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Abstract

Although high density lipoprotein-cholesterol (HDL-C) concentration is a negative risk factor for
atherosclerotic cardiovascular disease (CVD), efforts to reduce CVD risk by raising HDL-C have
not been uniformly successful. Many studies have shown that alcohol consumption, that increases
plasma HDL-C concentration, reduces CVD incidence. However, recent genetic studies in large
populations have not only removed HDL-C from the causal link between plasma HDL-C
concentration and reduced CVD risk, but suggest that the association is weak as well. Herein we
propose that the cardioprotective effects of alcohol are mediated by the interaction of its terminal
metabolite, acetate, with the adipocyte-free fatty acid receptor-2, which elicits a profound
antilipolytic effect that may increase insulin sensitivity without necessarily raising plasma HDL-C
concentration.
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Introduction

The underlying cause for most CVD is atherosclerosis, which begins with the transfer of low
density lipoproteins (LDL) to the subendothelial space of the arterial wall where they
undergo oxidative modification. Blood monocyte-derived macrophages within the
subendothelium take up oxidized LDL and acquire a foamy aspect due to the intracellular
accumulation of LDL-cholesteryl esters. High plasma LDL-cholesterol (LDL-C) levels and
low plasma levels of HDL-C and major CVD lipid risk factors. Statins, which reduce plasma
LDL-C concentrations, reduce CVD events in men and women with a range of plasma LDL-
C concentrations and with other risk factors—diabetes, hypercholesterolemia,
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normocholesterolemia, angina, previous myocardial infarction (Ml), and high-sensitivity C-
reactive protein, an inflammatory marker[1]. There is a consensus that reducing plasma
LDL-C levels is beneficial; the value of raising plasma HDL-C concentrations is under
increasing scrutiny.

Raising Plasma HDL-C Concentrations is Cardioprotective

The French physician-scientist Michel Macheboeuf is the father of plasma lipoproteins. In
his doctoral thesis, “Recherches sur les lipides, les stérols et les protéides du sérum et du
plasma sanguinis,” he described the coprecipitation of lipids and proteins from horse serum
[2]; the precipitate was later revealed as HDL. Nearly thirty years passed until Gofman and
colleagues began the first prospective study to relate HDL subfractions to heart disease risk.
After ten years follow-up they reported that ischemic heart disease was elevated in those
with low plasma HDL concentrations, especially the larger, more cholesteryl ester-rich
fraction, HDL [3]. This observation was confirmed by a 29 year follow-up of the study [4].
Later investigations of HDL shifted away from the tedious method of analytical
ultracentrifugation used by Gofman to measuring plasma HDL-C concentrations. An early
study showed that mean HDL-C levels were inversely associated with coronary heart
disease (CHD), even after adjusting LDL-C and triglyceride (TG) levels [5]. This
association was confirmed by the Framingham Heart Study [6]. Given the compelling cross-
sectional and prospective data, tests were begun with the fibrate gemfibrozil, a peroxisome
proliferator-activated receptor-alpha (PPAR,) agonist that profoundly lowers plasma TG
concentrations, while modestly increasing plasma HDL-C concentrations. Over a period of
five years, gemfibrozil vs. placebo reduced plasma levels of total cholesterol (10%), non-
HDL-C (14%), LDL-C (11%), and TG (35%), and increased mean HDL-C (11%). These
changes were associated with a reduction (34%) in the incidence of coronary heart disease
[7], a finding that was confirmed by the Veterans Affairs HDL Intervention Trial [8], an
important study because it included patients with type 2 diabetes and metabolic syndrome.
However, the cardiovascular benefit was more strongly correlated with insulin resistance
than HDL-C. Moderate exercise and regular, moderate alcohol consumption increase the
plasma HDL-C concentration nearly equally; however, addition of regular alcohol
consumption does not add to the HDL-C-raising effect of moderate exercise.[9] Regular,
moderate alcohol consumption is also associated with reduced CVD incidence and mortality
[10], an effect initially assigned to attendant increased HDL-C [11]. Collectively, these
studies revealed an inverse association between CVD and plasma HDL and HDL-C
concentrations, and provided support for plasma HDL-C reduction as a cardioprotective
measure.

Raising Plasma HDL-C Concentrations is not Cardioprotective

There is now a growing body of evidence that raising plasma HDL-C levels is not uniformly
cardioprotective. Various studies, including genetic studies of several large cohorts, have put
the “higher-HDL-is-better” hypothesis in doubt. For example, some patients with genetically
elevated plasma levels of apolipoprotein Al (apo Al), the major protein component of HDL,
and HDL-C, did not have a reduced risk for ischemic heart disease or MI[12]; an HDL-C-
raising endothelial lipase variant was not associated with reduced MI [13]; controlling for
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HDL-C does not affect the magnitude of the negative relationship between alcohol intake
and death from CVD [14]. According to these data, HDL is not mechanistically linked to the
atheroprotective effects of alcohol ingestion.

Other studies have also failed to support the “higher HDL-C is better” hypothesis. Many
patients with low HDL-C do not develop CVD, and vice versa. For example, the very high
plasma HDL-C concentrations found in patients with cholesteryl ester transfer protein
(CETP) deficiency do not commensurately reduce CVD incidence [15], and to date, tests of
CETP inhibitors, which profoundly increase HDL-C levels [16, 17], have not reduced CVD
events [17-19]. The CETP inhibitor torcetrapib disappointed because of unexpected toxicity
and mortality [16], and dalcetrapib also failed due to a lack of clinically meaningful efficacy
[17], perhaps scuttling the higher-HDL-is-better hypothesis. Mechanisms underlying the
potential benefits of CETP inhibitors are difficult to sort out because of their concurrent
LDL-C lowering effects.

Although niacin (also known as nicotinic acid or vitamin B3), which increases HDL-C
levels, reduces CVD events and all-cause mortality [20], addition of niacin to a statin did not
reduce CVD events [21]. In the AIM-HIGH Trial, niacin increased HDL-C and lowered TGs
and LDL-C concentrations, but after three years the trial was stopped for futility[22]. There
was no difference with respect primary composite end points at the end of three years. Thus,
it appears doubtful that addition of niacin to a statin adds any benefit. Despite these findings,
other niacin analogs and formulations are in various stages of development. Although other
niacin analogs that do not cause flushing are in development, the disappointing results of
niacin trials with statins put their futures in doubt.

HDL Function

Given the failure of some interventions that raise plasma HDL-C concentrations to prevent
atherosclerosis, other mechanistic strategies based on lipoprotein quality and function, have
been tested. Most new strategies were designed to improve reverse cholesterol transport
(RCT), the transfer of cholesterol from the arterial wall to the liver for disposal (Figure 1)
[23]. All nucleated cells synthesize cholesterol, an essential lipid in membrane biogenesis,
but of the major organs only the liver can dispose of it. In the context of atheroprotection,
RCT begins with the transfer of macrophage-cholesterol in the arterial subendothelium to
apo Al and HDL; transfer of cholesterol along with phospholipids to apo Al is mediated by
the macrophage plasma membrane ATP-binding cassette transporter subfamily A, member 1
(ABCAL); direct cholesterol transfer to HDL is mediated by the macrophage plasma
membrane ABCG4 transporter (Figure 1, Step 1). Both steps produce early forms of HDL,
called nascent HDL, that diffuse to the plasma compartment, where in the second step,
cholesterol is esterified by lecithin:cholesterol acyltransferase, producing mature HDL
(Figure 1, Step 2). In the final step, HDL, lipids—cholesteryl ester, TGs, and some
phospholipids, are selectively removed by hepatic scavenger receptor class B, member 1
(SR-BI), while HDL-apolipoproteins are excluded and released into the extracellular space
(Figure 1, Step 3)[24]. New therapies amplifying one or more of the three RCT steps are in
various stages of development.
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Although most RCT models begin with macrophage cholesterol efflux via the interaction of
lipid-free apo Al with ABCAL, the concentration of lipid-free apo Al in plasma is low. This
is not to say lipid-free apo Al does not occur in plasma but rather that its occurrence is
transient. According to several methods, HDL resides in a kinetic trap from which it escapes
via physicochemical perturbations [25]. In the process, HDL releases a large fraction of its
apo Al as a lipid-free species [26, 27]. HDL is similarly disrupted by several plasma
activities—CETP,[28] phospholipid transfer protein,[29] lecithin:cholesterol acyltransferase,
[30] hepatic lipase,[31] and streptococcal serum opacity factor[32]; the free energy of
activation for these processes are nearly the same as that for apo Al exchange between
HDL[33] and some of them release only small amounts of lipid-free apo Al. However,
serum opacity factor mediates release of nearly half of HDL-apo Al in vitro. However, in
vivo little is detected in plasma suggesting that it rapidly reenters the HDL pool or is renally
extracted[34]. Moreover, a small fraction could enter the subendothelial space to initiate
macrophage RCT.

Is Macrophage Cholesterol Efflux (MCE) a Marker of Atheroprotection?

Tangier disease patients present with elevated plasma TGs and the near absence of HDL
[35]. In the context of Tangier disease, which is caused by a mutation in the ABCA1 gene
[36], and the recapitulation of the Tangier disease phenotype in liver-specific ABCAL-null
mice [37], hepatic ABCAL appears to be central to most HDL formation. If plasma HDL-C
levels are a negative CVD risk factor, one would expect high CVD rates in Tangier patients,
something that is not observed[38]. Subsequent studies suggested that ABCAL on
macrophages was more important in atheroprotection. Some early studies of cellular
cholesterol efflux from several non-macrophage cell types to various phospholipid acceptors
showed that the rate-limiting step is desorption from the cell surface into the unstirred water
layer around the cell [39]. Passive desorption from the cell surface was thought to be the
major efflux mechanism for many years. Later, it was reported that incubation of apo Al
with macrophage foam cells leads to cholesterol efflux that formed a nascent HDL particle,
in the extracellular medium[40]. This was an important finding, given the defective
cholesterol efflux from cells derived from patients with Tangier Disease, which, as
mentioned above, is characterized by very low plasma HDL-C[41] and a mutation in the
ABCAL1 gene [36]. Other studies showed that cellular phospholipid (PL) and cholesterol
efflux to human apo Al via ABCAL produces a lipid poor, pre B1-HDL particle, which
mediated efflux as effectively as lipid-free apo Al, ultimately giving rise to discoidal HDL
[42]. Thus, pre B1-HDL is both a product and a ligand for cellular ABCA1-mediated lipid
efflux.

Although ABCAL1 is frequently cited as a cholesterol transporter, this is mechanistically not
likely, because cholesterol diffuses freely across membranes without a need for ATP.
However, the same cannot be said of phospholipid translocation, which is also part of the
lipid efflux process that yields early forms of HDL such as pre p1-HDL; phospholipid
translocation in the absence of energy input is slow [43]. However, phospholipids as the
essential cholesterol-binding component of membranes and lipoproteins, support cholesterol
translocation in an indirect way; ABCAL activity increases the phospholipid content of the
outer leaflet of a membrane bilayer[44], and in so doing, the cholesterol simply follows, and
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both associate with apo Al or nascent HDL and transfer to the extracellular
compartment[40]. Thus, the phospholipid translocase activity of ABCA1 mediates
concurrent phospholipid and cholesterol efflux to lipid-free apo Al and plasma pre-f1-HDL
[45, 46].

The apparent failure of the “higher HDL-C is better” hypothesis provoked hypotheses about
differential HDL functionality, which has been tested. Initially, investigators compared
MCE to apo B-depleted serum from healthy volunteers with minimal carotid artery intima-
media thickness, patients with angiographically confirmed coronary artery disease, and
patients without such angiographically confirmed disease and found the following: Although
HDL-C and apo Al were positive determinants of cholesterol efflux, they accounted for
<40% of the observed variation. Importantly efflux capacity and carotid intima-media
thickness were inversely correlated, even after adjusting for HDL-C levels. Somewhat
paradoxically, efflux was also enhanced in patients with metabolic syndrome and low HDL -
C levels [47]. This study supported the hypothesis that HDL quality may be as important as
its plasma concentration[48], i.e., not all HDL is created functionally equal. Thus, the
magnitude of efflux to serum is a functional metric of HDL that is inversely correlated with
carotid intima-media thickness, independently of the HDL cholesterol level.

Another study (The Dallas Heart Study) investigated the association of cholesterol efflux
capacity with incident atherosclerotic CVD outcomes[49]. This study was important because
it was conducted in a large, multiethnic population cohort. In a fully adjusted model that
included traditional risk factors, HDL-C level, and HDL particle concentration, CVD risk in
the highest quartile of cholesterol efflux capacity was 67% lower than that of the lowest
quartile. Once again, they concluded that plasma cholesterol efflux capacity is a biomarker
that quantifies the initial RCT step that is inversely associated with the incidence of CVD
events. Unexpectedly, a third study[50] found that the magnitude of MCE to apo B-depleted
serum was associated with increased prospective risk for Ml, stroke, and death and that most
macrophages-cholesterol was destined for the lipoprotein deficient fraction.

A small study of MCE to plasma, from obese patients with metabolic syndrome in a weight
loss program, found the following [51]; First, at early time points, ~75% of the MCE
associates with HDL, but transfers to the apo B-containing lipoproteins at later times, where
mostly resides on LDL. Second, MCE in obese patients with metabolic system is greater
than in normal weight healthy controls. However, following weight-loss, the magnitude of
efflux is the same as control [51]. In this context, reducing MCE by weight loss may not
have much atheroprotective value when there is concurrent robust reduction of hypertension,
total cholesterol, LDL-C, non HDL-C, apo B and insulin resistance. The higher CVD risk in
diabetic and metabolic syndrome patients compared to control non-diabetic subjects
suggests that the perhaps negative effects of reduced cholesterol efflux to plasma is not as
important as reducing the traditional CVD risk factors, especially the number of apo B-
containing lipoproteins.

Given that there seems to be some consensus about the value of MCE measurement, as most
find a positive correlation of MCE with various measures of CVD, some conceptual and
technical short-comings also exist. First, as one might suspect, it would be better to conduct
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MCE on fresh, recently collected samples, not stored samples in which the functional
integrity of the lipoproteins can be compromised. Recognizing that studies of large cohorts
cannot be otherwise conducted, it is essential to perform confirmatory follow-up studies in a
well-controlled cohort, in which MCE is measured in freshly collected never-frozen
samples. Second, it is preferable to measure MCE directly using a wet assay for cholesterol
instead of radio- or fluorescent-labeled cholesterol, which only give efflux but not influx
rates; it is important to know the balance of cholesterol between lipoproteins and
macrophages at the end of the assay, since net influx and efflux affect intracellular
metabolism in opposing ways [52]. Any correspondence between the efflux rates for radio-
and fluorescent-labeled cholesterol only testifies to the rates being controlled by the same
thermodynamic forces. Notably, MCE measured with fluorescent-labeled cholesterol is
seven times faster than when measured with radiolabeled cholesterol. Third, patients
carrying the apo Alwijano Variant have low plasma HDL-C concentrations but less CVD.
Despite this, MCE in WT apo Al and the apo Alpilano Variant was not different, nor was
MCE to reassembled HDL (rHDL) comprising WT and apo Alpilano-[53]- Lastly there is a
conceptual issue. The two large studies[47, 54] measured MCE using apo B-depleted
plasma; hypothetically, this would measure MCE mainly to HDL. If removing cholesterol
from macrophages is an atheroprotective measure, why not measure transfer to dilute whole
plasma, given that LDL is a major depot for MCE, even though HDL is the initial acceptor
[51]. Moreover, given its much longer plasma lifetime compared to LDL, why would MCE
to HDL be more atheroprotective that transfer to shorter-lived LDL? As mice in which the
HDL receptor, SR-BI, has been deleted, have high HDL-C but develop atherosclerosis,
improving HDL-C clearance may be more atheroprotective than increased MCE.

Atheroprotective Therapeutic Strategies via Enhanced MCE

As HDL and apo Al are the major MCE acceptors, mimetics of both have been tested as
potential therapeutics. One of the former is rHDL, comprising native human plasma apo Al
and phospholipids. This mimetic can have several advantages, such as Apo Al would not
pose any immunological challenges; rHDL can be formulated to maximize efflux by using
phospholipids with high cholesterophilicity and without any cholesterol, which would
readily transfer back to tissues. Efflux to rHDL is a function of phospholipid composition,
increasing with increased acyl chain length and saturation [55]. Similar trends have been
reported for the binding of cholesterol to phospholipids [56], so that the thermodynamic
determinant of MCE is the cholesterophilicity of the acceptor phospholipids. These
correlations provided the rationale for several potential therapies that use rHDL. Many MCE
tests have been conducted with rHDL, produced by the spontaneous association of apo Al
with some saturated phospholipids [57], or by a detergent removal method [58], and several
rHDL formulations have been tested for their anti atherogenic effects. A single injection of
one of these, CSL-111, a rHDL comprising human apo Al and soybean phosphatidylcholine,
into mice, was followed by a dose- and time-dependent increase of plasma apo Al, pre-p
HDL, total cholesterol, and triglycerides [59]. Tests in humans, which were encouraging but
unimpressive, showed that CSL-111 but not placebo infusion into patients reduced atheroma
volume. A recent formulation, which contains less residual cholate, has a lower potential for
liver toxicity [60].
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Alcohol Consumption and HDL

Daily moderate alcohol consumption is one of the few measures that simultaneously
increase plasma HDL-C concentrations and reduce CVD death; however at high rates of
consumption, other causes of death increase [61]. There are two lines of thought about the
mechanisms that link alcohol consumption to reduced CVD. One widely held view is that
cardioprotection is due to alcohol-induced increases in HDL-C [62, 63], which would
enhance multiple salutary effects of HDL as an anti-oxidant, anti-inflammatory agent, and,
especially as an acceptor of macrophage cholesterol efflux. This hypothesis is supported by
the observation that persons carrying the loss-of-function allele for alcohol dehydrogenase
type 1C (ADH1C) have profoundly elevated plasma HDL-C levels and less CVD [64].
Given that ADH1C catalyzes the conversion of alcohol to acetaldehyde, its inhibition would
maintain body alcohol content for a longer time, during which it elicits a direct HDL-raising
effect by an unknown mechanism. It would also suggest that the effect of alcohol on HDL
metabolism is direct and not mediated by its metabolites, acetaldehyde and acetate.

Given the modest effect of plasma HDL-C levels in the adjusted hazard ratios for CVD
death among alcohol consumers [14], other mechanisms must also be considered. Alcohol or
one of its metabolites could be cardioprotective via an HDL-independent process, i.e., the
mechanisms that raise HDL-C and prevent CVD could be distinct. One mechanism involves
the terminal metabolite of alcohol, acetate. Acetate exerts a transient but profound effect on
mammalian lipid metabolism. Alcohol ingestion profoundly reduces plasma non esterified
fatty acids (NEFA), an effect that is recapitulated by its terminal metabolite, acetate [65];
this effect is likely due to the inhibition of adipose tissue-lipolysis. This conclusion is
consistent with studies showing that acetate but not alcohol or acetaldehyde, inhibits
epinephrine-induced lipolysis in isolated rat adipocytes [66]. While alcohol is usually
thought to increase plasma TGs, particularly among hypertriglyceridemic patients, this
effect is only seen in normolipemic persons in which the alcohol-induced lipemia is mild
[67]. However, when alcohol is consumed with a fat-containing meal, a profound lipemic
response that exceeds the sum of the fat and alcohol consumed separately is observed [68];
this effect has been attributed to lipoprotein lipase (LPL) inhibition [69]. Thus, alcohol
produces the unusual state in which both adipose tissue lipolysis and LPL are inhibited.

Given the cardioprotective effects of alcohol, it is tempting to add alcohol to one’s diet.
However, the potential risks associated with such a recommendation likely outweigh the
benefits in persons with hepatic dysfunction, or a potential for addiction or psychosocial
disorders. Moreover, alcohol consumption increases the incidence of cancers of the upper
gastrointestinal tract [70, 71]. Thus, alternatives that raise plasma HDL-C in a
cardioprotective way are needed. One possible mechanism for inhibition of adipose tissue
lipolysis has emerged from recent studies of colonic fermentation, which produces short
chained fatty acids that are ligands for several free fatty acid receptor-2 (FFAR2, also known
a G-protein coupled receptor 43). FFARZ2, a receptor for acetate, is likely involved in
immune and inflammatory responses because it is highly expressed in immune cells [72,
73]. More relevant to lipid metabolism, FFAR2 is also expressed in mouse adipocytes,
which in response to acetate, inhibits lipolysis, an effect not seen in adipocytes from
FFAR2-null mice [74]. FFAR2-null mice are obese on a normal diet, whereas mice with

Trends Endocrinol Metab. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pownall and Gotto

Page 8

adipose tissue-specific FFAR2 overexpression remain lean even on a high-fat diet [75].
These studies suggested that FFAR2 reduces adipose tissue insulin sensitivity while
increasing insulin sensitivity in liver and skeletal muscle [76].

Acetate as CVD Therapy

Several lines of evidence support a beneficial role of acetate in CVD. After alcohol
ingestion, plasma acetate levels increase up to 20-fold, to near millimolar concentrations
[77, 78]. Dietary acetic acid reduces serum cholesterol and TG in rats fed a cholesterol-rich
diet [79]. Ingestion of acetic acid as vinegar by rats lowers blood pressure, an effect that has
not been tested in humans [80]. Some speculate that the risk of fatal ischemic heart disease
in humans is lowered by the regular consumption of acetate as vinegar and oil salad
dressings [80]. It is interesting to further speculate that perhaps the observed effects of
alcohol on lipids, blood pressure, and CVD, are at least in part mediated through its
conversion to acetate and activation of FFAR2. Before the introduction of modern
hypoglycemic agents, diabetics used vinegar teas to control symptoms [80]. Several trials
have revealed that the addition of small amounts of domestic vinegar (~25g) to food, or
vinegar taken with a meal, reduce the glycemic index of carbohydrate-rich food in people
with and without diabetes [81-83]. This also has been expressed as lower glycemic index
ratings in the region of 30% [84, 85]. Vinegar improves insulin sensitivity in normal and
metabolic syndrome subjects[86], an effect that would be expected to reduce net adipocyte
lipolysis, thereby lowering plasma NEFA and TG levels. Moderate daily alcohol intake is
also associated with lower insulin secretion [87]. Thus, acetate from alcohol, or from dietary
fiber which is converted to acetate by gut microbiota [88], could be salutary and operate
through its effects via adipose tissue-FFAR2. The hypothetical connection of alcohol and
fiber with adipocyte biology is shown in Figure 2. As potential anti metabolic syndrome,
anti diabetic and cardioprotective agents, acetate may offer other advantages over alcohol.
Tests in humans showing that oral acetate raises HDL-C might establish acetate as the HDL-
C-raising effect of alcohol, and suggest that acetate ingestion by humans is cardioprotective.

Concluding remarks and future perspectives

Many open questions about atheroprotection remain (See Outstanding Questions Box). The
higher-HDL-is-better hypothesis is supported by epidemiological evidence linking low
plasma levels of HDL-C to premature CVVD. However, support for the hypothesis is
weakened by genetic studies showing little or no correlation between the distribution of
HDL-C modifying genes and differences in CVD prevalence. Moreover, interventions that
raise plasma HDL-C levels do not appear to prevent CVD and even in some cases where
there is a positive effect on HDL-C, it could be explained by parallel drug-induced changes
in another plasma analyte, usually reduced plasma triglyceride levels. Two challenges
remain: The first is to identify the mechanisms underlying the cardioprotective effects of
some HDL-raising interventions. The second is to use this information to develop new HDL
therapies that cardioprotect irrespective of their effects on plasma HDL-C concentrations.
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Trends

A large body of epidemiological evidence shows that plasma HDL-C concentrations
are negatively correlated with the incidence of atherosclerosis.

CETP inhibitors and HDL genes that increase plasma HDL-C concentrations do not
cardioprotect.

The functional qualities of HDL are more relevant to cardioprotection than plasma
HDL-C concentrations.

Alcohol consumption is associated with reduced cardiovascular disease without a
profound increase in plasma HDL-C concentrations.

Alcohol is converted to acetate, which elicits an antilipolytic effect via a G-protein
coupled receptor (FFAR2).

New interventions that improve HDL functionality without necessarily increasing its
concentration should be identified and validated.
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Figure 1.
Current RCT Model.

Step 1, macrophage lipid efflux; step 2, esterification by lecithin:cholesterol acyl transferase
(LCAT); step 3, selective hepatic uptake of HDL-lipids via SR-BI.
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Hypothetical Model Diet-Induced Inhibition of Lipolysis via Acetate-FFAR2 Signaling.

Acetate, derived from dietary fiber and hepatic oxidation of dietary alcohol, binds to

adipocyte FFAR?2 thereby regulating adipogenesis and lipolysis.
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