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Smoking Prevents the Intravascular Remodeling of High-Density Lipoprotein
Particles: Implications for Reverse Cholesterol Transport

Águeda C.M. Zaratin, Eder C.R. Quintão, Andrei C. Sposito, Valéria S. Nunes, Ana Maria Lottenberg,
Richard E. Morton, and Eliana C. de Faria

moking is a leading cause of atherosclerosis acting trough a wide spectrum of mechanisms, notably the increase of the

roatherogenic effect of dyslipidemia. However, a severe atherosclerotic disease is frequently observed in smokers who do

ot present an overt dyslipidemia. In the present study, we sought to determine if abnormalities in lipid metabolism occur

n normolipidemic smokers, focusing especially on the components of intravascular remodeling of high-density lipoprotein

HDL) For this purpose, we measured lipid transfer proteins and enzymes involved in the reverse cholesterol transport (RCT)

ystem in 29 adults: 15 smokers and 14 controls. The blood samples were drawn in the fasting state, immediately after the

mokers smoked 1 cigarette. The composition of HDL particles was analyzed after isolation of HDL fractions by microultra-

entrifugation. We observed that normolipidemic smokers present higher total plasma and HDL phospholipids (PL) (P < .05),

0% lower postheparin hepatic lipase (HL) activity (P < .01), and 40% lower phospholipid transfer protein (PLTP) activity (P <
01), as compared with nonsmokers. The plasma cholesteryl ester transfer protein (CETP) mass was 17% higher in smokers

s compared with controls (P < .05), but the endogenous CETP activity corrected for plasma triglycerides (TG) was in fact 57%

ower in smokers than in controls (P < .01). Lipid transfer inhibitor protein activity was also similar in both groups. In

onclusion, the habit of smoking induces a severe impairment of many steps of the RCT system even in the absence of overt

yslipidemia. Such an adverse effect might favor the atherogenicity of smoking.
2004 Elsevier Inc. All rights reserved.
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LTHOUGH MOST clinical attention has been directed to
the cholesterol content of high-density lipoprotein

HDL) particles, HDL composition is an important indicator of
DL functionality. Indeed, a dynamic and continuous model-

ng of HDL is essential for the full functionality of these
articles.1 Metabolic steps, such as free-cholesteryl esterifica-
ion by lecithin:cholesterol acyl transferase (LCAT), triglycer-
de (TG) hydrolysis by lipoprotein lipase (LPL), and inter-
hange of phospholipid and cholesteryl ester between HDL and
ther lipoproteins by cholesteryl ester transfer protein (CETP),
re globally implicated in the antiatherogenic, multistep pro-
ess of reverse cholesterol transport (RCT).2 In addition, he-
atic lipoprotein lipase (HL) and the phospholipid transfer
rotein (PLTP) are involved in the interconversion of HDL
ubfractions, generating better acceptors for cell cholesterol
fflux.3 Thus, intravascular remodeling of HDL particles mod-
lates their function and therefore their role in the prevention of
holesterol accumulation in the artery wall.

Cigarette smoking has been identified as an independent and
trong risk factor for coronary heart disease (CHD).4 The
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nderlying mechanisms responsible for this association are
omplex and only partially understood. Regarding the lipopro-
ein metabolism, several proatherogenic modifications of
lasma lipids and lipoproteins5 have been described. The meta-
nalysis of 54 published studies by Craig et al6 shows an
ncrease in plasma concentrations of cholesterol (3%), TG
9.1%), very–low-density lipoprotein (VLDL)-cholesterol
10.4%), and low-density lipoprotein (LDL)-cholesterol (1.7%)
nd a reduction in the concentrations of HDL-cholesterol
5.7%) and apolipoprotein (apo) AI (4.2%), in smokers as
ompared with nonsmokers. This greater impact on HDL-
holesterol and apo AI levels suggests that abnormalities in
DL metabolism could constitute a major metabolic effect of

he smoking habit. Thus, even in normolipidemic subjects,
moking may possibly confer atherogenicity by preventing the
ntravascular remodeling of HDL and, as a consequence, by
isturbing the RCT. Aiming to test this hypothesis, we inves-
igated the activities of LPL, HL, LCAT, CETP, PLTP, and the
ipid transfer inhibitor protein (LTIP or apo F) in a homogenous
roup of normolipidemic men who displayed a moderate to
hronic use of cigarettes.

MATERIALS AND METHODS

xperimental Protocol

Twenty-nine normolipidemic male volunteers, 15 smokers and 14
ontrols, were selected from 90 subjects screened to participate in the
rotocol. All procedures followed were in accordance with the Ethics
ommittee of the School of Medicine of the University of Campinas.
ll participants were selected for their normolipidemic profiles (cho-

esterol � 200 mg/dL, TG � 150 mg/dL, and LDL-cholesterol � 100
g/dL) in accordance with the standards of the National Cholesterol
ducation Program (NCEP III), with body mass index (BMI) � 25
g/m2. The intake of fat, carbohydrates, and protein in both groups was
oughly estimated by a diet questionnaire as being 25% to 30% lipids,
0% to 60% carbohydrates, and 10% to 15% proteins. Enrolled sub-
ects were selected so as to be comparable on the basis of age and BMI.
mokers had smoked at least 10 cigarettes/day for at least 1 year and
he controls never smoked. Participants had their blood pressure and
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859REVERSE CHOLESTEROL TRANSPORT IN SMOKERS
nthropometric data measured during the clinical exam and answered a
uestionnaire on the presence of CHD risk factors, diet, alcohol intake,
nd physical exercise. Smokers did not refrain from smoking before the
rotocol started. Fasting blood samples were drawn after a 10-minute
est from all participants and 5 minutes after the smokers had smoked

cigarette to maximize the effects of smoking and to allow for an
dentical time-dependent effect of smoking among the participants.
ew blood samples were then collected 10 minutes after heparin

njection (Liquemine, 100 UI/kg of body weight, Roche, Basel, Swit-
erland) for the measurement of the LPL activity.

iochemical Measurements

Cotinine was analyzed by gas liquid chromatography7 by Dr Colin
eyerabend at the Medical Toxicology Unit, New Cross Hospital,
ondon, England.
Plasma glucose was assayed in an automated system (Selectra, Merck,
annheim, Germany) using an enzymatic-colorimetric method by Labtest

Belo Horizonte, MG, Belo Horizonte, Brazil). Fibrinogen was determined
y the method of Clauss and insulin by radioimmunoassay from Linco
São Paulo, SP, Brazil).

ipid, Apolipoprotein, and Lipoprotein Analysis

Total cholesterol and TG were determined using enzymatic diagnos-
ic reagents provided by Labtest (Belo Horizonte, MG, Brazil) in an
utomated system (Selectra, Merck). Free fatty acids (FFA), unesteri-
ed cholesterol (UC), and phospholipids (PL) were measured by en-
ymatic colorimetric assays (Waco Bioproducts, Belo Horizonte); cho-
esteryl ester (CE) was defined as the difference between total
holesterol and UC.

HDL-cholesterol was measured in the supernatant after precipitation
f apoB-containing lipoproteins with dextran sulfate and MgCl2. LDL-
holesterol was estimated by Friedewald’s formula. HDL2 and HDL3

ere separated by sequential microultracentrifugation (Airfuge, Beck-
an, Palo Alto, CA).8 Apolipoproteins AI, B100, and lipoprotein

Lp](a) were measured by nephelometric assays in the system Array
60 (Beckman).

CAT, Lipases, Transfer Proteins, and LTIP Analysis

Lecithin:cholesterol acyl transferase activity was assayed by an
ndogenous radiometric method using HDL as the substrate and source
f LCAT (15). HDL was incubated with [1,2-3H(N)]cholesterol for 24
ours. [3H]cholesterol-labeled HDL was incubated at 37°C for 30
inutes and the free and esterified fractions of cholesterol were then

eparated by thin layer chromatography. LCAT activity was expressed
s the cholesteryl esterification rate as percent/30 minutes.

The CETP activity was measured by an endogenous assay.9 Aliquots
f the whole plasma (in which LCAT activity was inhibited by dithio-
itrobenzoic acid [DTNB] 9 �L/mL) were added to HDL-[3H]cho-
esteryl ester fractions and simultaneously incubated at 4°C and 37°C
or 4 hours. Apo B–containing lipoproteins, present in the incubation
ixture, were then precipitated; the CE radioactivity in the supernatant

epresented the net rate at which CE mass was transferred, and the
alues expressed as a percent of [3H] cholesteryl ester transferred every
hours depended upon the plasma concentrations of HDL, TG-rich

ipoproteins, and CETP simultaneously.
CETP concentration was measured by radioimmunoassay by Dr.

aurent Lagrost10 of the Laboratoire de Biochimie des Lipoprotéines,
ôpital du Bocage, Dijon, France.
LTIP activity was measured as previously described.11 This radio-
etric method uses exogenous CETP, 3H-CE LDL, and unlabeled
DL incubated in the presence of lipoprotein-deficient plasma as the
TIP source. LTIP activity was determined by comparing CETP ac-
ivity in the presence and absence of the added LTIP source. To e
inimize interassay variability, LTIP activity values (% inhibition/mL)
ere normalized to the LTIP activity measured in a lipoprotein-defi-

ient plasma standard run in the same experiment. These normalized
alues are reported as relative inhibition/mL.
The PLTP was measured by an exogenous radiometric method using

hospholipid lipossomes as the substrate12 and an HDL pool obtained
rom plasma donors as the acceptor. The activity was expressed as the
ate of radioactively labeled phospholipid transfer/hour.

LPL and HL activities were quantified in postheparin plasma sam-
les (10 minutes after the intravenous injection of heparin, 100 U kg-1

ody weight), on the basis of fatty acid release, using a radiolabeled
riolein emulsion as the substrate and NaCl (1 mol/L) as the LPL
nhibitor13; the results were expressed as nanomoles FFA/mL/h.

The assays for CETP concentration, LTIP, PLTP, and LPL were
onducted in triplicate. The interassays coefficients of variation were
6%, 12%, 2%, 9%, and 8%, respectively, for CETP, LTIP, PLTP,
PL, and HL.

tatistics

Differences between the groups were measured by the Mann-Whit-
ey test. The Spearman test was used to correlate the variables. Values
ere considered to be significant at P � .05.

RESULTS

linical and Biochemical Characteristics of the Participants

Table 1 summarizes the clinical and biochemical character-
stics of the participants. Both groups were very similar except
or their diastolic blood pressure, significantly lower in smok-
rs. All individuals were healthy young male adults and did not
resent centripetal fat distribution. No group differences were
ound in metabolic variables, such as glucose and insulin, and
hese values were within the range of reference values for
ealthy adults. No clinical signs of atherosclerosis were found
n either group.

Smokers smoked an average of 19 cigarettes a day. They
resented plasma cotinine levels above 184 ng/mL, defined as
he range for heavy smokers.14 The plasma fibrinogen was
ignificantly higher in smokers.

ipids, Apolipoproteins, and Lipoproteins

As shown in Table 2, the individuals studied had plasma
evels within the reference limits. Concentrations of choles-
erol, LDL-cholesterol, HDL-cholesterol, apo B-100, apo AI,
FA, and Lp(a) did not differ between smokers and controls.
G and PL plasma concentrations were 30% and 14% higher,

espectively, in smokers (P � .05). When the lipid composition
f HDL subfractions was analyzed, there were no differences
etween the groups, with the exception of a 21% increase in
DL3-PL in smokers (P � .05), and this finding could account

or their higher plasma PL.

CAT, Lipases, and Transfer Proteins

Table 3 summarizes the values for the activities of LCAT,
ipases, and transfer proteins. LCAT activity in smokers did not
iffer from that of controls. Fasting postheparin plasma LPL
as similar in both groups, but the activity of HL was 30%

ower in smokers. PLTP activity was reduced in smokers by
0%. When corrected for PL as the ratio PLTP/PL, the differ-

nce was even larger (40%).



n
f
r
s
t
s
s
(
c

o
p
r
t
H
P
t
p
i
l

p
w
H
p
i
c
t
p
l
s
a
o
C
i
i
t
r
P

s

s

W

860 ZARATIN ET AL
The CETP mass was 17% higher in smokers, but the endoge-
ous CETP activity was not statistically different. After correction
or the higher TG level found in smokers, as the CETP activity/TG
atio, the endogenous CETP activity was in fact 57% lower in
mokers. The CETP specific activity corrected by TG (% of CE
ransferred per hour per milligram of CETP per TG) was lower in
mokers (P � .03). LTIP activity was similar in the groups. In
mokers, plasma total cholesterol (r � 0.66) and LDL-cholesterol
r � 0.58) concentrations correlated positively with levels of
otinine, the main catabolic product of nicotine.

DISCUSSION

In the present study, we sought to determine if abnormalities
ccur in the lipid metabolism of normolipidemic smokers,
lacing special emphasis on the components of intravascular
emodeling of HDL. Even though selected as normolipidemic,
he smokers presented increases in blood PL and in the
DL3-PL subfraction and reductions in the activities of HL,
LTP, and CETP. Because a large body of evidence supports

he antiatherosclerotic role of RCT, such alteration of HDL
henotype and reduction of activity in multiple steps of RCT
ndicates that smoking may induce proatherogenic changes in
ipid metabolism even in the absence of overt dyslipidemia.

Table 1. Anthropometric and Biochemical Characteristics of

Smokers and Controls

Smokers (n) Controls (n)

Age (yr) 28 � 1 (15) 26 � 1 (14)
19-34 19-35

Height 1.8 � 0.02 (15) 1.8 � 0.02 (14)
1.6-1.9 1.7-1.9

Weight 70 � 2.6 (15) 69 � 2.1 (14)
52-83 55-85

BMI (kg/m2) 22 � 0.5 (15) 22 � 0.6 (14)
19-25 19-25

Waist/hip 0.8 � 0.01 (13) 0.8 � 0.02 (14)
0.8-0.9 0.7-1.0

Blood pressure (mm Hg)
Systolic 122 � 5 (13) 121 � 3 (14)

100-180 100-140
Diastolic 76 � 2 (13)* 81 � 1 (14)

70-90 70-90
No. of cigarettes/d 19 � 1.0 (15) —

10-20
Smoking time (yr) 11 � 1 (15) —

4-18
Cotinine (ng/mL) 261 � 28 (14) —

141-492
Glucose (mg/dL) 88 � 3 (14) 84 � 2 (14)

74-119 72-94
Insulin (�IU/mL) 9 � 1 (15) 7 � 1 (14)

5-19 4-12
Fibrinogen (mg/dL) 307 � 19 (15)† 233 � 13 (12)

220-430 140-324

NOTE. Data presented as means � SEM and ranges (n � number of
ubjects).
Abbreviation: BMI, body mass index.
Statistical comparisons between smokers and controls by Mann-
hitney test: *P � .05; †P � .01.
Normolipidemic smokers presented significantly higher W
lasma and HDL phospholipid levels (�14%) as compared
ith nonsmokers. The augmentation in phospholipid content of
DL was observed in all HDL fractions, but was clearly more
ronounced in the smaller particles HDL3 (�25%). Such mod-
fication in HDL phenotype has been associated with an in-
reased atherogenic risk15 and could be secondary to changes in
he activity of PLTP, which is a plasma glycoprotein that
romotes the transfer of PL between HDL and other plasma
ipoproteins.16 In line with previous reports,17 we observed that
mokers present a significant decrease in PLTP activity even
fter correction by PL concentration, favoring the accumulation
f PL on the HDL surface. Moreover, the decrease in HL or
ETP activities observed in these subjects may also favor the

ncrease of the phospholipid content of HDL. A reduced activ-
ty of HL increases the amount of core TG and, consequently,
he size of HDL particles. Such enlargement in HDL size
esults in a retention of additional surface components (apoA-I,
L, unesterified cholesterol) that are required to accommodate

Table 2. Lipids, Lipoproteins, and Apolipoproteins and Composition

of HDL as Total and Unesterified Cholesterol, Cholesteryl Ester,

Phospholipids, and Triglycerides in Smokers and Controls

Smokers Controls

Cholesterol (mg/dL) 157 � 6 (15) 156 � 6 (14)
132-199 108-196

LDL-cholesterol (mg/dL) 89 � 6 (15) 96 � 6 (14)
61-128 59-122

HDL-cholesterol (mg/dL) 49 � 3 (15) 45 � 3 (14)
34-77 32-71

Triglyceride (mg/dL) 99 � 11 (15)* 69 � 12 (14)
44-161 35-203

Free fatty acids (mEq/L) 0.6 � 0.09 (14) 0.8 � 0.09 (14)
0.2-1,2 0.2-1.5

Phospholipids (mg/dL) 140 � 6 (14)* 120 � 8 (14)
104-180 91-209

Apolipoprotein A-I (mg/dL) 134 � 7 (15) 125 � 5 (14)
102-189 102-165

Apolipoprotein-B (mg/dL) 64 � 3 (15) 67 � 4 (14)
42-87 41-94

Lp(a) (mg/dL) 20 � 5 (15) 11 � 3 (13)
2-49 3-37

HDL2-free-cholesterol (mg/dL) 5 � 1 (14) 4 � 1 (14)
2-12 2-8

HDL2-cholesteryl-ester (mg/dL) 10 � 2 (14) 11 � 1 (14)
3-21 4-19

HDL2-TG (mg/dL) 15 � 2 (15) 12 � 2 (14)
7-39 4-20

HDL2-PL (mg/dL) 23 � 2 (14) 20 � 3 (14)
13-39 2-53

HDL3-free-cholesterol (mg/dL) 12 � 2 (14) 11 � 1 (14)
6-27 5-19

HDL3-cholesteryl-ester (mg/dL) 29 � 3 (14) 25 � 3 (14)
10-50 6-53

HDL3-TG (mg/dL) 28 � 3 (15) 24 � 2 (14)
18-58 12-41

HDL3-PL (mg/dL) 74 � 4 (14)* 59 � 6 (14)
55-96 12-104

NOTE. Data presented as means � SEM and ranges (n � number of
ubjects).
Statistical comparisons between smokers and controls by Mann-

hitney test: *P � .05.
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861REVERSE CHOLESTEROL TRANSPORT IN SMOKERS
he increased amount of core lipids. Similarly, when CETP
ctivity is reduced, the transfer of LCAT-derived cholesteryl
sters from HDL to other lipoprotein fractions is reduced and,
hus, the total core lipid content and the particle surface of HDL
ncrease. In accordance with the study of Mero et al,18 despite
he higher CETP mass found in smokers, we observed a re-
uced net transfer of endogenous cholesteryl esters. Therefore,
reduced activity of PLTP, HL, and CETP might all have

ccounted for the increase in HDL-PL observed in normolipi-
emic smokers. We postulate that hyperlipidemic smokers
ould present even lower activities of the above proteins.
The mechanism(s) underlying the reduction in the CETP

ctivity in smokers is unknown, but would be partially related
o the inhibitory effect of LTIP on CETP activity or to the
eduction in HL activity. LTIP or apo F regulates the interac-
ion of CETP with lipoproteins and is postulated to enhance the
bility of CETP to stimulate RCT.19 However, we measured
TIP activity in smokers for the first time and did not find
ignificant differences as compared with nonsmokers. On the
ther hand, the reduced HL activity observed in smokers may
avor the reduction in CETP activity; it has been shown that
DL-TG hydrolysis by HL facilitates CETP-mediated transfer
f TG from TG-rich lipoproteins to HDL in exchange for
holesteryl esters. Thus, it is likely that the reduction in the net
ransfer of cholesteryl ester in smokers results from chemical
odifications of the donor and acceptor lipoprotein pools.
Although smoking did not induce hypercholesterolemia,

here was a strong positive association between the levels of
erum cotinine and LDL-cholesterol, suggesting that cigarette
moking may possibly increase the residence time of LDL

Table 3. Esterification Rate of Free Cholesterol, Lipoprotein Lipa

Percentage of Transfer of Cholesteryl Ester to Apo B–C

and Lipoprotein Transfer Inhibitor P

LCAT (%/30 min)

LPL (nmol FFA/mL/h)

HL (nmol FFA/mL/h)

PLTP (%/h)

PLTP/PL (%/mg/dL)

CETP (%)

CETP/TG (%/mg/dL)

CETP (mg/L)

CETP specific activity (% CE/h/mg CETP)

LTIP (rel � inh/mL)

NOTE. Data presented as means � SEM and ranges (n � number o
Statistical comparisons between smokers and controls by Mann-W
articles in the circulation. Consistent with this assumption, it M
as been shown that LDL particles from smokers have higher
nodic electrophoretic mobility and greater crosslinking of
heir apoprotein by nondisulfide bonds; thus in this way, they
how a reduced binding affinity with liver membrane recep-
ors.20 Besides the typically augmented production of reactive
xygen species in smokers, such an extension of LDL residence
ime increases the substrate available for generation of oxidized
DL, thereby inducing inflammatory stimulus and plaque for-
ation in the artery wall. In fact, data from our laboratory

ndicated that smokers have higher levels of oxidized LDL than
onsmokers.21 Although normotriglyceridemic, smokers also
ad TG levels 30% higher than controls, a finding that could
eflect a decreased lipolysis rate of TG-rich lipoproteins in
hese individuals. Consistent with this assumption, we observed
25% lower serum level of FFA in smokers as compared with

ontrols. LPL activity was similar in the 2 groups, in accor-
ance with the majority of the studies in the literature. How-
ver, we found a significant reduction in HL activity in smok-
rs, which might reduce the residual lipolysis of TG-rich
ipoprotein remnants22 and, consequently, increase plasma TG
evels23 in those subjects and also increase the residence time of
DL.24 In agreement with previous studies, we did not observe

ignificant difference in LCAT activity between the groups.
In conclusion, taken together, the results of this study show

hat the smoking habit induces impairment in many steps of the
CT system even in the absence of overt dyslipidemia. Such
ffect might favor the atherogenicity of smoking.
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