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Abstract

Epidemiological studies have revealed that patients with higher levels of high-density lipoprotein cholesterol (HDL-C) were
more resistant to cardiovascular diseases (CVD), and yet targeting HDL for CVD prevention, risk assessment, and phar-
macological management has not proven to be very effective. The mechanistic investigations have demonstrated that HDL
exerts anti-atherogenic functions via mediating reverse cholesterol transport, antioxidant action, anti-inflammatory activity,
and anti-thrombotic activity. Contrary to expectations, however, adverse cardiovascular events were reported in clinical
trials of drugs that raised HDL levels. This has sparked a debate between HDL quantity and quality. Patients with athero-
sclerotic CVD are associated with dysfunctional HDL, and the degree of HDL dysfunction is correlated with the severity
of the disease, independent of HDL-C levels. This growing body of evidence has underscored the need for integrating HDL
functional assays in clinical practice for CVD risk management. Because HDL exerts diverse athero-protective functions,
there is no single method for capturing HDL functionality. This review critically evaluates the various techniques currently
being used for monitoring HDL functionality and discusses key structural changes in HDL indicative of dysfunctional HDL
and the technical challenges that need to be addressed to enable the integration of HDL function-based metrics in clinical
practice for CVD risk estimation and the development of newer therapies targeting HDL function.
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Introduction

Decades of epidemiological research have established that
elevated plasma levels of low-density lipoprotein choles-
terol (LDL-C) (> 100 mg/dl) significantly increase the risk
of atherosclerotic cardiovascular disease (CVD). Mechanis-
tic studies have uncovered the causal role of oxidized LDL
particles in the initiation and progression of atherosclerosis.
Collectively, this evidence has promoted the discovery and
development of lipid-lowering therapies such as statin and
non-statin drugs (for example, PCSK9 inhibitors, ezetimibe)
for clinical management of high-risk patients (e.g., type 2
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diabetes mellitus, metabolic syndrome) for CVD (myo-
cardial infarction, atherosclerotic CVD) development [1].
The success of lipid-lowering drug trials for mitigating
CVD risk was possible largely because of the establish-
ment of LDL-C as a robust predictive biomarker of CVD
risk and a reliable surrogate marker of prognosis for use
in drug intervention trials. In contrast to the LDL-C story,
although several seminal studies, including Framingham’s
heart study, have revealed that individuals with higher lev-
els of plasma high-density lipoprotein cholesterol (HDL-C)
are more protected from CVD [2], to date, there has not
been much success in targeting HDL for the prevention, risk
assessment, and pharmacological management of CVD. A
meta-analysis involving four studies has reported that for
every 1 mg increase in HDL-C levels, there is a 2-3% reduc-
tion in CVD risk [3]. Earlier studies have illustrated that
the cardioprotective effect of HDL is primarily mediated by
HDL-mediated reverse cholesterol transport (RCT), which
refers to the process of acquiring cholesterol by HDL from
extrahepatic tissues and then transporting it to the liver for
further metabolism to bile acids and elimination through
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feces. Besides RCT function, HDL exerts powerful antioxi-
dant, anti-inflammatory, and anti-thrombotic effects, which
collectively contribute to cardio-protective functions.

Despite the well-established association between higher
HDL-C levels and reduced CVD risk, interventions target-
ing HDL-C elevation (e.g., fibrates, niacin, and cholesterol
ester transfer protein (CETP) inhibitors) have not consist-
ently and significantly demonstrated cardiovascular benefits.
Notably, a phase 3 randomized clinical trial ILLUMINATE
[4]) of torcetrapib (a CETP inhibitor) increased HDL-C lev-
els by 70% and decreased LDL-C levels by 25% compared
to placebo; however, patients in the torcetrapib group were
associated with greater death and adverse cardiovascular
events compared to those in the placebo group. Although
the exact mechanisms behind these surprising effects are
yet to be investigated, a recent study suggests that Torce-
trapib may increase the levels of HDL subtype harboring
apolipoprotein C3, which is known to increase the risk of
coronary artery disease [4, 5]. Few studies have reported a
positive relationship between very high HDL-C levels and
CVD mortality [6]. Hence, not all plasma HDL particles are
functionally similar; this argument is supported by many
studies [7]. HDL isolated from patients during the acute
inflammatory phase exhibited pro-inflammatory responses
compared to HDL isolated from healthy controls [8]. HDL
isolated from patients with type 2 diabetes mellitus exhib-
ited poor endothelial vaso-protective function compared to
HDL isolated from control non-diabetic subjects [9, 10].
Furthermore, a growing body of evidence has shown that
HDL functions (e.g., RCT, antioxidant, and anti-inflam-
matory capacity) are better predictors of cardiovascular
outcomes than HDL-C levels [10]. Collectively, evidence
has emphasized the need to assess HDL functionality rather
than HDL-C quantity for CVD risk assessment and patient
selection for HDL-directed therapies [10, 11]. This review
provides critical insights into commonly used methods for
characterizing dysfunctional HDL; discusses structural
alterations linked with dysfunctional HDL, and the technical
challenges associated with specific HDL functional assays,
which have restricted their utility and integration in routine
clinical practice for CVD risk assessment and in the discov-
ery of newer HDL-targeted therapies.

Assessment of HDL-Mediated Reverse
Cholesterol Transport

Reverse Cholesterol Transport Process by HDL
Apolipoprotein A1 (ApoAl) is the predominant apolipo-
protein, constituting almost 70% of protein mass in HDL,

which plays a central role in the RCT process. After syn-
thesis, ApoAl undergoes early lipidation (acquisition of
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phospholipids and cholesterol) predominantly in the liver
and small intestine to form nascent discoidal HDL particles
[12]. After initial lipidation, the bulk of cholesterol content
in HDL particles is acquired from peripheral tissues, such as
skeletal muscles, adipose tissue, and skin, through interac-
tion with the transmembrane lipid transporter, ABCA1[12].
Excess cholesterol accumulation in target peripheral cells
increases the expression of ABCA1[12], which aids the
export of cholesterol and phospholipids to ApoAl. Mature
HDL particles also acquire cholesterol from macrophages
through interactions with another transmembrane lipid trans-
porter, ABCG1 [13]. The acquired free cholesterol is esteri-
fied by HDL-bound lecithin-cholesterol acyl transferase
(LCAT), and the resulting cholesterol ester is propelled
inside the hollow hydrophobic core to form mature HDL
particles (Fig. 1).

In circulation, mature HDL particles constantly exchange
lipid molecules (phospholipids, cholesterol, and/or triglyc-
erides) from apolipoprotein B (apoB)-containing lipopro-
teins (chylomicron, VLDL, and LDL), which are facilitated
by lipid transferring proteins, phospholipid transfer protein
(PLTP), and cholesterol ester transport protein (CETP).
PLTP remodels HDL particles into smaller and larger sizes
by non-specific exchange of lipid molecules [14] with other
lipoproteins, predominantly LDL. Overexpression of PLTP
increased HDL-C levels [15], whereas loss of the PLTP gene
reduced HDL-C levels [16] in mice. CETP facilitates the
transfer of cholesterol esters from HDL to apoB100-con-
taining lipoproteins (VLDL, LDL, and IDL) in the exchange
of triglycerides [17], resulting in cholesterol depletion and
triglyceride enrichment in HDL particles. Mature HDL-C
particles are selectively internalized by hepatocytes via
scavenger receptor class B type 1 (SR-B1) (Fig. 1). In mice,
selective overexpression of SR-B1 in hepatocytes markedly
enhances HDL particle uptake, depletes plasma HDL-C lev-
els, and increases biliary cholesterol [18]. In contrast, SR-
B1-deficient mice showed increased plasma HDL-C levels
without any significant changes in circulatory ApoAl levels
[19].

Association of HDL Cholesterol Efflux Capacity
and CVD risk

The capacity of HDL to efflux cholesterol from target cells,
referred to as the HDL cholesterol efflux capacity (CEC),
is the rate-limiting step that determines the extent of RCT
performed by HDL. Hence, HDL-CEC is an indirect meas-
ure of HDL RCT function. Several studies have reported
poor HDL-CEC in patients with cardiovascular disease,
type 2 diabetes mellitus, metabolic syndrome, and autoim-
mune diseases. Khera et al. [20] reported a strong inverse
relationship between HDL-CEC and the presence of ath-
erosclerotic cardiovascular disease in a population-based
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Fig. 1 Schematics illustrating
HDL metabolism and transport.
Lipid-free ApoA1 undergoes
early lipidation predominantly
in the liver to form nascent
discoidal HDL particles, which
acquire cholesterol from periph-
eral cells and macrophages

via ABCA1 and ABCG1
transporters, respectively, and
form the mature HDL. Circula-
tory mature HDL exchanges
triglycerides for free cholesterol
from apoB 100 lipoprotein,
which is catalyzed by phospho-
lipid transfer protein (PLTP),
and cholesterol ester transport
protein (CETP). Through the
SR-B1 receptor, mature HDL
delivers cholesterol to the liver
cells, where it is utilized to
synthesize bile acids. (FC, free
cholesterol; PL, phospholipid;
CE, cholesterol ester; TG,
triglycerides)

Bile acid

cohort. Rohatgi et al. [21] study, which measured HDL-
CEC at baseline and followed them for an average of 9.4 yr
for cardiac events, found that those with low HDL-CEC
had a greater risk of developing atherosclerotic cardio-
vascular events. In contrast, the HDL cholesterol levels
were less powered to predict cardiovascular events and
showed a weak correlation with HDL-CEC [21]. Another
prospective study (PREVEND, n=8267) found an inverse
association between baseline HDL-CEC and the incidence
of CVD events, regardless of HDL-C or apoA-I levels
[22]. Obesity, hypertension, hsCRP, and triglyceride lev-
els all showed negative effects on HDL-CEC [22]. In a
multiethnic population study, HDL-CEC was found to
be negatively associated with metabolic syndrome [23].
HDL isolated from diabetes patients showed considerably
lower CEC than HDL from non-diabetics [24, 25]. How-
ever, few studies have also found no significant differences
in HDL-CEC between diabetics and non-diabetic subjects
[26, 27]. Emmens et al. [28] evaluated HDL-CEC in heart
failure patients at baseline and 9 months later and found
that HDL-CEC declined significantly over time. The same
study revealed that higher baseline HDL-CEC was related
to a decreased risk of all-cause mortality among patients
with heart failure. In the Young Finns study of healthy
young individuals (24-39 yr old), baseline HDL-CEC was
correlated with traditional CVD risk factors and subclini-
cal atherosclerotic alterations after 6 years of follow-up
[29]. The study reported that HDL-CEC increased with

Nascent HDL ApoB lipoproteins
s‘é:'a"%
ApoA1 o
Lipidation
S

Macrophages

HDL cholesterol increase in the cohort. Individuals in
the top quartile for total cholesterol, HDL cholesterol,
triglycerides, and ApoAl displayed significantly higher
HDL-CEC than those in the lowest quartile. Furthermore,
the study found an inverse association between baseline
HDL-CEC and several subclinical parameters of athero-
sclerosis assessed after 6 years, implying that patients with
high HDL-CEC were better protected from developing
atherosclerosis [29]. A modest but significant increase in
HDL-CEC was observed from baseline following a year
of rosuvastatin treatment in the nested-case control study
of the JUPITER primary prevention trial, which compared
rosuvastatin to placebo. Moreover, in the rosuvastatin arm,
HDL-CEC positively correlated with HDL cholesterol,
HDL particle number, and ApoAl [30]. A 5-year PRED-
IMED trial of high-risk CVD individuals (n =7447) found
that a Mediterranean diet supplemented with extra virgin
olive oil or mixed nuts significantly reduced cardiovas-
cular events compared to a low-fat diet. HDL-CEC was
evaluated at baseline and one year after the intervention in
a randomly selected subset of subjects. In contrast to the
low-fat diet group, participants in the Mediterranean diet
group showed a significant increase in HDL-CEC from
baseline [31]. Collectively, the accumulated evidence sug-
gests that monitoring CEC of HDL is a useful parameter
for stratifying and managing patients at high CVD risk.
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Mechanisms Contributing to Impaired HDL-CEC

Oxidative modification (Fig. 2) of ApoAl is the main under-
lying mechanism contributing to defective HDL-CEC. Mye-
loperoxidase (MPO), secreted by phagocytes, is the major
source of oxidants in the plasma and subendothelial space
that modifies ApoAl through chlorination and nitration of
tyrosine residues and oxidation of amino acid residues such
as methionine, tyrosine, or tryptophan [32, 33]. Oxidative
modification of Tyr-166 and Met-148 amino acid residues in
ApoAl affects the LCAT binding site and results in the loss
of cholesterol acceptor function [34]. Besides MPO, malon-
dialdehyde, a lipid peroxidation product, also oxidatively
modifies ApoAl and impairs ApoAl's ability to stimulate
ABCALI to induce cholesterol efflux from peripheral cells
[35]. ApoAl glycation also impairs CEC function [36]. An
inverse association between the glycation of ApoAl at the
lys133 residue and ABCA1-mediated CEC was observed in
T2DM patients [37].

Methods for Monitoring HDL-CEC

Most studies have used a monocyte (THP-1) or macrophage
cell line (J774.1 or RAW 264.7) to perform CEC assays [38].
Macrophages were cultured in 10% serum-containing media
with radiolabeled cholesterol for 24 h-48 h in the presence
of a cell-permeable cAMP analog, 4-chlorophenylthio-cyclic
adenosine monophosphate. After labeling, the cells were

washed, equilibrated with serum-free media, and subse-
quently incubated with or without cholesterol efflux accep-
tors (ApoAl, purified HDL, and apoB-depleted serum or
plasma) in the presence of an acyl-coenzyme A cholesterol
acyltransferase inhibitor for an additional 2 h-6 h. CEC is
expressed as radioactive cholesterol levels in cell-free media
relative to the total radioactive cholesterol in the cells and
media. Although the radioactive CEC assay is widely used, a
newer fluorescently labeled cholesterol-based CEC assay has
been developed that offers advantages such as better safety
and easy automation for high-throughput testing [38, 39].
Few researchers have developed cell-free assays that pro-
vide indirect measurements of HDL-CEC function. During
the HDL-elicited cholesterol efflux process, reversible spon-
taneous on- and off-movement of lipid-poor ApoAl from
HDL particles occurs, which is a rate-limiting step during
the cholesterol efflux process [40]. Based on this principle,
Borja et al. developed a method to monitor the extent of
exchange of exogenously added, spin-labeled ApoAl with
plasma HDL-associated ApoA1 using electron paramagnetic
resonance spectroscopy as an indirect measure of HDL-CEC
[41]. The researchers reported that HDL-ApoA1l exchange
was markedly impaired in patients with atherosclerotic CVD
compared to that in control subjects [41]. Along with cho-
lesterol, ApoAl also facilitates the efflux of phospholipids
during the HDL-elicited cholesterol efflux process. This is
the principle behind the development of a cell-free HDL-
specific phospholipid efflux assay by Sato et al. [42]. This

Fig.2 Schematics illustrat-

ing dysfunctional HDL with
structural alterations. The
changes in HDL structure and
function induced by chronic
oxidative stress, inflammation,
and hyperglycemia are depicted.
CE, cholesterol ester; TG,
triglyceride; PE, phosphatidyle-
thanolamine; Ox-PE, oxidized
phosphatidylethanolamine; SM,
sphingomyelin; Ox-SM, oxi-
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method monitors the extent of exchange of exogenously
added fluorescently labeled phosphatidylethanolamine with
plasma HDL as a surrogate measure of CEC. The authors
found that HDL phospholipid efflux capacity was signifi-
cantly reduced in patients with CVD compared to control
subjects, and the performance of the assay was comparable
to cell-based traditional HDL-CEC assay.

Challenges and Potential Solutions

There are several limitations to CEC assay, which hamper
its clinical utility in its current form. There is no consensus
on the macrophage cell line, precipitation method for prepa-
ration of HDL-enriched fraction, treatment time with cho-
lesterol efflux acceptor (HDL-enriched fraction), and data
interpretation and representation. Furthermore, the assay is
laborious, time-consuming (takes 48 h to 72 h), involves
multiple steps, and requires a dedicated cell culture facility
and expertise in cell culture. In contrast, the newly devel-
oped cell-free assays are easy to perform and can be easily
automated; however, they need more systematic validation in
clinical settings and a standardized approach for data analy-
sis and interpretation.

Assessment of HDL-mediated Antioxidant
Activity

Antioxidant Functions of HDL

HDL prevents the accumulation of Ox-LDL particles in
plasma and subendothelial spaces by removing the oxi-
dized lipid species on the LDL surface through two main
processes. First, oxidized phospholipids generated in LDL
are transferred to HDL, which may be facilitated by ApoAl,
CETP, and/or PLTP. The oxidized lipid molecules acquired
by HDL particles may then be delivered to hepatocytes via
SR-B1 for degradation. This process represents a safe pas-
sage for the removal of reactive lipid peroxidation byprod-
ucts generated on lipoproteins. Second, the oxidized lipid
molecules acquired by HDL undergo reduction by HDL-
associated antioxidant proteins. Paroxonase 1 (PON1), glu-
tathione-peroxidase, LCAT, and PAF-acetylhydrolase are
the antioxidant enzymes anchored to the HDL surface that
are involved in the degradation of oxidized lipid molecules
acquired by HDL [43]. Although PONT is a minor compo-
nent, accumulated evidence suggests that HDL antioxidant
activity is largely influenced by PON1 activity. PON1 cata-
lyzes the hydrolysis of a wide range of substrates, including
lipid peroxidation byproducts such as 5-hydroxy-eicosa-
tetraenoic acid 1,5-lactone, and 4-hydroxy-docosahexaenoic
acid [44]. In the presence of recombinant PON1, the oxida-
tion of HDL by copper is markedly delayed, and the content

of lipid peroxides on HDL is significantly reduced, which
was reversed in the presence of PON1 chemical inhibitor
[45]. PON1-enriched HDL showed enhanced resistance to
copper-induced oxidation compared to HDL free of PON1
[45]. PONI also shows the ability to directly decompose
hydrogen peroxide, lipid hydroperoxides, and oxidized
phospholipids [45]. HDL particles isolated from PON1-
deficient mice were more prone to oxidation and showed
less capability to protect LDL from oxidation in vitro model
systems [46]. Furthermore, PON-deficient mice were more
susceptible to atherosclerosis compared to wild-type litter-
mates when fed a high-fat and high-cholesterol diet [46].
Conversely, HDL from PONT1 overexpressing mice showed
enhanced resistance to oxidation compared to HDL from
wild-type mice [47]. LCAT functions as chain chain-break-
ing antioxidant by catalyzing the hydrolysis of the oxidized
acyl chain of oxidized phospholipids. Glutathione perox-
idase anchored to HDL helps in the degradation of lipid
hydroperoxides on the surface of HDL and LDL. PAF-AH,
associated with HDL, exerts antioxidant activity by hydro-
lyzing the oxidized fragments of phospholipids present on
the surface of HDL [43]. HDL also protected LDL from
glycation, which was primarily mediated by the inhibi-
tion of LDL oxidation [48]. Besides repressing the oxida-
tion of LDL, HDL3 also improves intracellular antioxidant
defenses. The apoptotic effects of Ox-LDL were reversed
by HDL3 through inhibition of TRAF3IP2 expression in
endothelial cells [49]. Furthermore, HDL and ApoAl were
able to reduce the oxidative stress induced in macrophages
by inhibiting NOX2 protein expression and increasing super-
oxide dismutase (SOD) expression [49].

Association of Impaired HDL Antioxidant Function
and CVD Risk

Dysfunctional HDL particles not only show poor capacity
to inhibit LDL oxidation but also exert pro-inflammatory
effects. Therefore, the assays used to measure HDL antioxi-
dant activity also estimate the ‘HDL inflammatory index’
(HIT). The antioxidative capacity of HDL to inhibit LDL
oxidation was significantly reduced in patients with acute
coronary artery disease as compared to patients with stable
coronary artery disease [50]. In the same study, the HDL
antioxidant capacity positively correlated with HDL-C
levels and negatively correlated with body mass index and
triglycerides. In another study of patients with premature
myocardial infarction (MI) (<40 yr), compared to age- and
gender-match controls, the HDL antioxidant activity dur-
ing the acute phase of MI was significantly lower, which
persisted even after one year during the stable phase [51].
While in the control group, the HDL antioxidant function
positively correlated with all the sizes of HDL particles,
in the patient with acute MI, the HDL antioxidant function
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was associated positively only with small and very small
HDL particles [51]. Furthermore, the association between
HDL antioxidant function and HDL cholesterol was mod-
est in the acute MI patient group but strong in the control
group. In general, the HDL antioxidant function was sig-
nificantly lower in subjects with high BMI, hypertension,
diabetics, and current smokers [51]. In diabetic subjects,
the antioxidant activity of HDL3a and HDL3b was signifi-
cantly compromised as compared to non-diabetic control
subjects and showed a negative correlation with plasma
8-isoprostane levels [52]. Similarly, HDL from human
subjects with metabolic syndrome showed significantly
decreased antioxidative capacity to protect LDL from oxi-
dation compared to control subjects [53]. In a multicenter
case—control study, the HDL antioxidant capacity corre-
lated positively with HDL-C levels and was considerably
lower in patients with acute myocardial infarction than in
controls. In a case—control study, HDL antioxidant activ-
ity was found to be significantly lower in patients with
ischemic cardiomyopathy than in control participants [54].
In the same study, HDL antioxidant function correlated
positively with HDL cholesterol and negatively with BMI
and triglycerides in patients with cardiomyopathy. In a
nested case—control study of the JUPITER trial, rosuvas-
tatin treatment for one year significantly increased the HDL
antioxidant function compared to placebo [50].

Mechanisms Mitigating Antioxidant Capacity of HDL

Oxidation and glycation of ApoAl diminish its antioxi-
dant activity and transform it into a proinflammatory
molecule [32, 55]. PON1 anchored to HDL is also sus-
ceptible to glycation and the glycated PON1 showed
poor ability to reduce lipid hydroperoxides [56]. The
antioxidant activity of HDL is markedly influenced by
its lipidome and proteome. The higher surface rigidity
of HDL negatively impacts its ability to transfer hydrop-
eroxides from LDL to HDL [57]. The surface rigidity is
determined by the sphingomyelin: phosphocholine ratio,
and free cholesterol content. HDL3, which is deficient in
sphingomyelin, shows greater surface phospholipid mon-
olayer fluidity and superior efficiency in mediating the
transfer of hydroperoxides from LDL to HDL3 compared
to HDL2 [58]. An increase in cholesterol and triglyceride
content increases HDL surface rigidity and, concurrently,
reduces its antioxidant properties, whereas an increase in
sphingosine-1-phosphate and phosphatidylserine is found
to increase the capacity of HDL to inhibit LDL oxidation
[43]. Alterations in lipid composition may also result in
ApoAl destabilization and its removal from HDL during
lipolysis. During acute and chronic inflammation, the
plasma levels of acute phase proteins, SAA and CRP,
which preferentially bind to HDL, are markedly elevated.
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These acute phase proteins are found to displace ApoAl
and HDL-associated antioxidant enzymes, PON1 and
PAF-acetylhydrolase from HDL particles [59], a process
that markedly impairs the antioxidant capacity of HDL.

Methods to Assess HDL Antioxidant Activity
Inhibition of Oxidized LDL (Ox-LDL)

Most studies have assessed HDL function by two
approaches: HDL capacity to inhibit LDL oxidation, and
HDL capacity to reduce oxidized lipid content in Ox-LDL.
Although both cell-free and cell-based assays have been
used to monitor HDL antioxidant activity, because of their
ease of performance, cell-free assays are widely used. To
measure the ability of HDL to inhibit LDL oxidation, the
LDL is exposed to a free radical generator (CuSO4 or
AAPH) without or with purified HDL or apoB-depleted
serum in the presence of a redox-sensitive dye, 2',7'-
dichlorodihydrofluorescein diacetate (DCF) that becomes
fluorescent upon oxidation. To assess the HDL capac-
ity to reduce oxidized lipid content in LDL, Ox-LDL is
incubated with or without purified HDL or apoB-depleted
serum for a specific period, and the content of oxidized
lipids is assessed by change in DCF fluorescence at the
end of incubation. The HDL antioxidant activity (also
referred to as the serum HDL oxidative index or HDL
inflammatory index) is calculated by the ratio or subtrac-
tion between the DCF florescence in the presence of HDL
and the DCF florescence without HDL. The ratio < 1 indi-
cates the pro-oxidant activity and the ratio of > 1 indicates
the antioxidant activity of HDL. The DCF assay may also
be employed for evaluating oxidized lipid content in HDL
by incubating the DCF with isolated HDL [60]. Few stud-
ies have assessed the oxidized lipid content in LDL by
measuring conjugated dienes [60, 61].

Challenges and Potential Solutions

Although the DCF assay is easy to perform and cost-effec-
tive in assessing HDL antioxidant activity in clinical sam-
ples, non-specific oxidation of DCF by the free radical gen-
erator itself and other oxidants such as metals (Fe and Cu),
oxidized fatty acids, and ceruloplasmin [62] present in the
apoB-depleted serum or plasma is a major limitation of the
assay. The use of redox-sensitive probes that specifically
react with reactive byproducts of lipid peroxidation and not
with other prooxidants present in the sample could improve
the specificity of the assay. Purified HDL by ultracentrifu-
gation method is the most suitable test sample for assessing
intrinsic HDL antioxidant activity. However, isolation of
HDL by ultracentrifugation in a clinical laboratory is not fea-
sible as it is laborious and lengthy (takes ~48 h). In contrast,
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apoB-depleted serum, which represents the HDL fraction,
is the most suitable clinical sample for analyzing the HDL
antioxidant oxidant capacity in clinical settings. However,
HDL fraction is also composed of other plasma antioxidant
components, including antioxidant enzymes, glutathione,
vitamin E, vitamin C, and albumin, which may yield falsely
positive results. Nevertheless, the apoB-depleted serum pro-
vides a close approximation of the HDL antioxidant activity
of an individual. Because HDL cholesterol does not neces-
sarily correlate with HDL particle numbers, normalizing
antioxidant activity estimates in the cell-free assays with
the number of HDL particles in the sample may provide a
more accurate estimate of the antioxidant capacity of HDL
of an individual.

Assessment of HDL-mediated
Anti-inflammatory Function

Anti-inflammatory Effects of HDL

HDL exerts anti-inflammatory effects by direct and indirect
mechanisms. The indirect mechanism primarily involves
reducing the pro-atherogenic Ox-LDL levels in plasma
and subendothelial space. Accumulation of Ox-LDL in the
subendothelial space activates the endothelium to express
adhesion molecules (e.g., vascular cell adhesion molecule
(VCAM-1), intercellular adhesion molecule-1), cytokines,
and chemokines, which enable the migration of circula-
tory monocytes into the local subendothelial spaces [63].
Subsequently, the accumulated Ox-LDL is phagocytized
by macrophages via the surface receptor CD36 resulting
in the formation of pro-inflammatory and pro-atherogenic
foamy macrophages. Prevention of monocyte influx into
subendothelial space by inhibiting chemokine secretion or
blocking chemokine receptors retards the development of
atherosclerosis in mouse models [64]. The HDL-associated
PONI1 and PAF-AH inhibit the influx of monocytes into
subendothelial spaces by reducing the deposition of Ox-
LDL. In an in vitro system, recombinant PON1 inhibited
monocyte adherence to endothelial cells induced by oxi-
dized phospholipids, largely by degrading the oxidized lipid
moiety [65]. In line with in vitro evidence, PON1-deficient
mice were associated with a two-fold increase in leukocyte
adherence to vascular walls compared to wild-type mice
[66] indicating the crucial role of HDL-associated PON1 in
mitigating vascular inflammation. HDL may directly sup-
press pro-inflammatory responses in the vascular wall by
multiple mechanisms. HDL stimulates nitric oxide (NO)
production in the endothelium by activating endothelial
nitric oxidase synthase (eNOS) through various endothe-
lial cell receptors, SR-BI, ABCA1, and ABCG1 [67]. HDL
also increases eNOS protein abundance in endothelial cells

by increasing its stability [68]. Endothelial NO exerts anti-
inflammatory effects by dampening NF-xB signaling [69].
Furthermore, HDL attenuates monocyte activation by reduc-
ing CD11b expression [70] and inhibits inflammatory M1
macrophage polarization through redistribution of caveolin
acting via ERK1/2 and STATS3 signaling pathways [71].
HDL is also found to repress Toll-like receptor 4-induced
cytokine expression in macrophages through the induction
of the transcriptional repressor ATF3 [72]. HDL sequesters
and neutralizes bacterial lipopolysaccharides in plasma with
the help of anchored lipid-binding proteins. HDL-associ-
ated sphingosine- 1-phosphate promotes the proliferation of
endothelial progenitor cells by activating the STAT3 path-
way [73].

Association of Impaired HDL Anti-inflammatory
Capacity and CVD Risk

Dullaart et al. [74] investigated the anti-inflammatory
capacity of HDL isolated from individuals with acute MI
versus those with non-cardiac chest pain. Patients with
acute MI had significantly lower HDL anti-inflammatory
capacity compared to patients with non-cardiac chest pain.
At baseline, both groups had comparable levels of HDL
cholesterol, ApoAl, total cholesterol, and LDL choles-
terol. After a median follow-up of 1210 days, the risk of
new CVD events was substantially higher in patients with
poor HDL anti-inflammatory capacity than patients with
stronger HDL anti-inflammatory capacity at baseline [74].
In the PREVEND study (Prevention of Renal and Vascular
End Stage Disease), a nested case—control study of patients
revealed that incident CVD mortality had an inverse rela-
tionship with the anti-inflammatory capacity of HDL, and
this relationship remained even after normalizing with HDL
cholesterol [75]. High HDL cholesterol levels, however,
were not associated with reduced CVD deaths. Further-
more, high triglycerides and high BMI had an adverse effect
on HDL's anti-inflammatory capacity. Also, there was no
relationship between anti-inflammatory capacity and CEC
of HDL in the cohort [75]. Ebtehaj et al. [76] investigated
the anti-inflammatory capacity of HDL isolated from dia-
betic and non-diabetic individuals. The researchers found
that diabetics had much lower HDL anti-inflammatory
capacity than non-diabetics, which was linked to hyper-
glycemia, reduced PON1 activity, and low-grade chronic
inflammation [76]. Likewise, Morgantini et al. reported
significantly reduced HDL anti-inflammatory capacity in
diabetics compared to non-diabetic individuals [60]. Hol-
zwirth et al. reported that HDL anti-inflammatory capacity
is significantly impaired in patients with arterial fibrilla-
tion compared to the non-arterial fibrillation cohort [76].
However, the HDL anti-inflammatory capacity improved
in patients at follow-up after catheter ablation [76]. Stroke
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patients with unfavorable outcomes at 3 months were asso-
ciated with poor anti-inflammatory and antioxidant capacity
of HDL compared to patients who showed favorable out-
comes. However, the lipid profile (HDL-cholesterol, total
cholesterol, LDL/VLDL, and triglycerides) was compara-
ble between the patients’ group at 3 months after ischemic
stroke [77]. Patel et al. demonstrated that infusion of recom-
binant HDL (rHDL) in patients with diabetes markedly
raised HDL levels compared to baseline levels [78]. More
importantly, the plasma HDL fraction isolated from diabe-
tes patients after infusion showed a significant enhancement
in anti-inflammatory capacity and CEC function compared
to placebo (pre-infusion) [78].

Methods for Evaluating HDL Anti-inflammatory
Capacity

The anti-inflammatory capacity of HDL in human cohort
studies has been evaluated by three main methods: monocyte
chemotaxis assay, monocyte adhesion assay, and expression
of adhesion molecules in endothelial cells. In the monocyte
chemotaxis assay, the primary aortic endothelial cell cultures
are maintained in lipoprotein-deficient serum media and
then exposed to purified Ox-LDL in the presence or absence
of a test HDL sample for a period of up to 24 h. Subse-
quently, the cell-free culture medium is collected and added
to the lower compartment of the Boyden chamber plate. The
freshly derived human blood monocytes (or monocyte cell
lines (THP-1)) suspended in serum-free media are placed
in the upper compartment of the plates. After incubation,
the chamber is disassembled, and the number of monocytes
migrated to the lower compartment is enumerated micro-
scopically or by measuring cellular content such as ATP
levels. HDL anti-inflammatory activity is calculated as a
ratio of the value obtained in the absence of HDL with the
value obtained in the presence of HDL. A value < 1.0 indi-
cates HDL anti-inflammatory activity; values > 1.0 indicate
the pro-inflammatory function of HDL.

In monocyte adhesion assays, the endothelial cell cul-
tures are incubated with Ox-LDL in the absence or pres-
ence of a test HDL sample. After incubation, the cells are
washed to remove the lipoproteins (LDL and HDL) and then
incubated with fluorescently labeled peripheral monocytes
for 30—60 min. Subsequently, the monocyte suspension is
removed, and the endothelial cells are vigorously washed
to remove non-adherent monocytes. The adherent mono-
cytes are enumerated microscopically. The reduction in the
number of adherent monocytes to endothelial cells indicates
HDL anti-inflammatory activity [79].

The anti-inflammatory capacity of HDL is also meas-
ured by its ability to inhibit the expression of VCAMI in
endothelial cells [75]. The endothelial cell cultures are pre-
incubated in the absence or presence of a test HDL sample
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(purified HDL or apoB-depleted serum) and then stimulated
with TNFa. The mRNA expression of VCAM1 in endothe-
lial cells is measured by Real-time polymerase chain reac-
tion. The reduction in TNFa-induced VCAMI expression
in endothelial cells in the presence of HDL compared to the
absence of HDL indicates the anti-inflammatory activity of
HDL.

Challenges and Potential Solutions

The major challenges in integrating these inflammatory
assays in clinical practice are: a requirement of primary
cultures of aortic endothelial cells, and fresh blood-derived
monocytes; batch-to-batch variations associated with pri-
mary cell cultures; intense labor and high cost of primary
cell cultures maintenance; day-to-day variations in readout
and data normalization. The use of immortalized cells as an
alternative for primary cultures of endothelial cells and/or
monocytes could improve the performance of the assay and
reduce the cost of maintenance as well as day-to-day and
batch-to-batch variations.

Analysis of Structural Components
to Evaluate HDL Functionality

Paraoxonase 1 (PON1) Activity

Because circulatory PON1 is predominantly associated
with HDL particles and contributes significantly to HDL
antioxidant capacity, plasma PON1 activity is considered a
surrogate marker of HDL antioxidant function [45, 80]. The
PON1 enzyme primarily acts as a lactonase and an arylester-
ase, hydrolyzing various substrates, including lipid hydrop-
eroxides [81]. Several case—control studies have found that
circulatory PON1 activity is significantly reduced in patients
with MI, atherosclerotic CVD, diabetes, and dyslipidemia
compared to controls [81]. Furthermore, a few prospective
studies have found that low blood PONT1 activity predicts
the risk of CVD in high-risk populations [82, 83], which
was dependent on HDL cholesterol levels. Genetic polymor-
phism in PON]1 alters its enzymatic activity and is found to
be an independent determinant of CVD risk [84]. The rate of
hydrolysis of paraoxon to p-nitrophenol is monitored to eval-
uate PON lactonase activity [45]. Plasma PON arylesterase
activity is assessed by monitoring the hydrolysis of phenyl
acetate [45]. More recently, a nanoparticle-gated electro-
kinetic membrane sensor platform has been developed for
the quantification of HDL-associated PON1, which does not
require pre-sampling processing and has been demonstrated
to be more sensitive compared to enzymatic activity in dis-
tinguishing healthy subjects from patients with coronary
artery diseases [85].
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Measurement of Native ApoA1, Modified ApoA1
or ApoB/ApoA Levels

Several studies have analyzed plasma levels of native ApoAl
as a measure of HDL levels and found it to be a better marker
in CVD risk stratification than HDL-C levels. The ratio of
ApoB to ApoA1l was more sensitive than ApoAl levels in
CVD risk prediction [86—88]. Since the oxidative modifica-
tion of ApoAl disrupts HDL function and makes it more
immunogenic, some studies have monitored the levels of
modified ApoAl [89, 90] by immunoassay and the circu-
latory antibodies against modified ApoAl as an indicator
of dysfunctional HDL [91]. The plasma levels of native or
modified ApoAl were measured by standard enzyme-linked
immunosorbent assay (ELISA) [86]or turbidometric meth-
ods [91].

Challenges and Potential Solutions

PONI1 activity reflects HDL function, however, there is inad-
equate human data to suggest what levels of PON1 activity
constitute normal HDL function. More prospective longitu-
dinal studies are required to ascertain normal versus abnor-
mal values of PON1 activity and whether the lactonase or
arylesterase activity of HDL is a better predictor of the anti-
atherogenic function of HDL. Furthermore, as the PON1
enzyme anchored to HDL particles is predominantly respon-
sible for HDL antioxidant capacity, combining serum PON1
enzyme activity with HDL antioxidant capacity determined
by cell-free assay may provide a comprehensive estimate of
an individual's HDL antioxidant function.

Although plasma levels of native, modified ApoAl, and
the ApoB/ApoAl1 ratio can be easily measured in clinics by
immunoassay methods, more prospective longitudinal stud-
ies are needed to validate and establish the clinical superi-
ority of these markers over traditional HDL-C and LDL-C
levels in CVD risk assessment before they can be used in
clinical practice.

Analysis of Structural Features to Evaluate
HDL Functionality

NMR-based Lipidomic Analysis of HDL

The lipid content in HDL particles directly impacts their
integrity, stability, and function, and therefore, monitor-
ing the lipid composition of HDL particles reflects HDL
functionality. For example, HDL particles enriched with
saturated fatty acids are pro-inflammatory; while HDL par-
ticles with a greater content of unsaturated fatty acids are
anti-inflammatory [92]. HDL particles with an increase in
triglycerides and a decrease in cholesterol ester content are

pro-inflammatory. A nuclear magnetic resonance (NMR)-
based analytical tool is being employed for analyzing the
lipid composition of HDL particles in clinical samples.
Kostara et al. [93] performed lipidomic analysis of HDL
isolated from human subjects with low, normal, and high
HDL-C by NMR. Total lipids were extracted from HDL
particles present in apoB-depleted serum by the standard
methanol/chloroform extraction method, dried and redis-
solved in the same solvent, and then analyzed by NMR.
The study revealed that the HDL lipidome in individuals
with normal HDL-C levels was significantly different from
individuals with high or low HDL-C. The HDL particles
from individuals with low HDL-C were composed of high
triglycerides and low cholesterol ester content compared to
those with normal HDL-C levels. Conversely, HDL parti-
cles from subjects with high HDL-C were associated with
low triglycerides and a higher percentage of esterified lipids
(cholesterol and phospholipid) with unsaturated fatty acids
than saturated fatty acids. Further, the surface content of
PC, free cholesterol, and sphingomyelin increased with the
increase in HDL-C levels. Accumulated evidence from a
small number of studies suggests that NMR-based lipidomic
analysis of HDL particles is highly promising in character-
izing the quality of HDL and could help in assessing the
impact of nutritional and pharmacological interventions on
HDL quality as well as estimating the extent of dysfunc-
tional HDL particles in plasma.

Analysis of Subpopulation of HDL Particles

Given a growing body of evidence that suggests that not
all HDL particles exert athero-protective functions, there
is a growing interest in characterizing a subpopulation of
HDL particles for CVD risk assessment. HDL particles
vary in density, size, and charge based on ApoAl mol-
ecules and lipid content. Various studies have characterized
the subpopulation of HDL particles by different analyti-
cal techniques such as density gradient ultracentrifuga-
tion, non-denaturing polyacrylamide gel electrophoresis,
2-dimensional (2D) gel electrophoresis, and NMR spec-
troscopy. Native polyacrylamide gel electrophoresis sepa-
rates HDL particles into six different sizes: HDL2a (al),
HDL2b (a2), HDL3a (a3), HDL3b (a4), and HDL3c (a5),
pre-p1 HDL [94]. In a more advanced 2-D gel electro-
phoresis technique, the HDL particles are first separated
in one dimension based on charge (alpha, pre-f, and pre-
alpha) on an agarose gel, followed by separation in the
second dimension (based on mass) on a non-denaturing
gradient polyacrylamide gel. Subsequently, the 2D-gel is
transferred to a nitrocellulose membrane, immunoblotted
using an anti-ApoAl antibody to detect HDL, and lastly,
imaged to quantify various subpopulations of HDL parti-
cles by densitometric analysis. The 2D-gel electrophoresis
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revealed 12 HDL subspecies (pre-fla, pre-f1b, pre-p2a,
pre-p2b, pre-p2c, al, a2, a3, pre-al, pre-a2, pre-a3, and
pre-o4). Asztalos et al. reported that patients with coronary
heart disease were associated with higher a3 and lower
al HDL levels compared to control subjects [95]. Patients
with acute coronary syndrome showed higher levels of pre-
f1 HDL, HDL3b, and HDL3a and lower levels of HDL2a
and HDL2b compared to control subjects [96].

More recently, NMR spectroscopy has emerged as an
effective tool to measure the total HDL particle (HDL-P)
concentration/count, size, and percentage of each subfrac-
tion of HDL-P, HDL-C, and ratio of HDL-C to HDL-P [97].
The size and concentration of HDL-P are calculated from
the amplitudes of NMR signals obtained from the terminal
methyl lipid signals, which are measured spectroscopically.
Based on NMR signals, the HDL subpopulation has been
classified into 5 subclasses: very large, 10.3—13.5 nm; large,
8.6-10.2 nm; medium, 8.3—-8.5 nm; small, 8.0-8.2 nm; and
very small, 7.4-7.9 nm HDL particles. However, the cutoff
values for the classification of HDL-P size have not been
consistent among the studies. The method has been well
validated by various clinical studies, and consistently most
studies have reported an inverse relationship between small
HDL-P and cardiovascular outcomes [97-99]. The major
advantage of NMR analysis is that it is rapid, and the serum
or plasma samples are directly used for the analysis without
the need for HDL isolation.

Challenges and Potential Solutions

The 2D-PAGE analytical tool could be highly useful in mon-
itoring HDL quality; however, performing 2D-PAGE is labo-
rious, time-consuming, and requires specialized expertise.
Furthermore, the quantification by densitometric analysis is
highly subjective, which limits its utility for clinical applica-
tion. The use of an NMR-based approach to quantify HDL
quality could be extremely useful in generating a compre-
hensive estimate of HDL function. The NMR-based method
for HDL-P size measurement is based on the lipid content
only and does not consider the composition of lipid and/or
protein molecules in HDL, which are the determinants of
its function. There is a lack of consistency and defined cri-
teria related to sample processing, instrument settings, and
threshold values for the classification of HDL-P based on
size as large, medium, and small. More NMR-based studies
are required to characterize specific lipid changes, which
distinguish functional versus dysfunctional HDL particles
in fresh clinical samples. Establishing standardized proto-
cols for sample processing, instrument settings, and defin-
ing threshold values for HDL-P size classification, as well
as robust data acquisition and analysis training programs,
could significantly help to reduce day-to-day and interlabo-
ratory variations in HDL quality characterization by NMR
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in hospitals. The requirement for expensive equipment and
the cost per analysis are the other key constraints. A higher
benefit-to-cost ratio will greatly outweigh the cost limits.

Conclusion and Future Research

Abundant evidence undoubtedly supports that HDL dys-
function contributes to the initiation and progression of
atherogenesis, and therefore, HDL function as a biomarker
could be highly valuable in primary prevention, risk assess-
ment and prediction, and secondary prevention of CVD in
clinics [10]. Because HDL exerts diverse atheroprotective
functions, it is challenging to design one single method for
capturing HDL functionality (Fig. 3). There are several
challenges associated with the currently available assays
to assess HDL function, which limits their integration into
clinical practice (Table 1). The first major challenge is the
lack of standardized and uniform methods for assessing
specific HDL function (antioxidant, anti-inflammatory, or
CEC) and this has significantly impacted the repeatability
and reproducibility of the assays. There is no consensus on
which precipitation method for preparation of the HDL frac-
tion (apoB-depleted serum) is best suited for assessing HDL
function. There is no uniformity across the various studies
related to the concentration of HDL to be used for the assays,
the type and concentration of free radical generators (AAPH
or CuS04), and the incubation time of the HDL fraction
with LDL or Ox-LDL. The second major challenge is the use
of primary cultures of vascular endothelial cells and freshly
derived blood monocytes for performing anti-inflammatory
assays. The high cost of procurement and limited availability
of primary cultures, batch-to-batch variation, risk of con-
tamination with microbes and endotoxins, and high recur-
ring cost for maintenance of primary cultures discourage
implementation of these assays in clinical settings. Lastly,
there is a need for large prospective longitudinal clinical
trials evaluating HDL function and HDL structural changes
using fresh plasma or serum samples from healthy control
subjects and disease patients with CVD, T2DM, and other
metabolic diseases to characterize the values of normal and
abnormal HDL function or particles for clinical interpreta-
tion. Future research should focus on the above-mentioned
challenges and develop a cost-effective and easily adaptable
method with improved sensitivity for characterizing HDL
function in clinical practice. In recent times, there has been
a renewed interest in developing therapeutic strategies to
improve the function of HDL rather than HDL-C levels,
such as recombinant ApoAl [100], ApoAl mimetic D-4F
[101] recombinant LCAT [102], and infusions of reconsti-
tuted HDL [103]. Therefore, besides CVD risk assessment,
HDL function-based assay will greatly help in patient selec-
tion for evaluating HDL-targeted therapies in the clinics.
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Fig.3 Various techniques employed for the characterization and quantification of dysfunctional HDL in human serum/plasma
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Because of its higher sensitivity, reproducibility, ease of per-
formance, cost-effectiveness, and automation feasibility, the
HDL antioxidant capacity assay is easily implementable for
patient selection for emerging HDL-targeted interventions,
as well as routine monitoring of high-risk populations for
CVD development.

Author Contributions SNK conceived and designed the idea and was
involved in drafting the manuscript. KS was involved in revising the
manuscript. RK conceived and designed the idea and was involved in
drafting the manuscript and revising it critically for important intel-
lectual content.

Funding S.N.K acknowledges the funds received from the Department
of Biotechnology (DBT-BIOCARE BT/PR18776/BIC/101/245/2016).
Authors acknowledge the infrastructure support grant provided- to 'The
Center for Excellence in Molecular Biology & Regenerative Medicine'
(CR-FST-LS-1/2018/178); to Department of Biochemistry (SR/FST/
LS-1-539/2012) at JSS Medical College by Department of Science &
Technology; to JSS Academy of Higher Education & Research by the
Department of Science & Technology (DST-PURSE) and Department
of Biotechnology (DBT-BUILDER), Government of India.

Declarations

Competing Interest The authors report no conflict of interest.

References

1. Baigent C, Blackwell L, Emberson J, Holland LE, Reith C, Bhala
N, et al. Efficacy and safety of more intensive lowering of LDL
cholesterol: a meta-analysis of data from 170,000 participants in
26 randomised trials. Lancet. 2010;376(9753):1670-81.

2. Mahmood SS, Levy D, Vasan RS, Wang TJ. The Framingham
Heart Study and the epidemiology of cardiovascular disease: a
historical perspective. Lancet. 2014;383(9921):999-1008.

3. Gordon DJ, Probstfield JL, Garrison RJ, Neaton JD, Castelli WP,
Knoke JD, et al. High-density lipoprotein cholesterol and cardio-
vascular disease. Four prospective American studies. Circulation.
1989;79(1):8-15.

4. Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJ,
Komajda M, et al. Effects of torcetrapib in patients at high risk
for coronary events. N Engl J Med. 2007;357(21):2109-22.

5. Furtado JD, Ruotolo G, Nicholls SJ, Dullea R, Carvajal-Gonzalez
S, Sacks FM. Pharmacological Inhibition of CETP (Cholesteryl
Ester Transfer Protein) Increases HDL (High-Density Lipopro-
tein) That Contains ApoC3 and Other HDL Subspecies Associ-
ated With Higher Risk of Coronary Heart Disease. Arterioscler
Thromb Vasc Biol. 2022;42(2):227-37.

6. Hirata A, Sugiyama D, Watanabe M, Tamakoshi A, Iso H, Kotani
K, et al. Association of extremely high levels of high-density
lipoprotein cholesterol with cardiovascular mortality in a pooled
analysis of 9 cohort studies including 43,407 individuals: The
EPOCH-JAPAN study. J Clin Lipidol. 2018;12(3):674-84.e5.

7. Cardner M, Yalcinkaya M, Goetze S, Luca E, Balaz M, Hunjadi
M, et al. Structure-function relationships of HDL in diabetes and
coronary heart disease. JCI Insight. 2020;5(1).

8. Van Lenten BJ, Hama SY, de Beer FC, Stafforini DM, McIn-
tyre TM, Prescott SM, et al. Anti-inflammatory HDL becomes

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

pro-inflammatory during the acute phase response. Loss of pro-
tective effect of HDL against LDL oxidation in aortic wall cell
cocultures. J Clin Invest. 1995;96(6):2758-67.

. Sorrentino SA, Besler C, Rohrer L, Meyer M, Heinrich K,

Bahlmann FH, et al. Endothelial-vasoprotective effects of high-
density lipoprotein are impaired in patients with type 2 diabetes
mellitus but are improved after extended-release niacin therapy.
Circulation. 2010;121(1):110-22.

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.
Bonizzi A, Piuri G, Corsi F, Cazzola R, Mazzucchelli S. HDL
Dysfunctionality: Clinical Relevance of Quality Rather Than
Quantity. Biomedicines. 2021;9(7):729.

Rader DJ. Molecular regulation of HDL metabolism and
function: implications for novel therapies. J Clin Invest.
2006;116(12):3090-100.

Kennedy MA, Barrera GC, Nakamura K, Baldin A, Tarr P,
Fishbein MC, et al. ABCG1 has a critical role in mediating
cholesterol efflux to HDL and preventing cellular lipid accu-
mulation. Cell Metab. 2005;1(2):121-31.

. Jiang XC. Phospholipid transfer protein: its impact on

lipoprotein homeostasis and atherosclerosis. J Lipid Res.
2018;59(5):764-71.

Jiang X, Francone OL, Bruce C, Milne R, Mar J, Walsh A, et al.
Increased prebeta-high density lipoprotein, apolipoprotein Al,
and phospholipid in mice expressing the human phospholipid
transfer protein and human apolipoprotein Al transgenes. J Clin
Invest. 1996;98(10):2373-80.

Jiang XC, Bruce C, Mar J, Lin M, Ji Y, Francone OL, et al. Tar-
geted mutation of plasma phospholipid transfer protein gene
markedly reduces high-density lipoprotein levels. J Clin Invest.
1999;103(6):907-14.

Barter PJ, Brewer HB, Chapman MJ, Hennekens CH, Rader DJ,
Tall AR. Cholesteryl ester transfer protein: a novel target for
raising HDL and inhibiting atherosclerosis. Arterioscler Thromb
Vasc Biol. 2003;23(2):160-7.

Kozarsky KF, Donahee MH, Rigotti A, Igbal SN, Edel-
man ER, Krieger M. Overexpression of the HDL receptor
SR-BI alters plasma HDL and bile cholesterol levels. Nature.
1997;387(6631):414-7.

Rigotti A, Trigatti BL, Penman M, Rayburn H, Herz J, Krieger
M. A targeted mutation in the murine gene encoding the high
density lipoprotein (HDL) receptor scavenger receptor class B
type I reveals its key role in HDL metabolism. Proc Natl Acad
Sci U S A. 1997;94(23):12610-5.

Khera AV, Cuchel M, de la Llera-Moya M, Rodrigues A,
Burke MF, Jafri K, et al. Cholesterol efflux capacity, high-den-
sity lipoprotein function, and atherosclerosis. N Engl J] Med.
2011;364(2):127-35.

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.

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.
Akinmolayemi O, Saldanha S, Joshi PH, Deodhar S, Ayers CR,
Neeland 1J, et al. Cholesterol efflux capacity and its association
with prevalent metabolic syndrome in a multi-ethnic population
(Dallas Heart Study). PLoS ONE. 2021;16(9): e0257574.
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.

@ Springer



Journal of Cardiovascular Translational Research

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

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 Diabe-
tes Mellitus-Brief Report. Arterioscler Thromb Vasc Biol.
2016;36(5):787-91.

Ahmed MO, Byrne RE, Pazderska A, Segurado R, Guo W, Gun-
ness A, et al. HDL particle size is increased and HDL-cholesterol
efflux is enhanced in type 1 diabetes: a cross-sectional study.
Diabetologia. 2021;64(3):656—67.

de Vries R, Kerstens MN, Sluiter WJ, Groen AK, van Tol A,
Dullaart RP. Cellular cholesterol efflux to plasma from moder-
ately hypercholesterolaemic type 1 diabetic patients is enhanced,
and is unaffected by simvastatin treatment. Diabetologia.
2005;48(6):1105-13.

Emmens JE, Jia C, Ng LL, van Veldhuisen DJ, Dickstein K,
Anker SD, et al. Impaired High-Density Lipoprotein Function
in Patients With Heart Failure. J] Am Heart Assoc. 2021;10(9):
e019123.

Hunjadi M, Lamina C, Kahler P, Bernscherer T, Viikari J,
Lehtiméki T, et al. HDL cholesterol efflux capacity is inversely
associated with subclinical cardiovascular risk markers in young
adults: The cardiovascular risk in Young Finns study. Sci Rep.
2020;10(1):19223.

Khera AV, Demler OV, Adelman SJ, Collins HL, Glynn RJ, Rid-
ker PM, et al. Cholesterol Efflux Capacity, High-Density Lipo-
protein Particle Number, and Incident Cardiovascular Events:
An Analysis From the JUPITER Trial (Justification for the Use
of Statins in Prevention: An Intervention Trial Evaluating Rosu-
vastatin). Circulation. 2017;135(25):2494-504.

Stadler JT, Marsche G. Dietary Strategies to Improve Cardio-
vascular Health: Focus on Increasing High-Density Lipoprotein
Functionality. Front Nutr. 2021;8: 761170.

Zheng L, Nukuna B, Brennan ML, Sun M, Goormastic M, Settle
M, et al. Apolipoprotein A-I is a selective target for myeloperox-
idase-catalyzed oxidation and functional impairment in subjects
with cardiovascular disease. J Clin Invest. 2004;114(4):529-41.
Huang Y, Wu Z, Riwanto M, Gao S, Levison BS, Gu X, et al.
Myeloperoxidase, paraoxonase-1, and HDL form a functional
ternary complex. J Clin Invest. 2013;123(9):3815-28.

Bergt C, Pennathur S, Fu X, Byun J, O’Brien K, McDonald
TO, et al. The myeloperoxidase product hypochlorous acid
oxidizes HDL in the human artery wall and impairs ABCA1-
dependent cholesterol transport. Proc Natl Acad Sci U S A.
2004;101(35):13032-7.

Shao B, Pennathur S, Pagani I, Oda MN, Witztum JL, Oram JF,
et al. Modifying apolipoprotein A-I by malondialdehyde, but not
by an array of other reactive carbonyls, blocks cholesterol efflux
by the ABCA1 pathway. J Biol Chem. 2010;285(24):18473-84.
Godfrey L, Yamada-Fowler N, Smith J, Thornalley PJ, Rabbani
N. Arginine-directed glycation and decreased HDL plasma con-
centration and functionality. Nutr Diabetes. 2014;4(9): e134.
Kashyap SR, Osme A, Ilchenko S, Golizeh M, Lee K, Wang S,
et al. Glycation Reduces the Stability of ApoAl and Increases
HDL Dysfunction in Diet-Controlled Type 2 Diabetes. J Clin
Endocrinol Metab. 2018;103(2):388-96.

Low H, Hoang A, Sviridov D. Cholesterol efflux assay. J Vis Exp.
2012;61: e3810.

Sapa HR. Cholesterol efflux capacity assay using immobilized
liposomes and apolipoprotein B-depleted serum. Biosci Rep.
2019;39(6):BSR20190619.

Cavigiolio G, Geier EG, Shao B, Heinecke JW, Oda MN.
Exchange of apolipoprotein A-I between lipid-associated
and lipid-free states: a potential target for oxidative genera-
tion of dysfunctional high density lipoproteins. J Biol Chem.
2010;285(24):18847-57.

@ Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

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.

Sato M, Neufeld EB, Playford MP, Lei Y, Sorokin AV, Aponte
AM, et al. Cell-free, high-density lipoprotein-specific phospho-
lipid efflux assay predicts incident cardiovascular disease. J Clin
Invest. 2023;133(18).

Brites F, Martin M, Guillas I, Kontush A. Antioxidative activ-
ity of high-density lipoprotein (HDL): Mechanistic insights into
potential clinical benefit. BBA Clin. 2017;8:66-77.

Draganov DI, Teiber JF, Speelman A, Osawa Y, Sunahara R, La
Du BN. Human paraoxonases (PON1, PON2, and PON3) are
lactonases with overlapping and distinct substrate specificities.
J Lipid Res. 2005;46(6):1239-47.

Aviram M, Rosenblat M, Bisgaier CL, Newton RS, Primo-
Parmo SL, La Du BN. Paraoxonase inhibits high-density
lipoprotein oxidation and preserves its functions. A pos-
sible peroxidative role for paraoxonase. J Clin Invest.
1998;101(8):1581-90.

Shih DM, Gu L, Xia YR, Navab M, Li WF, Hama S, et al. Mice
lacking serum paraoxonase are susceptible to organophosphate
toxicity and atherosclerosis. Nature. 1998;394(6690):284-7.
Oda MN, Bielicki JK, Ho TT, Berger T, Rubin EM, Forte
TM. Paraoxonase 1 overexpression in mice and its effect on
high-density lipoproteins. Biochem Biophys Res Commun.
2002;290(3):921-7.

Younis NN, Soran H, Charlton-Menys V, Sharma R, Hama S,
Pemberton P, et al. High-density lipoprotein impedes glycation of
low-density lipoprotein. Diab Vasc Dis Res. 2013;10(2):152-60.
Valente AJ, Irimpen AM, Siebenlist U, Chandrasekar B. OxXLDL
induces endothelial dysfunction and death via TRAF3IP2: inhi-
bition by HDL3 and AMPK activators. Free Radic Biol Med.
2014;70:117-28.

Patel PJ, Khera AV, Jafri K, Wilensky RL, Rader DJ. The anti-
oxidative capacity of high-density lipoprotein is reduced in acute
coronary syndrome but not in stable coronary artery disease. J
Am Coll Cardiol. 2011;58(20):2068-75.

Distelmaier K, Wiesbauer F, Blessberger H, Oravec S, Schrutka
L, Binder C, et al. Impaired antioxidant HDL function is associ-
ated with premature myocardial infarction. Eur J Clin Invest.
2015;45(7):731-8.

Nobécourt E, Jacqueminet S, Hansel B, Chantepie S, Gri-
maldi A, Chapman MJ, et al. Defective antioxidative activity
of small dense HDL3 particles in type 2 diabetes: relationship
to elevated oxidative stress and hyperglycaemia. Diabetologia.
2005;48(3):529-38.

Hansel B, Giral P, Nobecourt E, Chantepie S, Bruckert E, Chap-
man MJ, et al. Metabolic syndrome is associated with elevated
oxidative stress and dysfunctional dense high-density lipoprotein
particles displaying impaired antioxidative activity. J Clin Endo-
crinol Metab. 2004;89(10):4963-71.

Patel PJ, Khera AV, Wilensky RL, Rader DJ. Anti-oxidative
and cholesterol efflux capacities of high-density lipoprotein
are reduced in ischaemic cardiomyopathy. Eur J Heart Fail.
2013;15(11):1215-9.

Shao B, Tang C, Heinecke JW, Oram JF. Oxidation of apolipo-
protein A-I by myeloperoxidase impairs the initial interactions
with ABCAI required for signaling and cholesterol export. J
Lipid Res. 2010;51(7):1849-58.

Mastorikou M, Mackness B, Liu Y, Mackness M. Glycation of
paraoxonase-1 inhibits its activity and impairs the ability of high-
density lipoprotein to metabolize membrane lipid hydroperox-
ides. Diabet Med. 2008;25(9):1049-55.

Zerrad-Saadi A, Therond P, Chantepie S, Couturier M, Rye KA,
Chapman M]J, et al. HDL3-mediated inactivation of LDL-asso-
ciated phospholipid hydroperoxides is determined by the redox



Journal of Cardiovascular Translational Research

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

status of apolipoprotein A-I and HDL particle surface lipid rigid-
ity: relevance to inflammation and atherogenesis. Arterioscler
Thromb Vasc Biol. 2009;29(12):2169-75.

Camont L, Lhomme M, Rached F, Le Goft W, Negre-Salvayre A,
Salvayre R, et al. Small, dense high-density lipoprotein-3 parti-
cles 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.

Schoch L, Badimon L, Vilahur G. Unraveling the Complexity of
HDL Remodeling: On the Hunt to Restore HDL Quality. Bio-
medicines. 2021;9(7):805.

Morgantini C, Natali A, Boldrini B, Imaizumi S, Navab M,
Fogelman AM, et al. Anti-inflammatory and antioxidant
properties of HDLs are impaired in type 2 diabetes. Diabetes.
2011;60(10):2617-23.

Esterbauer H, Striegl G, Puhl H, Rotheneder M. Continuous
monitoring of in vitro oxidation of human low density lipopro-
tein. Free Radic Res Commun. 1989;6(1):67-75.

Ehrenwald E, Chisolm GM, Fox PL. Intact human ceruloplas-
min oxidatively modifies low density lipoprotein. J Clin Invest.
1994;93(4):1493-501.

Fuhrman B, Partoush A, Volkova N, Aviram M. Ox-LDL induces
monocyte-to-macrophage differentiation in vivo: Possible role
for the macrophage colony stimulating factor receptor (M-CSF-
R). Atherosclerosis. 2008;196(2):598-607.

Mestas J, Ley K. Monocyte-endothelial cell interactions in
the development of atherosclerosis. Trends Cardiovasc Med.
2008;18(6):228-32.

Watson AD, Berliner JA, Hama SY, La Du BN, Faull KF, Fogel-
man AM, et al. Protective effect of high density lipoprotein
associated paraoxonase. Inhibition of the biological activity
of minimally oxidized low density lipoprotein. J Clin Invest.
1995;96(6):2882-91.

Ng DS, Chu T, Esposito B, Hui P, Connelly PW, Gross PL. Par-
aoxonase-1 deficiency in mice predisposes to vascular inflam-
mation, oxidative stress, and thrombogenicity in the absence of
hyperlipidemia. Cardiovasc Pathol. 2008;17(4):226-32.
Tran-Dinh A, Diallo D, Delbosc S, Varela-Perez LM, Dang QB,
Lapergue B, et al. HDL and endothelial protection. Br J Pharma-
col. 2013;169(3):493-511.

Riamet ME, Ramet M, Lu Q, Nickerson M, Savolainen MJ, Mal-
zone A, et al. High-density lipoprotein increases the abundance
of eNOS protein in human vascular endothelial cells by increas-
ing its half-life. ] Am Coll Cardiol. 2003;41(12):2288-97.
Katsuyama K, Shichiri M, Marumo F, Hirata Y. NO inhibits
cytokine-induced iNOS expression and NF-kappaB activation
by interfering with phosphorylation and degradation of TkappaB-
alpha. Arterioscler Thromb Vasc Biol. 1998;18(11):1796-802.
Murphy AJ, Woollard KJ, Hoang A, Mukhamedova N, Stirzaker
RA, McCormick SP, et al. High-density lipoprotein reduces the
human monocyte inflammatory response. Arterioscler Thromb
Vasc Biol. 2008;28(11):2071-7.

Lee MK, Moore XL, Fu Y, Al-Sharea A, Dragoljevic D, Fernan-
dez-Rojo MA, et al. High-density lipoprotein inhibits human M1
macrophage polarization through redistribution of caveolin-1. Br
J Pharmacol. 2016;173(4):741-51.

De Nardo D, Labzin LI, Kono H, Seki R, Schmidt SV, Beyer
M, et al. High-density lipoprotein mediates anti-inflammatory
reprogramming of macrophages via the transcriptional regulator
ATF3. Nat Immunol. 2014;15(2):152-60.

Jozefczuk E, Guzik TJ, Siedlinski M. Significance of sphingo-
sine-1-phosphate in cardiovascular physiology and pathology.
Pharmacol Res. 2020;156: 104793.

Dullaart RP, Annema W, Tio RA, Tietge UJ. The HDL anti-
inflammatory function is impaired in myocardial infarction and

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

may predict new cardiac events independent of HDL cholesterol.
Clin Chim Acta. 2014;433:34-8.

Jia C, Anderson JLC, Gruppen EG, Lei Y, Bakker SJL, Dul-
laart RPF, et al. High-Density Lipoprotein Anti-Inflammatory
Capacity and Incident Cardiovascular Events. Circulation.
2021;143(20):1935-45.

Ebtehaj S, Gruppen EG, Parvizi M, Tietge UJF, Dullaart RPF.
The anti-inflammatory function of HDL is impaired in type 2
diabetes: role of hyperglycemia, paraoxonase-1 and low grade
inflammation. Cardiovasc Diabetol. 2017;16(1):132.

Varela LM, Meseguer E, Lapergue B, Couret D, Amarenco
P, Meilhac O. Changes in High-Density Lipoproteins Related
to Outcomes in Patients with Acute Stroke. J Clin Med.
2020;9(7):2269.

Patel S, Drew BG, Nakhla S, Duffy SJ, Murphy AlJ, Barter PJ,
et al. Reconstituted high-density lipoprotein increases plasma
high-density lipoprotein anti-inflammatory properties and cho-
lesterol efflux capacity in patients with type 2 diabetes. ] Am Coll
Cardiol. 2009;53(11):962-71.

Ahmed Z, Babaei S, Maguire GF, Draganov D, Kuksis A, La Du
BN, et al. Paraoxonase-1 reduces monocyte chemotaxis and adhe-
sion to endothelial cells due to oxidation of palmitoyl, linoleoyl
glycerophosphorylcholine. Cardiovasc Res. 2003;57(1):225-31.
Shokri Y, Variji A, Nosrati M, Khonakdar-Tarsi A, Kianmehr
A, Kashi Z, et al. Importance of paraoxonase 1 (PON1) as an
antioxidant and antiatherogenic enzyme in the cardiovascular
complications of type 2 diabetes: Genotypic and phenotypic
evaluation. Diabetes Res Clin Pract. 2020;161: 108067.
Durrington PN, Bashir B, Soran H. Paraoxonase 1 and athero-
sclerosis. Front Cardiovasc Med. 2023;10:1065967.

Mackness B, Durrington P, McElduft P, Yarnell J, Azam N, Watt
M, et al. Low paraoxonase activity predicts coronary events in the
Caerphilly Prospective Study. Circulation. 2003;107(22):2775-9.
Kunutsor SK, Bakker SJ, James RW, Dullaart RP. Serum par-
aoxonase-1 activity and risk of incident cardiovascular disease:
The PREVEND study and meta-analysis of prospective popula-
tion studies. Atherosclerosis. 2016;245:143-54.

Vavlukis M, Vavlukis A, Krsteva K, Topuzovska S. Paraoxonase
1 gene polymorphisms in lipid oxidation and atherosclerosis
development. Front Genet. 2022;13: 9664 13.

Kumar S, Maniya N, Wang C, Senapati S, Chang HC. Quan-
tifying PON1 on HDL with nanoparticle-gated electrokinetic
membrane sensor for accurate cardiovascular risk assessment.
Nat Commun. 2023;14(1):557.

Pushkarev VV, Sokolova LK, Chervyakova SA, Belchina YB,
Kovzun OI, Pushkarev VM, et al. Plasma Apolipoproteins A1/B
and OxLDL Levels in Patients with Covid-19 As Possible Mark-
ers of the Disease. Cytol Genet. 2021;55(6):519-23.

LuM, Lu Q, Zhang Y, Tian G. ApoB/apoAl is an effective pre-
dictor of coronary heart disease risk in overweight and obesity.
J Biomed Res. 2011;25(4):266-73.

Florvall G, Basu S, Larsson A. Apolipoprotein Al is a stronger
prognostic marker than are HDL and LDL cholesterol for car-
diovascular disease and mortality in elderly men. J Gerontol A
Biol Sci Med Sci. 2006;61(12):1262-6.

Martinez-Lépez D, Camafeita E, Ced6 L, Roldan-Montero R,
Jorge I, Garcia-Marqués F, et al. APOA1 oxidation is associated
to dysfunctional high-density lipoproteins in human abdominal
aortic aneurysm. EBioMedicine. 2019;43:43-53.

Huang Y, DiDonato JA, Levison BS, Schmitt D, Li L, Wu Y,
et al. An abundant dysfunctional apolipoprotein Al in human
atheroma. Nat Med. 2014;20(2):193-203.

Chistiakov DA, Orekhov AN, Bobryshev YV. ApoAl and
ApoAl-specific self-antibodies in cardiovascular disease. Lab
Invest. 2016;96(7):708-18.

@ Springer



Journal of Cardiovascular Translational Research

92.

93.

94.

95.

96.

97.

98.

Nicholls SJ, Lundman P, Harmer JA, Cutri B, Griffiths KA, Rye
KA, et al. Consumption of saturated fat impairs the anti-inflam-
matory properties of high-density lipoproteins and endothelial
function. J Am Coll Cardiol. 2006;48(4):715-20.

Kostara CE, Tsimihodimos V, Elisaf MS, Bairaktari ET. NMR-
Based Lipid Profiling of High Density Lipoprotein Particles in
Healthy Subjects with Low, Normal, and Elevated HDL-Choles-
terol. J Proteome Res. 2017;16(4):1605-16.

Hafiane A, Genest J. High density lipoproteins: Measurement
techniques and potential biomarkers of cardiovascular risk. BBA
Clin. 2015;3:175-88.

Asztalos BF, Cupples LA, Demissie S, Horvath KV, Cox CE,
Batista MC, et al. High-density lipoprotein subpopulation profile
and coronary heart disease prevalence in male participants of the
Framingham Offspring Study. Arterioscler Thromb Vasc Biol.
2004;24(11):2181-7.

Tian L, Li C, Liu Y, Chen Y, Fu M. The value and distribution of
high-density lipoprotein subclass in patients with acute coronary
syndrome. PLoS ONE. 2014;9(1): e85114.

Matyus SP, Braun PJ, Wolak-Dinsmore J, Saenger AK, Jeyara-
jah EJ, Shalaurova I, et al. HDL particle number measured on
the Vantera®, the first clinical NMR analyzer. Clin Biochem.
2015;48(3):148-55.

Mackey RH, Greenland P, Goff DC, Lloyd-Jones D, Sibley
CT, Mora S. High-density lipoprotein cholesterol and particle
concentrations, carotid atherosclerosis, and coronary events:
MESA (multi-ethnic study of atherosclerosis). ] Am Coll Car-
diol. 2012;60(6):508-16.

@ Springer

99.

100.

101.

102.

103.

Mora S, Glynn RJ, Ridker PM. High-density lipoprotein choles-
terol, size, particle number, and residual vascular risk after potent
statin therapy. Circulation. 2013;128(11):1189-97.

Keyserling CH, Barbaras R, Benghozi R, Dasseux JL. Develop-
ment of CER-001: Preclinical Dose Selection Through to Phase
I Clinical Findings. Clin Drug Investig. 2017;37(5):483-91.
Chyu KY, Shah PK. HDL/ApoA-1 infusion and ApoA-1 gene
therapy in atherosclerosis. Front Pharmacol. 2015;6:187.
George RT, Abuhatzira L, Stoughton SM, Karathanasis SK, She
D, Jin C, et al. MEDI6012: Recombinant Human Lecithin Cho-
lesterol Acyltransferase, High-Density Lipoprotein, and Low-
Density Lipoprotein Receptor-Mediated Reverse Cholesterol
Transport. J Am Heart Assoc. 2021;10(13): e014572.

Tardif JC, Grégoire J, L’Allier PL, Ibrahim R, Lespérance J,
Heinonen TM, et al. Effects of reconstituted high-density lipo-
protein infusions on coronary atherosclerosis: a randomized con-
trolled trial. JAMA. 2007;297(15):1675-82.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Dysfunctional HDL Diagnostic Metrics for Cardiovascular Disease Risk Stratification: Are we Ready to Implement in Clinics?
	Abstract
	Introduction
	Assessment of HDL-Mediated Reverse Cholesterol Transport
	Reverse Cholesterol Transport Process by HDL
	Association of HDL Cholesterol Efflux Capacity and CVD risk
	Mechanisms Contributing to Impaired HDL-CEC
	Methods for Monitoring HDL-CEC
	Challenges and Potential Solutions

	Assessment of HDL-mediated Antioxidant Activity
	Antioxidant Functions of HDL
	Association of Impaired HDL Antioxidant Function and CVD Risk
	Mechanisms Mitigating Antioxidant Capacity of HDL
	Methods to Assess HDL Antioxidant Activity
	Inhibition of Oxidized LDL (Ox-LDL)

	Challenges and Potential Solutions

	Assessment of HDL-mediated Anti-inflammatory Function
	Anti-inflammatory Effects of HDL
	Association of Impaired HDL Anti-inflammatory Capacity and CVD Risk
	Methods for Evaluating HDL Anti-inflammatory Capacity
	Challenges and Potential Solutions

	Analysis of Structural Components to Evaluate HDL Functionality
	Paraoxonase 1 (PON1) Activity
	Measurement of Native ApoA1, Modified ApoA1 or ApoBApoA Levels
	Challenges and Potential Solutions

	Analysis of Structural Features to Evaluate HDL Functionality
	NMR-based Lipidomic Analysis of HDL
	Analysis of Subpopulation of HDL Particles
	Challenges and Potential Solutions

	Conclusion and Future Research
	References


