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Abstract Alcohol consumption is associated with increased
HDL cholesterol levels, which may indicate stimulated re-
verse cholesterol transport. The mechanism is, however,
not known. The aim of this study was to evaluate the effects
of alcohol consumption on the first two steps of the reverse
cholesterol pathway: cellular cholesterol efflux and plasma
cholesterol esterification. Eleven healthy middle-aged men
consumed four glasses (40 g of alcohol) of red wine, beer,
spirits (Dutch gin), or carbonated mineral water (control)
daily with evening dinner, for 3 weeks, according to a 4 X 4
Latin square design. After 3 weeks of alcohol consumption
the plasma ex vivo cholesterol efflux capacity, measured
with Fu5AH cells, was raised by 6.2% (P < 0.0001) and did
not differ between the alcoholic beverages. Plasma choles-
terol esterification was increased by 10.8% after alcohol (P =
0.008). Changes were statistically significant after beer and
spirits, but not after red wine consumption (P = 0.16). HDL
lipids changed after alcohol consumption; HDL total cho-
lesterol, HDL cholesteryl ester, HDL free cholesterol, HDL
phospholipids and plasma apolipoprotein A-I all increased
(P < 0.01).88 In conclusion, alcohol consumption stimulates
cellular cholesterol efflux and its esterification in plasma.
These effects were mostly independent of the kind of alco-
holic beverage.—van der Gaag, M. S., A. van Tol, S. H. F. Ver-
munt, L. M. Scheek, G. Schaafsma, and H. F. J. Hendriks.
Alcohol consumption stimulates early steps in reverse cho-
lesterol transport. J. Lipid Res. 2001. 42: 2077-2083.
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Alcohol consumption is associated with a reduced risk for
coronary heart disease (1-3). Epidemiological and physio-
logical data indicate a causal relationship (4). Various mech-
anisms of action have been proposed for the protective ac-
tdon of alcohol consumption and more than 50% of the
protective action of alcohol is associated with an increase in
HDL cholesterol (5, 6). In addition, effects on hemostatic
and vascular wall functioning may be involved (7, 8).

Previously we have shown that alcohol intake results in
an increase in HDL cholesterol levels (9—-11). The func-

tional consequences of this HDL increase are not fully
understood at present. One of the protective actions may
involve an increased serum paraoxonase activity (11).
Paraoxonase is an HDL-associated enzyme that may pro-
tect LDL against oxidation (12, 13).

HDL are important in reverse cholesterol transport
(RCT) (14, 15). During the first step of RCT, free choles-
terol is removed from peripheral cells (cholesterol efflux)
by interaction between serum lipoproteins and cells. Free
cholesterol released from the cell is esterified by lecithin:
cholesterol acyltransferase and incorporated into the HDL
particle (16). HDL cholesteryl esters can be transferred to
apolipoprotein B (apoB)-containing lipoproteins in ex-
change for triacylglycerols by cholesteryl ester transfer pro-
tein (17). Finally, cholesteryl esters from lipoproteins are re-
moved from plasma by the liver for catabolism via several
pathways. Cholesteryl esters from LDL and VLDL (18) and
from apoE-rich HDL (19) may be removed via the LDL re-
ceptor, whereas HDL cholesteryl esters may be removed by a
nonendocytotic mechanism called selective uptake (20).

Literature on effects of alcohol consumption on the dif-
ferent steps of RCT is limited. We have therefore studied
the effects of alcohol consumption on the first two steps of
RCT: cellular cholesterol efflux and plasma cholesterol
esterification (EST) in middle-aged men. Furthermore,
changes in HDL lipids and apoA-I were examined.

MATERIALS AND METHODS

Subjects

Twelve middle-aged (45—-60 years), nonsmoking men were re-
cruited from a pool of volunteers at TNO Nutrition and Food
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Research (Zeist, The Netherlands) and through advertisement
in a local newspaper. The protocol was carefully explained to the
volunteers and their written informed consent was obtained.
Subjects who fulfilled the following selection criteria were en-
rolled: used to consuming 7-28 glasses of alcohol-containing
beverages per week, having a body mass index between 20 and 28
kg/ m2, having no family history of alcoholism, being healthy as in-
dicated by a general medical questionnaire and a physical exami-
nation, and not taking medication on a regular basis. One subject
withdrew because of treatment-related adverse effects. This Indo-
nesian man, who usually consumed one to two glasses of alcohol
per day dropped out because he suffered from flushing and pal-
pitations (tachycardia) after consuming four glasses of spirits.
Similar effects occur in aldehyde dehydrogenase-deficient
people and therefore these adverse effects were classified as pos-
sibly treatment related. The remaining subjects, who finished
the experiment successfully, were aged between 44 and 59 years
(mean, 51.7 = 5.4 years), had body mass indexes between 22.0
and 27.7 kg/m? (mean, 25.0 * 1.8 kg/m?), and their fasting
total cholesterol concentrations were 4.0-7.6 mM (mean, 5.7 *
1.2 mM). More baseline characteristics have been published pre-
viously (21).

Study protocol

The study was a 12-week, randomized, cross-over trial, accord-
ing to a 4 X 4 Latin square design. Daily, all subjects consumed
four glasses (40 g of alcohol) of red wine, beer, spirits (Dutch
gin), or carbonated mineral water (control) with evening din-
ner, at the institute. Each beverage was consumed for 3 weeks.
To avoid dietary confounding, total diet was controlled, and sup-
plied by the institute. Subjects consumed all foods at home, ex-
cept for evening dinner, which was served at 18:00 h at the insti-
tute, together with the four glasses of beverage. Subjects were
not allowed to eat or drink anything but the foods supplied by
the institute, except for tap water and coffee. Any food that had
not been consumed was returned.

Daily energy requirement was estimated for each subject ac-
cording to Schofield (22). Mean energy intake was 11.4 MJ
(range, 10.5-12.2 MJ), and did not differ between the four treat-
ments. We calculated that the energy provided by alcohol as
being 19.6 k] /g, assuming the net utilizable energy content of al-
cohol to be 70% of the theoretically present 28 kJ/g (23). Thus,
40 g/day provided on average 7 energy%. The nonalcohol en-
ergy of the diet consisted of 11% protein, 36% fat, and 53% car-
bohydrates. Treatment effects of the alcoholic beverages might
be caused by beverage-specific components other than alcohol.
Therefore, the levels of these nonmacronutrients were not com-
pensated for in the diet. Evening dinner consisted of a standard
amount of soup, potatoes, vegetables (peas and carrots, runner
beans, string beans; alternately), minced meat and gravy, and
fruit plus yogurt. Compliance with the protocol was checked by a
daily questionnaire. Body weight was determined twice weekly,
and energy supply was adjusted without changing macronutrient
composition, in order to maintain body weight. Medication use
was checked by a weekly questionnaire. There were no reports of
medication that could have affected the outcome.

The study was performed according to the ICH (International
Conference on Harmonization of Technical Requirements for
Registration of Pharmaceuticals for Human Use) guidelines for
good clinical practice, and was approved by an external medical
ethics committee.

Analytical methods
At the end of each 3-week period of each treatment, blood
samples were collected just before dinner (¢ = —1) and 3, 5, 9,

13, and 15 h after starting dinner. The ¢ = 13-h sample repre-
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sents the values indicated in this article as “fasting.” Pre- and
postprandial samples were collected in order to detect acute, tran-
sient effects of alcohol intake. Blood was taken from the antecu-
bital vein and collected in tubes containing EDTA or clot activator.
To obtain serum and EDTA plasma, blood was centrifuged for 20
min at 2,000 gand 4°C. Serum or plasma was separated, snap fro-
zen, and stored at —80°C until analysis.

HDL was separated from the apoB fraction by precipitation
of the latter with polyethylene glycol. Serum total and HDL
cholesterol (cholesterol oxidase/peroxidase-amidopyrine method)
and triacylglycerols (glycerol phosphate oxidase/peroxidase-
amidopyrine method), as well as unesterified cholesterol, triacyl-
glycerol, and phospholipids in HDL were analyzed enzymati-
cally. The coefficients of variation within runs were 0.8% for
total cholesterol, 1.5% for triacylglycerol, and 1.3% for HDL
cholesterol. Cholesteryl esters were calculated as the difference
between HDL free cholesterol and total HDL cholesterol. LDL
cholesterol was calculated by the equation of Friedewald, Levy,
and Fredrickson (24). ApoA-I and apoB were analyzed in serum
by an immunoturbidimetric assay (Tina-quant® kit apoA-I, Tina-
quant® kit apoB; Boehringer, Mannheim, Germany) on a Hitachi
911 analyzer. The coefficients of variation within runs were 1.1%
for apoA-I and 0.6% for apoB.

Cellular cholesterol efflux was measured from FubAH cells as
described by de la Llera Moya et al. (25). In short, FubAH cells
(kindly donated by V. Atger, Laboratoire de Biochimie, Hopital
Broussais, Paris, France) were grown to confluency in the pres-
ence of [®H]cholesterol. After removal of medium containing
the labeled cholesterol, the cells were allowed to equilibrate for
24 h. Subsequently cholesterol efflux was measured in triplicate
over 4 h in the presence of 20-fold diluted plasma samples. Cho-
lesterol efflux (radiolabel present in the culture medium after 4 h),
is expressed as a percentage of the radioactivity initially present
in the cells (fractional efflux). Data were corrected for blanks,
that is, the amount of label in the medium after 4 h in the ab-
sence of plasma. The fractional cholesterol efflux is a measure of
the capacity of a specific plasma sample to remove labeled cho-
lesterol from the cell membrane. Cholesterol efflux was mea-
sured with either plasma or serum, and no differences between
both measures were observed. Only plasma values are presented.
The within-assay coefficient of variation of the cholesterol efflux
assay is 5.5%.

Plasma EST rates were measured after addition of [ ®*H]choles-
terol to total plasma. After 1 h of incubation at 37°C, lipids were
extracted and [*H]cholesteryl esters were isolated as described
(26). The reaction is linear with time for >3 h. The within-assay
coefficient of variation is 5.4%.

Statistical analyses

Data were tested for normality and compared by analysis of
variance. Treatment effects were evaluated by comparing fasting
values. Only if the overall F test yielded a significant (a = 0.05)
treatment effect were differences between treatments tested for
significance. If the outcome measures of the beer, wine, and spir-
its treatments did not differ, the individual values for those three
treatments were averaged, compared with water, and referred to
as the effect of alcohol.

RESULTS

Blood alcohol concentrations (BAC)

Mean BAC were zero before alcohol intake. Mean BAC
increased to 9.9 mM (range, 5.2 to 17.6 mM) 1 h after
alcohol intake and decreased to 5.4 mM (range, 0.5 to
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TABLE 1. Blood alcohol concentrations (BAC) before and after dinner, after 3 weeks of treatment

Type of Beverage

Water Beer Wine Spirits
Hours after
Beverage Mean Mean Mean Mean
Intake BAC Range BAC Range BAC Range BAC Range
0 0.0 0.0-0.1 0.0 0.0-0.1 0.0 0.0-0.1 0.0 0.0-0.1
1 0.0 0.0-0.1 9.1 5.2-12.0 9.5 6.5-13.1 11.0¢ 6.7-17.6
3 0.0 0.0-0.1 4.4 0.5-7.1 5.6 2.3-8.0 6.3¢ 3.8-9.3

BAC expressed in millimolar units.
“Denotes a significant difference from beer of P < 0.05.
® Denotes a significant difference from beer of P < 0.01.

9.3 mM) 3 h after alcohol intake. Only small differences in
BAC were observed after consumption of red wine, beer, or
spirits (Table 1); the higher the alcohol content of the bev-
erage, the higher the BAC 1 and 3 h after intake.

In the following, the average values of the three alcoholic
beverages are first described and referred to as the effect of
alcohol consumption. Second, the effects of the separate al-
coholic beverages beer, wine, and spirits are described.

Cellular cholesterol efflux

Alcohol consumption resulted in an increase in fasting
cellular cholesterol efflux of 6.2% (P < 0.0001). Increases
were evident for all individuals (Fig. 1). Red wine, beer,
and spirits increased cellular cholesterol efflux by 5.0%
(P = 0.004), 6.9% (P = 0.0002), and 6.0% (P = 0.0009),
respectively, as compared with mineral water, and there
were no significant differences on cellular cholesterol ef-
flux between beverages.

HDL lipids and apoA-I
Alcohol consumption increased fasting HDL choles-
terol by 13.6% (P < 0.0001), HDL cholesteryl ester by

36.0 36.0
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< 310 31.0
[
=]
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o 260 26.0 =
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3 360 36.0
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[3) 335
= 33.5 /
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5]
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26.0 26.0 —
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Fig. 1. Individual plasma ex vivo cellular cholesterol efflux capac-
ity after consumption of alcohol for 3 weeks [(red wine + beer +
spirits) /3], red wine, beer, or spirits (40 g of alcohol per day) as
compared with mineral water.

14.6% (P < 0.0001), HDL free cholesterol by 11.7% (P =
0.004), HDL phospholipids by 13.0% (P < 0.0001), and
apoA-I by 11.9% (P < 0.0001). These parameters were also
increased when all three alcoholic beverages were com-
pared with mineral water, separately (Table 2). These in-
creases did not differ between red wine, beer, and spirits.
Fasting HDL triacylglycerol concentrations did not change.

Fasting serum total and LDL cholesterol, apoB, and tri-
acylglycerol concentrations were not affected by 3 weeks
of alcohol consumption or by consumption of red wine,
beer, and spirits separately (Table 2).

EST

Alcohol consumption increased fasting plasma EST by
10.8% (86.2 = 25.1 nmol/ml per h) as compared with water
consumption (77.8 £ 28.5 nmol/ml per h; P = 0.008). EST
was significantly increased by 12.3% (P = 0.008) and 13.4%
(P = 0.009) after consumption of beer and spirits, respec-
tively, as compared with mineral water, but this increase
did not reach statistical significance after consumption of
red wine (+6.6%; P = 0.16). No significant differences be-
tween alcoholic beverages were observed (data not shown).

Postprandial changes in serum HDL cholesterol,
HDL cholesteryl ester, HDL free cholesterol, HDL
phospholipids, HDL triacylglycerol, and plasma EST

Postprandial changes in HDL lipids and EST after con-
sumption of alcoholic beverages are shown in Fig. 2. Over-
all, HDL cholesterol concentrations decreased until 9 h
after evening dinner and increased thereafter. Alcohol
consumption increased HDL cholesterol concentrations
at all postprandial time points as compared with water
consumption (P < 0.0001). Alcohol also consistently in-
creased HDL cholesteryl ester (P < 0.0001) and HDL free
cholesterol concentrations (P < 0.05) exceptat 15h (P =
0.14) after dinner. HDL phospholipid concentrations de-
creased after dinner, and postprandial values were consis-
tently higher after alcohol consumption as compared with
water (P << 0.0001). Alcohol consumption increased plasma
HDL triacylglycerol concentrations at 5 h (P < 0.0001)
and 9 h (P = 0.01) after dinner as compared with water
consumption.

Postprandial changes in HDL lipids hardly differed be-
tween the alcoholic beverages (Fig. 2). Three hours after
dinner, HDL free cholesterol was significantly increased
after red wine only (P = 0.007). HDL triacylglycerol was
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TABLE 2. Fasting plasma HDL lipids, apoA-l, total cholesterol, LDL cholesterol, apoB, and triacylglycerol after
3 weeks of consumption of red wine, beer, spirits (40 g of alcohol per day), and mineral water

Red Wine Beer Spirits
% % % Water

Mean * SD Change Mean = SD Change Mean * SD Change Mean = SD P
HDL total cholesterol 1.25 + 0.24% 12.6 1.24 = 0.20° 11.7 1.28 * 0.23¢ 15.3 1.11 = 0.22 <0.0001
HDL cholesteryl ester 1.02 = 0.20° 13.3 1.00 = 0.16° 11.1 1.05 + 0.18¢ 16.7 0.90 = 0.17 <0.0001
HDL free cholesterol 0.24 = 0.06? 14.3 0.23 = 0.064 9.5 0.23 = 0.064 9.5 0.21 = 0.06 0.004
HDL triacylglycerol 0.15 = 0.04 7.1 0.15 = 0.04 7.1 0.14 = 0.04 0.0 0.14 = 0.04 0.44
HDL phospholipids 1.54 += 0.22¢ 13.2 1.51 = 0.16¢ 11.0 1.56 = 0.15¢ 14.7 1.36 = 0.13 <0.0001
ApoA-1 1.30 = 0.11¢ 11.1 1.30 = 0.09¢ 11.1 1.31 = 0.10¢ 12.0 1.17 = 0.08 <0.0001
Total cholesterol 4.73 = 0.71 -0.2 4.88 = 0.87 3.0 4.85 = 0.94 2.3 4.74 + 0.87 0.52
LDL cholesterol 2.93 * 0.70 5.2 3.10 £ 0.85 0.3 3.05 = 0.93 -1.3 3.09 = 0.83 0.30
ApoB 0.99 = 0.18 -1.0 1.03 = 0.21 3.0 1.02 = 0.24 2.0 1.00 £ 0.20 0.82
Triacylglycerol 1.30 = 0.58 0.8 1.30 = 0.66 0.8 1.26 = 0.76 —-2.3 1.29 = 0.93 0.94

Lipids are given as millimoles per liter and apolipoproteins A-I and B as grams per liter.
“ Probability for the comparison between alcohol [(red wine + beer + spirits) /3] and water.

®Denotes a significant difference from water of P < 0.01.

“ Denotes a significant difference from water of P < 0.0001.
4 Denotes a significant difference from water of P < 0.05.
¢Denotes a significant difference from water of P < 0.001.

increased at 9 h after dinner with beer (P = 0.01) and red
wine (P = 0.003) only, and at 15 h after dinner with red wine
(P=0.04).

EST decreased with time after dinner and alcohol con-
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Fig. 2. Postprandial changes in HDL lipids and plasma EST rates
after 3 weeks of consumption of red wine, beer, or spirits (40 g of al-
cohol per day) as compared with mineral water. T Significant differ-
ence between alcohol and water, P < 0.05; * significant difference
between alcohol and water, P < 0.01; | significant difference be-
tween alcohol and water, P < 0.0001.
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sumption increased postprandial EST at 3, 9, and 13 h
after dinner (P < 0.05) as compared with water consump-
tion. Spirits increased EST before dinner (P = 0.02), 3 h
after dinner (P = 0.003), and 13 h after dinner (P =
0.009). In addition, EST was increased 13 h after dinner
with beer (P = 0.008) as compared with water.

DISCUSSION

The present study shows that cellular cholesterol efflux
is increased by 6.2% and EST by 10.8% after 3 weeks of al-
cohol consumption in healthy middle-aged men. Figure 3
schematizes the effects of alcohol consumption on the
first two steps of the RCT pathway and on HDL lipids.
EST, apoA-I, HDL cholesterol, and HDL phospholipids
are consistently higher after alcohol consumption as com-
pared with water consumption. These increases are inde-
pendent of the kind of alcoholic beverage (red wine, beer,
or spirits), which suggests that effects were due to alcohol
rather than to other compounds of alcoholic drinks.

Alcoholic beverages were supplied with evening din-
ner, representing the habitual pattern of alcohol intake
in the Netherlands. The measurements in the fasting

HDL

Cholesterol T =/CI ESTI= CET
efflux

Peripheral
cells

Fig. 3. Effects of alcohol consumption on early steps in RCT (cel-
lular cholesterol efflux and plasma EST, and on plasma HDL lipids.
C, Free cholesterol; CE, cholesteryl ester; TG, triacylglycerol; PL,
phospholipids; up arrow, positive effects of alcohol; double arrow,
no effect of alcohol.
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state, which were performed after 3 weeks of beverage
consumption, are indicative of the steady state effects of
chronic consumption of red wine, beer, and spirits. The
present study was fully diet controlled and had a bal-
anced cross-over design. The observed elevated cellular
cholesterol efflux and EST can therefore not be attrib-
uted to carry-over effects, variation between individuals
or to dietary confounding.

The increased cellular cholesterol efflux after alcohol
consumption was evident in almost all individuals and
with all three alcoholic beverages. These findings do not
agree with previous in vitro and animal studies. Chronic
feeding of rats with high quantities of alcohol inhibits the
capacity of HDL to induce cholesterol efflux from mouse
macrophage (27). Also, high concentrations of alcohol in
vitro inhibit cholesterol efflux from rat fibroblasts to human
plasma HDL and to apoA-I complexed with phosphatidyl-
choline (28). However, Senault et al. (29) suggested an in-
creased cholesterol efflux from FubAH cells to serum after
red wine consumption.

Cellular cholesterol efflux is one of the first steps of the
reverse cholesterol pathway. Two mechanisms have been
proposed for cholesterol efflux (15). First, cholesterol is
desorbed from the plasma membrane to phospholipid-
containing acceptors such as HDL. Second, the ATP-binding
cassette transporter protein 1 (ABC1) may mediate cellu-
lar cholesterol and phospholipid efflux, directing choles-
terol and phospholipids to lipid-poor pre-B-HDL particles
by direct interaction of ABCI with apoA-I (30). In this
study, we did not investigate ABCI, but we found increased
levels of apoA-I after alcohol consumption. In addition,
plasma levels of HDL phospholipids, which seem to be
major determinants of cholesterol efflux (31), were found
to be increased after alcohol consumption in this study.
Similar increases were reported previously (10, 32, 33).

The mechanism whereby alcohol increases HDL lipid
levels is not clear. Both hepatic lipase and CETP activity
may be involved. Hepatic lipase activity is reported to de-
crease within several hours after alcohol consumption (34,
35). De Oliveira et al. (36) reported an 8% decrease in he-
patic lipase, as well as a 23% increase in lipoprotein lipase,
after consumption of vodka over 4 weeks. Others, how-
ever, did not find any changes in lipase activities after
chronic alcohol consumption (37). Also, several studies
(10, 38-41) have shown that alcohol consumption does
not affect CETP activities, and therefore no changes in
CETP activity were expected in the present study. Alterna-
tively, one study showed that alcohol consumption in-
creases the transport rates of both apoA-I and apoA-Il,
without affecting their fractional catabolic rate (36). An
increased transport rate is most likely due to increased he-
patic production of these apolipoproteins (36, 42, 43).

In the present study we did not investigate whether the
increase in HDL cholesterol is due to effects on HDLy or
HDLg subfractions. Gaziano et al. (44) showed that total
HDL as well as its HDLy; and HDLj subfractions were
strongly associated with alcohol consumption and both
subfractions were associated with decreased risk of myo-
cardial infarction (44, 45).

After cholesterol efflux from cells to plasma, the free
cholesterol from the cell is esterified by lecithin:choles-
terol acyltransferase and incorporated into HDL particles
(14). We found increased rates of plasma EST after 3
weeks of beer, spirits, and overall alcohol consumption,
but not after red wine consumption. These findings sug-
gest that, in addition to cellular cholesterol efflux, alcohol
stimulates a second step in RCT as well. Earlier we re-
ported a tendency for increased EST in the postprandial
phase due to red wine consumption with dinner (40) and
increased levels of LCAT activity 9 h after dinner with red
wine or spirits (46). Here we report increases both in EST
and in apoA-I. EST may be affected by apoA-l as well:
Schuler-Luttmann et al. (47) reported that apoA-I may de-
termine esterification capacity.

Others have shown that disease state and diet affect
RCT. Cellular cholesterol efflux is lower in obese subjects
(by 34%) (48), in subjects with diabetes (by 7%) and coro-
nary artery disease (by 7%) (49), and in patients with pri-
mary hypertriglyceridemia and low HDL cholesterol levels
(by about 30%) (50) as compared with healthy subjects.
Studies investigating effects of diets on cholesterol efflux
are rather scarce. Blanco-Molina et al. (51) reported that
a high cholesterol diet increased the cholesterol efflux by
8%. In addition, dietary oleic acid increased cellular choles-
terol efflux to postprandial serum (52). In the present study,
cholesterol efflux to plasma or serum was found to be in-
creased by 6.2% after alcohol consumption (P < 0.0001).

To summarize, we found increased capacity of plasma
to induce cellular cholesterol efflux and increased plasma
EST rates, as well as increased concentrations of apoA-l,
HDL cholesteryl ester, HDL free cholesterol, and HDL
phospholipid after alcohol intake for 3 weeks in healthy
men. In addition, postprandial HDL cholesterol and HDL
phospholipid levels, and EST rates, were consistently
higher after alcohol consumption as compared with water
consumption. These findings suggest that alcohol con-
sumption may increase early steps in the RCT pathway
(cellular cholesterol efflux and plasma EST), indepen-
dent of the type of alcoholic beverage (red wine, beer, or
spirits) consumed. il
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