, Sommer P, Lener D, Theurl M,
et al. Inverse correlation of cholesterol efflux capacity with peripheral plaque
volume measured by 3D ultrasound. Biomedicines. (2023) 11(7):1918. doi: 10.3390/
biomedicines11071918

53. Ebtehaj S, Gruppen EG, Bakker SJL, Dullaart RPF, Tietge UJF. HDL (high-
density lipoprotein) cholesterol efflux capacity is associated with incident
cardiovascular disease in the general population. Arterioscler Thromb Vasc Biol.
(2019) 39(9):1874–83. doi: 10.1161/ATVBAHA.119.312645

54. Li XM, Tang WH, Mosior MK, Huang Y, Wu Y, Matter W, et al. Paradoxical
association of enhanced cholesterol efflux with increased incident cardiovascular
risks. Arterioscler Thromb Vasc Biol. (2013) 33(7):1696–705. doi: 10.1161/
ATVBAHA.113.301373

55. Potocnjak I, Degoricija V, Trbusic M, Teresak SD, Radulovic B, Pregartner G,
et al. Metrics of high-density lipoprotein function and hospital mortality in acute
heart failure patients. PLoS One. (2016) 11(6):e0157507. doi: 10.1371/journal.pone.
0157507

56. Khera AV, Demler OV, Adelman SJ, Collins HL, Glynn RJ, Ridker PM, et al.
Cholesterol efflux capacity, high-density lipoprotein particle number, and incident
cardiovascular events: an analysis from the JUPITER trial (justification for the use
of statins in prevention: an intervention trial evaluating rosuvastatin). Circulation.
(2017) 135(25):2494–504. doi: 10.1161/CIRCULATIONAHA.116.025678

57. Hunter WG, Smith AG, Pinto RC, Saldanha S, Gangwar A, Pahlavani M, et al.
Metabolomic profiling of cholesterol efflux capacity in a multiethnic population:
insights from MESA. Arterioscler Thromb Vasc Biol. (2023) 43(10):2030–41. doi: 10.
1161/ATVBAHA.122.318222

58. Kontush A, Chapman MJ. Functionally defective high-density lipoprotein: a new
therapeutic target at the crossroads of dyslipidemia, inflammation, and atherosclerosis.
Pharmacol Rev. (2006) 58(3):342–74. doi: 10.1124/pr.58.3.1

59. Versmissen J, Vongpromek R, Yahya R, van der Net JB, van Vark-van der Zee L,
Blommesteijn-Touw J, et al. Familial hypercholesterolaemia: cholesterol efflux and
coronary disease. Eur J Clin Invest. (2016) 46(7):643–50. doi: 10.1111/eci.12643

60. Sato M, Hamasaki M, Neufeld EB, Remaley AT, Kotani K. Communication:
high-density lipoprotein-specific phospholipid efflux in familial
hypercholesterolemia. Ann Clin Lab Sci. (2024) 54(3):419–22.

61. Martagon AJ, Zubiran R, Gonzalez-Arellanes R, Praget-Bracamontes S, Rivera-
Alcantara JA, Aguilar-Salinas CA. HDL abnormalities in type 2 diabetes: clinical
implications. Atherosclerosis. (2024) 394:117213. doi: 10.1016/j.atherosclerosis.2023.
117213

62. Bonilha I, Zimetti F, Zanotti I, Papotti B, Sposito AC. Dysfunctional high-
density lipoproteins in type 2 diabetes Mellitus: molecular mechanisms and
therapeutic implications. J Clin Med. (2021) 10(11):2233. doi: 10.3390/jcm10112233

63. He Y, Ronsein GE, Tang C, Jarvik GP, Davidson WS, Kothari V, et al. Diabetes
impairs cellular cholesterol efflux from ABCA1 to small HDL particles. Circ Res.
(2020) 127(9):1198–210. doi: 10.1161/CIRCRESAHA.120.317178

64. Attia N, Nakbi A, Smaoui M, Chaaba R, Moulin P, Hammami S, et al. Increased
phospholipid transfer protein activity associated with the impaired cellular cholesterol
efflux in type 2 diabetic subjects with coronary artery disease. Tohoku J Exp Med.
(2007) 213(2):129–37. doi: 10.1620/tjem.213.129

65. Shiu SW, Wong Y, Tan KC. Pre-beta1 HDL in type 2 diabetes mellitus.
Atherosclerosis. (2017) 263:24–8. doi: 10.1016/j.atherosclerosis.2017.05.031

66. Dullaart RP, Annema W, de Boer JF, Tietge UJ. Pancreatic beta-cell function
relates positively to HDL functionality in well-controlled type 2 diabetes mellitus.
Atherosclerosis. (2012) 222(2):567–73. doi: 10.1016/j.atherosclerosis.2012.03.037

67. Yassine HN, Belopolskaya A, Schall C, Stump CS, Lau SS, Reaven PD. Enhanced
cholesterol efflux to HDL through the ABCA1 transporter in hypertriglyceridemia of
type 2 diabetes. Metab Clin Exp. (2014) 63(5):727–34. doi: 10.1016/j.metabol.2014.03.
001

68. Miyamoto-Sasaki M, Yasuda T, Monguchi T, Nakajima H, Mori K, Toh R, et al.
Pitavastatin increases HDL particles functionally preserved with cholesterol efflux
capacity and antioxidative actions in dyslipidemic patients. J Atheroscler Thromb.
(2013) 20(9):708–16. doi: 10.5551/jat.17210

69. Munoz-Hernandez L, Ortiz-Bautista RJ, Brito-Cordova G, Lozano-Arvizu F,
Saucedo S, Perez-Mendez O, et al. Cholesterol efflux capacity of large, small and
total HDL particles is unaltered by atorvastatin in patients with type 2 diabetes.
Atherosclerosis. (2018) 277:72–9. doi: 10.1016/j.atherosclerosis.2018.08.027

70. Strazzella A, Ossoli A, Calabresi L. High-density lipoproteins and the kidney.
Cells. (2021) 10(4):764. doi: 10.3390/cells10040764

71. Annema W, Dikkers A, de Boer JF, Dullaart RP, Sanders JS, Bakker SJ, et al.
HDL cholesterol efflux predicts graft failure in renal transplant recipients. J Am Soc
Nephrol. (2016) 27(2):595–603. doi: 10.1681/ASN.2014090857

72. Chindhy S, Joshi P, Khera A, Ayers CR, Hedayati SS, Rohatgi A. Impaired renal
function on cholesterol efflux capacity, HDL particle number, and cardiovascular
events. J Am Coll Cardiol. (2018) 72(6):698–700. doi: 10.1016/j.jacc.2018.05.043

73. Guilbaud E, Barouillet T, Ilie M, Borowczyk C, Ivanov S, Sarrazy V, et al.
Cholesterol efflux pathways hinder KRAS-driven lung tumor progenitor cell
expansion. Cell Stem Cell. (2023) 30(6):800–17.e9. doi: 10.1016/j.stem.2023.05.005

74. Sene A, Khan AA, Cox D, Nakamura RE, Santeford A, Kim BM, et al. Impaired
cholesterol efflux in senescent macrophages promotes age-related macular
degeneration. Cell Metab. (2013) 17(4):549–61. doi: 10.1016/j.cmet.2013.03.009

75. Talvio K, Wagner VA, Minkeviciene R, Kirkwood JS, Kulinich AO, Umemori J,
et al. An iPSC-derived astrocyte model of fragile X syndrome exhibits dysregulated
cholesterol homeostasis. Commun Biol. (2023) 6(1):789. doi: 10.1038/s42003-023-
05147-9

76. Protic DD, Aishworiya R, Salcedo-Arellano MJ, Tang SJ, Milisavljevic J, Mitrovic
F, et al. Fragile X syndrome: from molecular aspect to clinical treatment. Int J Mol Sci.
(2022) 23(4):1935. doi: 10.3390/ijms23041935

77. Dokras A, Playford M, Kris-Etherton PM, Kunselman AR, Stetter CM, Williams
NI, et al. Impact of hormonal contraception and weight loss on high-density

Playford et al. 10.3389/fcvm.2025.1608384

Frontiers in Cardiovascular Medicine 11 frontiersin.org

https://doi.org/10.1136/annrheumdis-2012-202914
https://doi.org/10.1136/annrheumdis-2012-202914
https://doi.org/10.1093/rheumatology/keaa038
https://doi.org/10.1093/rheumatology/keaa038
https://doi.org/10.1136/annrheumdis-2012-202033
https://doi.org/10.1136/annrheumdis-2012-202033
https://doi.org/10.1161/ATVBAHA.116.307385
https://doi.org/10.1210/clinem/dgac339
https://doi.org/10.1186/s12933-018-0802-0
https://doi.org/10.1186/s12933-018-0802-0
https://doi.org/10.1155/2012/610741
https://doi.org/10.1016/j.metabol.2006.03.006
https://doi.org/10.1186/s12944-022-01657-3
https://doi.org/10.3389/fcvm.2021.774418
https://doi.org/10.3389/fcvm.2021.774418
https://doi.org/10.1056/NEJMoa1001689
https://doi.org/10.1056/NEJMoa1409065
https://doi.org/10.1016/j.jacc.2016.03.538
https://doi.org/10.1016/j.jacc.2016.03.538
https://doi.org/10.1016/S2213-8587(15)00126-6
https://doi.org/10.1016/j.jacl.2016.08.003
https://doi.org/10.1016/j.jacl.2016.08.003
https://doi.org/10.1016/j.amjcard.2013.09.006
https://doi.org/10.1016/j.jacc.2018.09.080
https://doi.org/10.1016/j.jacc.2018.09.080
https://doi.org/10.3390/biomedicines11071918
https://doi.org/10.3390/biomedicines11071918
https://doi.org/10.1161/ATVBAHA.119.312645
https://doi.org/10.1161/ATVBAHA.113.301373
https://doi.org/10.1161/ATVBAHA.113.301373
https://doi.org/10.1371/journal.pone.0157507
https://doi.org/10.1371/journal.pone.0157507
https://doi.org/10.1161/CIRCULATIONAHA.116.025678
https://doi.org/10.1161/ATVBAHA.122.318222
https://doi.org/10.1161/ATVBAHA.122.318222
https://doi.org/10.1124/pr.58.3.1
https://doi.org/10.1111/eci.12643
https://doi.org/10.1016/j.atherosclerosis.2023.117213
https://doi.org/10.1016/j.atherosclerosis.2023.117213
https://doi.org/10.3390/jcm10112233
https://doi.org/10.1161/CIRCRESAHA.120.317178
https://doi.org/10.1620/tjem.213.129
https://doi.org/10.1016/j.atherosclerosis.2017.05.031
https://doi.org/10.1016/j.atherosclerosis.2012.03.037
https://doi.org/10.1016/j.metabol.2014.03.001
https://doi.org/10.1016/j.metabol.2014.03.001
https://doi.org/10.5551/jat.17210
https://doi.org/10.1016/j.atherosclerosis.2018.08.027
https://doi.org/10.3390/cells10040764
https://doi.org/10.1681/ASN.2014090857
https://doi.org/10.1016/j.jacc.2018.05.043
https://doi.org/10.1016/j.stem.2023.05.005
https://doi.org/10.1016/j.cmet.2013.03.009
https://doi.org/10.1038/s42003-023-05147-9
https://doi.org/10.1038/s42003-023-05147-9
https://doi.org/10.3390/ijms23041935
https://doi.org/10.3389/fcvm.2025.1608384
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


lipoprotein cholesterol efflux and lipoprotein particles in women with polycystic ovary
syndrome. Clin Endocrinol (Oxf). (2017) 86(5):739–46. doi: 10.1111/cen.13310

78. Funderburg NT, Xu D, Playford MP, Joshi AA, Andrade A, Kuritzkes DR, et al.
Treatment of HIV infection with a raltegravir-based regimen increases LDL levels, but
improves HDL cholesterol efflux capacity. Antivir Ther. (2017) 22(1):71–5. doi: 10.
3851/IMP3091

79. Heffron SP, Lin BX, Parikh M, Scolaro B, Adelman SJ, Collins HL, et al. Changes
in high-density lipoprotein cholesterol efflux capacity after bariatric surgery are
procedure dependent. Arterioscler Thromb Vasc Biol. (2018) 38(1):245–54. doi: 10.
1161/ATVBAHA.117.310102

80. Palumbo M, Giammanco A, Purrello F, Pavanello C, Mombelli G, Di Pino A,
et al. Effects of PCSK9 inhibitors on HDL cholesterol efflux and serum cholesterol
loading capacity in familial hypercholesterolemia subjects: a multi-lipid-center real-
world evaluation. Front Mol Biosci. (2022) 9:925587. doi: 10.3389/fmolb.2022.925587

81. Xie B, He J, Liu Y, Liu T, Liu C. A meta-analysis of HDL cholesterol efflux
capacity and concentration in patients with rheumatoid arthritis. Lipids Health Dis.
(2021) 20(1):18. doi: 10.1186/s12944-021-01444-6

82. Wolk R, Armstrong EJ, Hansen PR, Thiers B, Lan S, Tallman AM, et al. Effect of
tofacitinib on lipid levels and lipid-related parameters in patients with moderate to
severe psoriasis. J Clin Lipidol. (2017) 11(5):1243–56. doi: 10.1016/j.jacl.2017.06.012

83. Mehta NN, Shin DB, Joshi AA, Dey AK, Armstrong AW, Duffin KC, et al. Effect
of 2 psoriasis treatments on vascular inflammation and novel inflammatory
cardiovascular biomarkers: a randomized placebo-controlled trial. Circ Cardiovasc
Imaging. (2018) 11(6):e007394. doi: 10.1161/CIRCIMAGING.117.007394

84. Gelfand JM, Shin DB, Alavi A, Torigian DA, Werner T, Papadopoulos M, et al.
A phase IV, randomized, double-blind, placebo-controlled crossover study of the
effects of ustekinumab on vascular inflammation in psoriasis (the VIP-U trial).
J Invest Dermatol. (2020) 140(1):85–93.e2. doi: 10.1016/j.jid.2019.07.679

85. Gelfand JM, Shin DB, Duffin KC, Armstrong AW, Blauvelt A, Tyring SK, et al. A
randomized placebo-controlled trial of secukinumab on aortic vascular inflammation
in moderate-to-severe plaque psoriasis (VIP-S). J Invest Dermatol. (2020)
140(9):1784–93.e2. doi: 10.1016/j.jid.2020.01.025

86. Gelfand JM, Shin DB, Armstrong AW, Tyring SK, Blauvelt A, Gottlieb S, et al.
Association of apremilast with vascular inflammation and cardiometabolic function in
patients with psoriasis: the VIP-A phase 4, open-label, nonrandomized clinical trial.
JAMA Dermatol. (2022) 158(12):1394–403. doi: 10.1001/jamadermatol.2022.3862

87. Casey KA, Smith MA, Sinibaldi D, Seto NL, Playford MP, Wang X, et al.
Modulation of cardiometabolic disease markers by type I interferon inhibition in
systemic lupus erythematosus. Arthritis Rheumatol. (2021) 73(3):459–71. doi: 10.
1002/art.41518

88. Dedemadi AG, Gkolfinopoulou C, Nikoleri D, Nikoloudaki M, Ruhanen H,
Holopainen M, et al. Improvement of high-density lipoprotein atheroprotective
properties in patients with systemic lupus erythematosus after belimumab
treatment. Rheumatology (Oxford). (2025) 64(2):648–57. doi: 10.1093/rheumatology/
keae192

89. Hasni S, Temesgen-Oyelakin Y, Davis M, Chu J, Poncio E, Naqi M, et al.
Peroxisome proliferator activated receptor-gamma agonist pioglitazone improves
vascular and metabolic dysfunction in systemic lupus erythematosus. Ann Rheum
Dis. (2022) 81(11):1576–84. doi: 10.1136/ard-2022-222658

90. Denimal D. Rethinking ‘good cholesterol’ for cardiovascular risk stratification.
QJM. (2024) 117(4):243–5. doi: 10.1093/qjmed/hcad251

91. Horiuchi Y, Lai SJ, Yamazaki A, Nakamura A, Ohkawa R, Yano K, et al.
Validation and application of a novel cholesterol efflux assay using immobilized
liposomes as a substitute for cultured cells. Biosci Rep. (2018) 38(2):BSR20180144.
doi: 10.1042/BSR20180144

92. Harada A, Toh R, Murakami K, Kiriyama M, Yoshikawa K, Miwa K, et al.
Cholesterol uptake capacity: a new measure of HDL functionality for coronary risk
assessment. J Appl Lab Med. (2017) 2(2):186–200. doi: 10.1373/jalm.2016.022913

93. Nagano Y, Otake H, Toba T, Kuroda K, Shinkura Y, Tahara N, et al. Impaired
cholesterol-uptake capacity of HDL might promote target-lesion revascularization by

inducing neoatherosclerosis after stent implantation. J Am Heart Assoc. (2019) 8(9):
e011975. doi: 10.1161/JAHA.119.011975

94. Oshita T, Toh R, Nagano Y, Kuroda K, Nagasawa Y, Harada A, et al. 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. (2020) 503:136–44. doi: 10.1016/j.cca.2020.01.001

95. Murakami K, Harada A, Toh R, Kubo T, Miwa K, Kim J, et al. Fully automated
immunoassay for cholesterol uptake capacity to assess high-density lipoprotein
function and cardiovascular disease risk. Sci Rep. (2023) 13(1):1899. doi: 10.1038/
s41598-023-28953-x

96. Borja MS, Ng KF, Irwin A, Hong J, Wu X, Isquith D, et al. HDL-apolipoprotein
A-I exchange is independently associated with cholesterol efflux capacity. J Lipid Res.
(2015) 56(10):2002–9. doi: 10.1194/jlr.M059865

97. Borja MS, Zhao L, Hammerson B, Tang C, Yang R, Carson N, et al. HDL-apoA-I
exchange: rapid detection and association with atherosclerosis. PLoS One. (2013) 8(8):
e71541. doi: 10.1371/journal.pone.0071541

98. Wang S, Gulshan K, Brubaker G, Hazen SL, Smith JD. ABCA1 mediates
unfolding of apolipoprotein AI N terminus on the cell surface before lipidation and
release of nascent high-density lipoprotein. Arterioscler Thromb Vasc Biol. (2013)
33(6):1197–205. doi: 10.1161/ATVBAHA.112.301195

99. Lorkowski SW, Brubaker G, Li L, Li XS, Hazen SL, Smith JD. A novel cell-free
fluorescent assay for HDL function: low apolipoprotein A1 exchange rate associated
with increased incident cardiovascular events. J Appl Lab Med. (2020) 5(3):544–57.
doi: 10.1093/jalm/jfaa002

100. Remaley AT, Stonik JA, Demosky SJ, Neufeld EB, Bocharov AV, Vishnyakova
TG, et al. Apolipoprotein specificity for lipid efflux by the human ABCAI transporter.
Biochem Biophys Res Commun. (2001) 280(3):818–23. doi: 10.1006/bbrc.2000.4219

101. Sato M, Neufeld EB, Playford MP, Lei Y, Sorokin AV, Aponte AM, et al. Cell-
free, high-density lipoprotein-specific phospholipid efflux assay predicts incident
cardiovascular disease. J Clin Invest. (2023) 133(18):e165370. doi: 10.1172/JCI165370

102. Neufeld EB, Sato M, Gordon SM, Durbhakula V, Francone N, Aponte A, et al.
ApoA-I-mediated lipoprotein remodeling monitored with a fluorescent phospholipid.
Biology (Basel. (2019) 8(3):53. doi: 10.3390/biology8030053

103. Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W Jr, et al. A
definition of advanced types of atherosclerotic lesions and a histological classification
of atherosclerosis. A report from the committee on vascular lesions of the council on
arteriosclerosis, American Heart Association. Circulation. (1995) 92(5):1355–74.
doi: 10.1161/01.CIR.92.5.1355

104. Gangwar A, Deodhar SS, Saldanha S, Melander O, Abbasi F, Pearce RW, et al.
Proteomic determinants of variation in cholesterol efflux: observations from the Dallas
heart study. Int J Mol Sci. (2023) 24(21):15526. doi: 10.3390/ijms242115526

105. Du XM, Kim MJ, Hou L, Le Goff W, Chapman MJ, Van Eck M, et al. HDL
particle size is a critical determinant of ABCA1-mediated macrophage cellular
cholesterol export. Circ Res. (2015) 116(7):1133–42. doi: 10.1161/CIRCRESAHA.116.
305485

106. Camont L, Lhomme M, Rached F, Le Goff W, Negre-Salvayre A, Salvayre R,
et al. Small, dense high-density lipoprotein-3 particles are enriched in negatively
charged phospholipids: relevance to cellular cholesterol efflux, antioxidative,
antithrombotic, anti-inflammatory, and antiapoptotic functionalities. Arterioscler
Thromb Vasc Biol. (2013) 33(12):2715–23. doi: 10.1161/ATVBAHA.113.301468

107. Asztalos BF, Horvath KV, Schaefer EJ. High-density lipoprotein particles, cell-
cholesterol efflux, and coronary heart disease risk. Arterioscler Thromb Vasc Biol.
(2018) 38(9):2007–15. doi: 10.1161/ATVBAHA.118.311117

108. Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density
lipoprotein cholesterol is paradoxically associated with high mortality in men and
women: two prospective cohort studies. Eur Heart J. (2017) 38(32):2478–86.
doi: 10.1093/eurheartj/ehx163

109. Xing L, Higuma T, Wang Z, Aguirre AD, Mizuno K, Takano M, et al. Clinical
significance of lipid-rich plaque detected by optical coherence tomography: a 4-year
follow-up study. J Am Coll Cardiol. (2017) 69(20):2502–13. doi: 10.1016/j.jacc.2017.03.556

Playford et al. 10.3389/fcvm.2025.1608384

Frontiers in Cardiovascular Medicine 12 frontiersin.org

https://doi.org/10.1111/cen.13310
https://doi.org/10.3851/IMP3091
https://doi.org/10.3851/IMP3091
https://doi.org/10.1161/ATVBAHA.117.310102
https://doi.org/10.1161/ATVBAHA.117.310102
https://doi.org/10.3389/fmolb.2022.925587
https://doi.org/10.1186/s12944-021-01444-6
https://doi.org/10.1016/j.jacl.2017.06.012
https://doi.org/10.1161/CIRCIMAGING.117.007394
https://doi.org/10.1016/j.jid.2019.07.679
https://doi.org/10.1016/j.jid.2020.01.025
https://doi.org/10.1001/jamadermatol.2022.3862
https://doi.org/10.1002/art.41518
https://doi.org/10.1002/art.41518
https://doi.org/10.1093/rheumatology/keae192
https://doi.org/10.1093/rheumatology/keae192
https://doi.org/10.1136/ard-2022-222658
https://doi.org/10.1093/qjmed/hcad251
https://doi.org/10.1042/BSR20180144
https://doi.org/10.1373/jalm.2016.022913
https://doi.org/10.1161/JAHA.119.011975
https://doi.org/10.1016/j.cca.2020.01.001
https://doi.org/10.1038/s41598-023-28953-x
https://doi.org/10.1038/s41598-023-28953-x
https://doi.org/10.1194/jlr.M059865
https://doi.org/10.1371/journal.pone.0071541
https://doi.org/10.1161/ATVBAHA.112.301195
https://doi.org/10.1093/jalm/jfaa002
https://doi.org/10.1006/bbrc.2000.4219
https://doi.org/10.1172/JCI165370
https://doi.org/10.3390/biology8030053
https://doi.org/10.1161/01.CIR.92.5.1355
https://doi.org/10.3390/ijms242115526
https://doi.org/10.1161/CIRCRESAHA.116.305485
https://doi.org/10.1161/CIRCRESAHA.116.305485
https://doi.org/10.1161/ATVBAHA.113.301468
https://doi.org/10.1161/ATVBAHA.118.311117
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1016/j.jacc.2017.03.556
https://doi.org/10.3389/fcvm.2025.1608384
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Reverse cholesterol transport: current assay methods, alterations with disease and response to therapeutic intervention
	Introduction
	A brief history of RCT measurement in the laboratory
	Human conditions and their effect on RCT
	Chronic systemic inflammation on RCT/CEC
	Atherosclerotic cardiovascular disease (ASCVD)
	Familial hypercholesterolemia
	Diabetes
	Chronic kidney disease and kidney transplant
	RCT/ CEC in cancer and other disorders

	RCT/CEC in response to therapeutic intervention
	Psoriasis (PSO)
	Systemic lupus erthematosus (SLE)

	Cell-free RCT assays
	HDL proteome and subspecies effect on CEC
	Concluding thoughts
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


