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Abstract

The relationship between thermogenic and potentially athero-
genic effects of cigarette smoking (CS) and its cessation was

investigated. Heavy smokers (n = 7, serum cotinine > 200 ng/
ml, > 20 cigarettes/d) were maintained on isoenergetic, con-

stant diets for 2 wk, 1 wk with and I wk without CS. Stable
isotope infusions with indirect calorimetry were performed on

day 7 of each phase, after an overnight fast. CSafter overnight
abstention increased resting energy expenditure by 5%(not sig-
nificant vs. non-CS phase; P = 0.18). CS increased the flux of
FFA by 77%, flux of glycerol by 82%, and serum FFA concen-

trations by 73% (P < 0.02 for each), but did not significantly
affect fat oxidation. Hepatic reesterification of FFA increased
more than threefold (P < 0.03) and adipocyte recycling in-
creased nonsignificantly (P = 0.10). CS-induced lipid sub-
strate cycles represented only 15% (estimated 11 kcal/d) of
observed changes in energy expenditure. De novo hepatic lipo-
genesis was low (< 1-2 g/d) and unaffected by either acute CS
or its chronic cessation. Hepatic glucose production was not
affected by CS, despite increased serum glycerol and FFA
fluxes. Cessation of CS caused no rebound effects on basal
metabolic fluxes. In conclusion, a metabolic mechanism for the
atherogenic effects of CS on serum lipids (increased hepatic
reesterification of FFA) has been documented. Increased entry
of FFA accounts for CS-induced increases in serum FFA con-

centrations. The thermogenic effect of CSis small or absent in
heavy smokers while the potentially atherogenic effect is main-
tained, and cessation of CSdoes not induce a rebound lipogenic
milieu that specifically favors accrual of body fat in the absence
of increased food intake. (J. Clin. Invest. 1994. 93:265-272).
Key words: lipolysis * substrate cycles * calorigenesis * athero-
genesis * stable isotopes

Introduction

Cigarette smoking (CS)' is associated with reduced body
weight and cessation of CS results in weight gain (1 - 11) . The
public is aware of this effect of CS, and concern about weight
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gain is one of the most common reasons given for continuing
or returning to CS(1 -4). Concern about weight gain after quit-
ting smoking and the use of CSto control body weight is partic-
ularly prevalent in womensmokers (3), who represent the fast-
est growing population of new smokers. Although the adverse
health effects of CSgreatly outweigh the benefits of lower body
weight (10, 12), cosmetic or other factors clearly come into
play.

The mechanism by which CS reduces body weight remains
uncertain. Contrary to the general belief that CS reduces food
intake, most published studies have reported increased food
intake in smokers, in the range of 350 kcal/d (13, 14), al-
though others have reported reduced food intake in smokers
(15-17). In experimental animals, chronic administration of
nicotine or exposure to CS increases oxygen consumption and
results in weight loss (10) and rats given nicotine lose weight
without significant reduction in food intake (18). Recent meta-
bolic ward studies confirm that CS has an acute calorigenic
effect in humans. Smoking increases 24-h energy expenditure
(EE) by 200 kcal/d (19) and intranasal or intravenous nico-
tine increases resting EE (REE) by 5-10% (20, 21), although
we (22) have recently observed a lower CS-induced increase in
REE in heavy smokers compared with light smokers.

The metabolic basis of CS-induced calorigenesis is not un-
derstood. Nicotine causes activation of the sympathetic ner-
vous system and the release of catechols (23, 24), which in-
crease EE in humans (25, 26). CS or catechol administration
increases serum FFA concentrations (27-29). One hypothesis
has been that lipolysis or elevations in serum FFA concentra-
tions contribute to the thermogenesis of CS (26). Consistent
with this suggestion, norepinephrine-induced thermogenesis
has been reported to be partially prevented by niacin (25), a
lipolysis inhibitor, in humans. A precedent exists for lipolysis/
reesterification substrate cycling contributing to thermogenesis
in a hyper-adrenergic clinical condition, body burns (30). FFA
themselves are also known to increase cardiac oxygen con-
sumption (31) .

Potentially linked but undesirable consequences of nico-
tine-induced lipolysis are the increased triglyceride and LDL
cholesterol concentrations and reduced HDLcholesterol con-
centrations associated with CS (32, 33). There is a dose-re-
sponse relationship between the number of cigarettes smoked
per day and serum cholesterol concentrations (34), and cessa-
tion of CS increases HDLcholesterol (33). In several dyslipi-

1. Abbreviations used in this paper: CS, cigarette smoking; DNL, de
novo hepatic lipogenesis; EE, energy expenditure; FAME, fatty acid-
methyl esters; GC, gas chromatography; LPL, lipoprotein lipase; M.E.,
molar excess; NPRQ, non-protein respiratory quotient; Ra, rate of ap-
pearance; REE, resting energy expenditure; TG, triglyceride.
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demic conditions, including diabetes (35-37), increased deliv-
ery of FFA to the liver and hepatic reesterification has been
proposed to be the cause of increased VLDL triglyceride secre-
tion and secondary alterations in serum lipids. Conversely, the
mechanism by which niacin improves lipids in humans is be-
lieved to be through inhibition of lipolysis (38-40). Hepatic
reesterification of FFA may therefore link the thermogenic and
atherogenic effects of CS. The effects of CS on lipolysis, serum
FFA flux, and hepatic reesterification of FFA have not been
determined in humans, however, nor have their relationships
to CS-induced calorigenesis been evaluated.

With regard to cessation of CS, the suggestion has been
made (41, 42) that rebound metabolic effects occur after smok-
ing cessation that specifically favor the deposition of body fat
and could therefore provide a metabolic driving force for in-
creased adiposity (obesity) after smoking cessation. This pro-
posal has not been tested from a quantitative perspective, how-
ever, by measuring fat synthesis and fat oxidation under condi-
tions of constant dietary fat and energy intake.

Our objectives in this study were to evaluate relationships
between lipolytic, calorigenic, and dyslipidemic effects of CS
and determine the metabolic effects of cessation of CS. Four
questions were addressed. (a) What are the effects of CS on
lipid metabolism, carbohydrate metabolism, and REE in
heavy smokers? (b) Do substrate cycles account for the calori-
genic effect of CS? (c) If potentially atherogenic effects of CS
are documented, are these mechanistically linked to calorigen-
esis? (d) Does cessation of CS induce a rebound metabolic
milieu that specifically favors accumulation of body fat (i.e.,
reduced fat mobilization or oxidation, increased fat synthesis)
in the absence of altered food intake?

Methods

Humansubjects. Volunteers were recruited by advertisement. Subjects
gave written informed consent before enrollment and all protocols re-
ceived prior approval from the University of California, San Francisco,
Committee on Human Research. Seven heavy smokers (serum cotin-
ine > 200 ng/ml, > 20 cigarettes/d) were enrolled. Exclusion criteria
were a history of medical illnesses (liver, kidney, metabolic, hemato-
logic, pulmonary, gastrointestinal, neurologic), abnormalities on
screening physical exam or by laboratory testing (chemistry profile,
complete blood count), > 120% ideal body weight, or change in body
weight > 10 lb over the preceding 6 mo. Subjects were documented to
be human immunodeficiency virus seronegative (since abnormalities
of lipid metabolism may be present in asymptomatic seropositivity;
reference 43). Subjects using medications with potential metabolic ef-
fects (e.g., fl-blockers, f,-agonists, theophylline, diuretics, glucocorti-
coids, phenytoin) were also excluded. The seven subjects' age was 40±4
yr, weight was 71.3±4.7 kg, height was 172.3±3.1 cm, and body mass
index was 24.0±1.3 kg/im2 (mean±SE). Duration of CSwas 14±3 yr.

Study design. Subjects took part in a 2-wk inpatient metabolic ward
study, 1 wk with CS and 1 wk without CS, in the General Clinical
Research Center (GCRC) of San Francisco General Hospital. The se-
quence of CSand non-CS was randomized. Four subjects ended up in
the CS phase first while three subjects were in the non-CS phase first.
No effect of randomization sequence was observed here or previously
(44). Subjects were placed on a constant, weight-maintaining meta-
bolic diet throughout the GCRCadmission, to avoid potential con-
founding effects of cessation of CSon food intake. Diets were prepared
by the metabolic kitchen, after subjects and dieticians established a
daily diet providing estimated energy needs (based on Harris-Benedict
equations with comparison to 3-d dietary recalls for usual intake).
Food intake was adjusted over the first 3 d on the metabolic ward on

the basis of subjects' report of hunger, up to a maximumof 750 kcal/d
above predicted energy needs.

Ondays 8 and 15 (day 7 of each phase), metabolic infusion studies
were performed. These metabolic studies were designed to measure a
number of metabolic processes: adipose lipolysis, reesterification of
FFA in adipose and liver, de novo hepatic lipogenesis, cycling through
fat oxidation/resynthesis, hepatic glucose production, fat oxidation,
carbohydrate oxidation, and EE. The protocol consisted of intravenous
infusions of sodium [1-'3C]acetate (0.090-0.120 mmol/kg per h)
from 2:00 a.m. until 6:00 p.m.; [d5]-glycerol (9.7 Ag/kg per min) from
6:00 a.m. until noon; [1,2,3,4-13C]palmitate (7 Ag/kg per min) com-
plexed with human serum albumin (25 g) from 6:00 a.m. until noon;
and [6,6-d2]-glucose (0.04 mg/kg per min) from 6:00 a.m. until noon.
Indirect calorimetry was performed between 7:00 a.m. and 6:00 p.m.
using a Deltatrac Metabolic Cart (Sensor Medix, Yorba Linda, CA) in
the hooded mode. Urinary urea nitrogen was measured in order to
calculate nonprotein respiratory quotient.

Subjects were fasted (noncaloric fluids allowed) from 10:00 p.m. of
the preceding night until noon of the study day. Caffeine ingestion was
not permitted during the metabolic study, and CS was not permitted
between 10:00 p.m. and 9:00 a.m. Basal blood draws were performed
every 10 min between 8:30 and 9:00 a.m. From 9:00 a.m. until noon,
subjects smoked a cigarette every 30 min on the half hour and hour (CS
phase) or did not smoke (non-CS phase). Repeat blood draws were
every 10 min from 11:30 a.m. to noon. At noon, a meal of defined
content was served, identical in both phases (consisting of 1,057±120
kcal, 42±6 g protein, 121±12 g carbohydrate, and 45±9 g fat), and
smoking of one cigarette every 30 min continued until 2:00 p.m. (in the
CS phase).

Compliance during the nonsmoking phase was established by mea-
surement of breath carbon monoxide at random times throughout the
day and urinary cotinine from 24-h urine collections, as described pre-
viously (45). All subjects complained of nervousness, reduced concen-
tration, and/or some irritability during the non-CS phase. No specific
treatment for these or other withdrawal symptoms was instituted. With-
drawal scores were not measured, but we have found in previous stud-
ies that withdrawal scores are not high in a closed metabolic ward
setting, due to the lack of external cues for smoking (Benowitz, N.,
unpublished observations).

Clinical laboratory measurements. Serum nicotine and cotinine
concentrations were measured by gas chromatography (GC)/mass
spectrometry (MS) (45). Serum lipids and thyroid function tests (triio-
dothyronine [T3], tetraiodothyronine [T4]) were measured by stan-
dard methods (Roche Laboratories, San Francisco, CA). Serum insu-
lin was determined by radioimmunoassay. Serum FFA concentrations
were measured by GC/flame ionization detection. Quantification was
by comparison to known standards, with an internal standard of penta-
decanoic acid added to the extraction mixture to determine recovery.
Infusate glycerol concentrations were measured by glycerokinase en-
zyme assay, infusate glucose concentrations by glucose oxidase assay,
and infusate palmitate concentrations by GCafter extraction of the
infusate with heptane/isopropyl alcohol (30:70). Urinary nitrogen was
measured from 24-h collections by the Kjeldahl method.

Mass spectrometry. GC/MS(5971; Hewlett-Packard, Palo Alto,
CA) was used for analysis of isotopic enrichments of serum glucose,
glycerol, and fatty acid-methyl esters (FAME) from VLDL. A GC/MS
(5970; HP) was used for analysis of FAMEfrom serum. For glucose-
pentaacetate, we used a DB- 17 60-m, 0.25-mm i.d. fused silica column.
The molecular ion - acetate and its isotopomers (mass/charge [m/z]
331 and 333) were quantified using selected ion monitoring (SIM) by
comparison to standard curves of [6,6-d2]-glucose at known enrich-
ments. Chemical ionization was used. For FAMEanalyses, a 20-m
fused DB-l silica column, isothermal at 2000C, was used with electron
impact ionization. Ions at m/z 270-274 were monitored by SIM, repre-
senting the parent Mo through the M4 isotopomers with electron im-
pact ionization. Glycerol triacetate was analyzed using a DB-225 col-
umnand chemical ionization, monitoring m/z 159 and 164 (the molec-
ular ion minus acetate, and its isotopomers).
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Statistical analyses. Weperformed two-factor repeated measures
analysis of variance, with the two trial factors being smoking phase
(chronic smoking vs. chronic nonsmoking) and time (baseline vs. 3-h
values, the latter after acute smoking or nonsmoking). The existence of
a significant chronic phase by time interaction represents statistical
significance of acute smoking. If a significant interaction was found,
follow-up comparisons of the four individual cell means were by Tu-
key's studentized range test at a procedurewise error rate of 5%.

Calculations. The rate of appearance of glycerol (Ra glycerol),
RaFFA, and Ra glucose were calculated by the dilution technique
(46):

Ra (Amol/kg per min) = [isotope infusion rate (,gmol/kg per min)/

metabolite enrichment (M.E.)]-I, (1)

where M.E. is molar excess, and I is isotype infusion rate.
Reesterification of FFA, or lipolytic substrate cycling, was calcu-

lated using the method of Wolfe et al. and Klein et al. (30,47). Reester-
ification of FFA can be intracellular in the adipocyte, or extracellular in
the liver (Fig. 1). Reesterification in the adipocyte is calculated as the
difference between 3X Ra glycerol and RaFFA, based on the assump-
tion that glycerol released from triglycerides must escape the adipocyte,
due to the absence of glycerokinase (47), while FFA released from
triglycerides can either be released or reesterified:

Intracellular recycling (,umol/kg per min)

= [ 3x Ra glycerol (,umol/kg per min)]
- RaFFA ( umol/kg per min). (2)

Hepatic or extracellular reesterification is calculated as the differ-
ence between RaFFAand total body fat oxidation, representing nonox-
idative FFA disposal. This calculation is based on the assumption that
all FFA entering the circulation undergoes disposal by oxidation in
tissues or reesterification in the liver and that fat oxidized in tissues at
steady-state is derived from circulating FFA (30, 47):

Hepatic reesterification (Amol/kg per min)

= RaFFA (,umol/kg per min)

- fat oxidation (Amol/kg per min). (3)

RaFFA (,umol/kg per min)

= Ra palmitate (Amol/kg per min)/
fraction of palmitate in FFA.

Absolute hepatic DNL(mg/kg per min)

= (% DNL) x [RaFFA - fat oxidation (mg/kg per min)]. (6)
This technique is based on several assumptions (53), including the

assumption that fat oxidized in tissues derives from circulating FFA
under steady-state fasting conditions. To the extent that tissues oxidize
endogenous fat stores, which did not traverse the circulation, this tech-
nique may underestimate absolute DNL. The quantitative effect of
deviations from this or other assumptions of the method can be calcu-
lated (53), and under the metabolic conditions present in these sub-
jects, a relatively minor influence would be exerted even if a very large
error due to oxidation of endogenous fat stores were introduced (see
below).

The energy cost of lipolysis/reesterification substrate cycling was
calculated as described elsewhere (30), assuming the ATP cost of tri-
glyceride reesterification to be 8 mol ATP/mol triglyceride, and the
energy value of ATP to be 20 kcal/mol ATP(54). The energy cost of
DNL/fat oxidation cycling was calculated on the assumption that 28%
of the energy content of carbohydrate is lost if it is converted to lipid
before oxidation (54), or 3.2 kcal lost/g palmitate synthesized from
glucose before oxidation.

Results

Serum nicotine, cotinine, and insulin concentrations. Basal
serum nicotine concentrations after overnight abstention from
CS during the smoking phase were 4.4±1.6 ng/ml
(mean±SE). Blood values during the CS period were drawn
immediately before starting a cigarette (representing nadir con-
centrations) and rose to 33.2±4.8 ng/ml after 3 h of CS (P
< 0.001), remaining increased (26.7±0.8 ng/ml; P <0.001 vs.
basal values) 2 h after lunch. During the non-CS week, basal
levels were undetectable (< 1.0 ng/ ml). Basal serum cotinine
concentrations in the smoking phase were 309±40 ng/ml and
were not changed significantly by acute CS (354±34 ng/ml
after 3 h of CS and 347±53 ng/ml 2 h after lunch). Serum
cotinine was < 10 ng/ml during the non-CS phase. Fasting
serum insulin concentrations were not different between
phases (6.2±0.5 ,uU/ml in CS phase and 6.9±0.7 AU/ml in
non-CS phase).

(4)

Fractional DNLwas calculated using mass isotopomer distribution
analysis, as described previously (48-50). The ratio of excess M2/ex-
cess Ml in FAMEisotopomers from VLDL reveals the true precursor
(acetyl-CoA) isotopic enrichment for de novo hepatic lipogenesis
(DNL) during infusion of [1-'3Clacetate, using probability analysis
based on the binomial expansion (48, 51). The contribution from
DNL to VLDL-palmitate is then calculated using the precursor-pro-
duct relationship (48, 51 ):

Fractional DNL(%) = 100 x [EMI (M.E.)/A, (M.E.)], (5)

where EM, is the enrichment of the Ml isotopomer of VLDL-palmi-
tate, and A, * is the calculated asymptotic enrichment of the M, isoto-
pomer if 100% of VLDL-palmitate were derived from hepatic DNL.

Absolute hepatic DNL was calculated by combining the calcula-
tions of fractional DNLwith absolute hepatic reesterification of FFA
(52). The fraction of VLDL-palmitate derived from DNL is known
(eq. 5), so that the proportion from non-DNL (reesterification) is also
known (unity minus fractional DNL). By combining this with the
measured apparent hepatic reesterification rate, unidirectional or abso-
lute hepatic DNLcan be calculated whether NPRQis < 1.0 or > 1.0
(53). WhenNPRQis < 1.0, the equation is:

Figure 1. Sites of reesterification of FFA. 1, adipocyte; 2, liver. TG,
triglyceride; aGP, a-glycerol-phosphate; DNL, de novo lipogenesis;
AcCoA, acetyl-CoA; CG2, carbon dioxide; KB, ketone bodies; E,
stimulation of process indicated.
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Figure 2. Effects of CSon resting EE. Details are described in the text.
Categories sharing a common letter are not significantly different.

Energy expenditure. EE was measured hourly, during the
40-60th min of each hour. REEwas not significantly different
after an overnight fast in the CSand non-CS phases (64.4±3.5
and 64.1±4.3 kcal/h, respectively; Fig. 2). REE increased by
4.6% after acute CS (64.4±3.5 to 67.3±3.9 kcal/h) with in-
creases observed in seven of seven subjects, but the change did
not reach statistical significance when compared by repeated
measures two-factor ANOVAto the analogous 3-h period of
the non-CS phase (P = 0.18 for phase by time interaction).
Ingestion of a mixed meal increased EEby 20.3% (to 77.6±6.4
kcal/h ) in non-CS phase and by 18.9% (to 80.6±5.4 kcal/h ) in
the CSphase (P = 0.82 for phase by time interaction, P < 0.01
for smoking phase vs. non-smoking phase all time points, and
P < 0.002 for postprandial vs. preprandial in each phase).

Serum FFA and lipid concentrations and lipolysis. FFA
concentrations did not differ in the basal state between phases,
but serum FFA concentrations increased from 381±94 to
658±117 ,M after acute CS(a 73% increase, P< 0.02; Fig. 3).
Serum FFA concentrations were unchanged (228±36 to
281±50,uM; NS) in the non-CS phase. RaFFAwas not differ-
ent after an overnight fast (basal state) in the CS and non-CS
phases (Fig. 4). Acute CS significantly increased RaFFA by
77% (from 2.95±0.53 to 5.21±0.72 ,imol/kg per min com-
pared with 2.43±0.24 to 2.71±0.19 ttmol/kg per min in non-
CSphase [P < 0.001] ). Basal Ra glycerol was also not different
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Figure 4. Effects of CS on Ra FFA. Details are described in the text.
Categories sharing a common letter are not significantly different.

between CS and non-CS phases in the basal state (Fig. 5).
Acute CS increased Ra glycerol by 82% from 1.15±0.20 to
2.09±0.34 Atmol/kg per min compared with 1.15±0.15 to
1.08±0.10,Iumol/kg per min in non-CS phase (P < 0.01). Basal
serum lipid concentrations were not significantly different in
the two phases (HDL cholesterol, 38±3 and 41±3 mg/dl in CS
and non-CS phases, respectively; triglycerides, 83±13 and
96±17 mg/dl in CS and non-CS phases; total cholesterol,
165±28 and 177±20 mg/dl in CSand non-CS phases; NS for
all comparisons of CSand non-CS phases).

Substrate cycling of FFA and energy costs attributable to
cycling. Intracellular (adipose) cycling of FFA increased by
0.577umol/kg per min after acute CS (Fig. 6), from 0.49±0.32
to 1.06±0.58 ,gmol/kg per min, but the effect of acute CS did
not achieve statistical significance (P = 0.10 for phase by time
interaction).

Extracellular (hepatic) cycling of FFA increased more than
threefold, from 0.59±0.48 to 2.03±0.54,umol/kg per min after
acute CS (+1.44 ,umol/kg per min; P < 0.03; Fig. 7). No
change in hepatic reesterification of FFA was observed during
the non-CS phase (0.74±0.16 to 0.53±0.23 ,mol/kg per min,
a change of -0.21 ,umol/kg per min; NS). The energy cost of
lipolysis/reesterification of FFA, calculated as described
above, is also shown (Table I). Energy costs of adipose cycling
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Figure 3. Effects of CS on serum FFA concentrations. Details are
described in the text. Categories sharing a commonletter are not sig-
nificantly different.
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Figure 6. Effects of CSon adipoyte reesterification of FFA. Details are
described in the text. No significant differences are present.

of FFA increased by 3.1 kcal/24 h (from 2.7 to 5.8 kcal/24 h)
after acute CS and decreased by 2.7 kcal/24 h in the non-CS
phase. For hepatic cycling, the energy cost increased from 3.2
to 11.1 kcal/d (+7.9 kcal/d) during the CS phase but did not
increase from basal to 3-h measurements in the non-CS phase
(from 4.1 to 2.9 kcal/d).

DNLand DNL/fat oxidation substrate cycling. Fractional
DNLwas low and was unchanged by acute or chronic CS(Fig.
8). Absolute DNLwas estimated to be 0.5±0.2 and 0.4±0.2
g/d at basal and 3-h time points in the non-CS phase and
0.4±0.2 g/d in the basal state for CSphase, using the recently
described method (53) that combines fractional DNLwith he-
patic reesterification of FFA. This technique underestimates
absolute DNLto the extent that hepatic reesterification of FFA
is underestimated. Since the latter depends on the assumption
that intracellular fat oxidized had traversed the circulation in
the form of FFA, oxidation of intracellular fat stores will result
in an underestimation of absolute hepatic DNL (53). If we
allow that intracellular fat provided 25% of total fat oxidation
(0.4-0.8 ,umol/kg per min), absolute hepatic DNL increases
by 0.4 g/d. Even if we allow that intracellular fat provided as
much substrate for oxidation as plasma FFA, absolute DNL
only increases to 1.6-1.8 g/d. Thus, the low estimate of abso-
lute hepatic DNL is not quantitatively sensitive to this devia-
tion from the model under the metabolic conditions present
here.
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Figure 7. Effects of CS on hepatic reesterification of FFA. Details are
described in the text. Categories sharing a common letter are not sig-
nificantly different.

Ra glucose. Under fasting conditions, Ra glucose is equal
to hepatic glucose production. Ra glucose values were higher
after 3 h than 6 h of tracer infusion in both CS and non-CS
phases (Fig. 9). This may represent the absence of an isotopic
plateau after 3 h of tracer infusion. Alternatively, hepatic glu-
cose production may have fallen during the additional 3 h of
fasting. There was no effect of acute smoking on 6-h Ra glucose
values (2.08±0.21 mg/kg per min in CS phase vs. 1.67±0.13
mg/kg per min in non-CS phase; P = 0.28).

Fuel selection. Nonprotein respiratory quotient (NPRQ)
decreased from 0.88±0.02 to 0.85±0.02 during the 3-h addi-
tional fasting period in the non-CS phase, and decreased from
0.83±0.02 to 0.79±0.02 in the CSphase (significant time effect
in both phases; P < 0.001). There was no significant effect of
acute smoking (P = 0.73 for phase by time interaction), al-
though the NPRQfor all smoking phase time points was signifi-
cantly lower than in the nonsmoking phase (P < 0.02). After
lunch, NPRQrose to 0.85±0.03 and 0.85±0.01 for CS and
non-CS phases, respectively.

Whole body fat oxidation was significantly higher in the
smoking phase than the nonsmoking phase (2.36±0.33 vs.
1.69±0.31 ,umol/kg per min, respectively, at basal time point
and 3.18±0.35 vs. 2.19±0.24 ,mol/kg per min at second time
point; P < 0.02 for CS vs. non-CS phase). Acute CS did not
further increase whole body fat oxidation compared to non-CS
phase (P = 0.42).

Table I. Lipid Substrate Cycling and Energy Costs

Adipose cycling of FFA Hepatic cycling of FFA DNL/fat oxidation cycling

Study phase Time Rate Energy cost Rate Energy cost Rate Energy cost

1smol/kg per min kcal/d Amol/kg per min kcal/d g/d kcal/d

CS Basal 0.49±0.32 2.7 0.59±0.48 3.2 0.4±0.2 1.3
3 h 1.06±0.58* 5.8 2.03±0.54* 11.1 ND ND
Change +0.57 +3.1 +1.44 +7.9 ND ND

Non-CS Basal 1.03±0.24 5.6 0.74±0.16 4.1 0.5±0.2 1.6
3 h 0.53±0.24 2.9 0.53±0.23 2.9 0.4±0.2 1.3
Change -0.49±0.21 -2.7 -0.21 -1.1 -0.1 -0.3

See text for details of calculations. Energy costs of cycling are expressed as the costs if the measured rates were extrapolated over a 24-h period.
ND, not done (steady-state not present for DNLmeasurement). * P < 0.05 vs. basal values.
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Whole body carbohydrate oxidation was nonsignificantly
higher in the non-CS phase (1.75±0.25 vs. 1.28±0.21 mg/kg
per min at basal time point and 1.48±0.17 vs. 1.17±0.19 mg/
kg per min at second time point, for non-CS and CS phases,
respectively; P = 0.06 for comparison between phases). Acute
CSdid not significantly alter carbohydrate oxidation (P = 0.54
vs. non-CS phase). After lunch, whole body carbohydrate oxi-
dation increased in both phases (2.09±0.41 mg/kg per min in
CS phase and 1.92±0.31 mg/kg per min in non-CS'phase; P
< 0.01 for effect of lunch, NS for interaction between acute CS
and lunch).

Dietary energy intake and body weight. Subjects ate
2,887+261 kcal/d in the CS phase and 3,092±302 kcal/d in
the non-CS phase (NS). Predicted energy needs, based on the
Harris-Benedict equation with an activity factor of 1.6, were
2,714+163 kcal/d.

Body weight increased by 0.5±0.1 kg in the CS phase (P
< 0.05) and 0.6±0.3 kg in the non-CS phase (NS between
phases), consistent with the slightly positive energy balance
estimated to be present.

Discussion

The major questions asked in this study were: (a) What are the
acute effects of CS on lipid metabolism, carbohydrate metabo-
lism, and EE in heavy smokers? (b) Are substrate cycles in-
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Figure 9. Effects of CSon Ra glucose. Details are described in the text.
Categories sharing a common letter are not significantly different.

duced by CS that could explain increased EE? (c) Are poten-
tially atherogenic metabolic alterations induced by CS and, if
so, are they integrally related to the thermogenic effects? And,
(d) are there rebound metabolic effects after cessation of CS
that would specifically predispose to body fat accumulation in
the absence of increased dietary energy intake?

Weobserved effects of acute CSon lipolysis, FFA substrate
cycling, and REEbut no effect on DNL, fat synthesis/fat oxi-
dation substrate cycling, or hepatic glucose production. The
lack of an effect on hepatic glucose production is interesting in
view of the increased glycerol flux (a precursor for hepatic glu-
coneogenesis), increased FFA flux (a potential inhibitor of py-
ruvate oxidation and stimulator of gluconeogenesis, in accor-
dance with the Randle cycle [ 55, 56 ] ), and increased catechol
release (23,29,57) induced by CS. Compensatory hepatic auto-
regulatory adjustments, such as reduced glycogenolysis (58) or
slight increases in serum insulin, might have restrained hepatic
glucose production in these normal subjects. Although CS-in-
duced increases in circulating FFA concentrations had been
demonstrated previously (28, 29), direct kinetic evidence that
this is explicable by increased FFA entry rather than reduced
FFA clearance in humans had not to our knowledge previously
been reported. FFA concentrations increased proportionately
to RaFFA (73 and 77%, respectively), suggesting that the pri-
mary mechanism for elevated FFA concentrations is increased
production. Since catechols increase FFA concentrations in
humans (25-27) and nicotine releases catechols from the sym-
pathetic nervous system (23, 58), mobilization of FFA is pre-
sumably mediated by catechols. The effect is not persistent,
though, in that basal RaFFA, Ra glycerol, and FFA concentra-
tions were not different during the CSand non-CS phases. The
lack of a lipolytic stimulatory effect after overnight abstention
from CS is also consistent with the pharmacology of nicotine
(54). In contrast, the half-lives of serum lipoproteins are much
longer (several days for LDL and HDL), so that effects in-
duced by habitual CSduring the course of the day might ulti-
mately affect fasting lipoprotein concentrations (32, 33). Our
1-wk CS and non-CS periods were not long enough to allow
differences in fasting serum lipoproteins to become apparent,
however.

Alteration in lipolysis/reesterification substrate cycling
were observed as a consequence of acute CS. Two types of
substrate cycling can be distinguished, intracellular (adipo-
cyte) reesterification and extracellular (hepatic) reesterifica-
tion (30, 47). Measurement of Ra glycerol represents absolute
lipolysis, since the adipocyte lacks glycerokinase needed to
reuse glycerol released from triglyceride (47), whereas RaFFA
reflects FFA that escaped reuse within the adipocyte (Fig. 1).
The difference between 3x Ra glycerol and RaFFA therefore is
an index of intracellular reesterification of FFA. Weobserved a
nonsignificant (P = 0.10) increase in intracellular reesterifica-
tion during acute CS (Fig. 6). Intracellular cycling represents a
thermogenic process that is relatively benign in terms of sys-
temic metabolism, the only systemic consequence being re-
lease of glycerol. In contrast, extracellular recycling also in-
volves entry of FFA into the systemic circulation and reesterifi-
cation in the liver, which will tend to increase hepatic
VLDL-triglyceride (TG) production and secondarily alter
plasma lipoproteins (35-41).

Of the two possible sites for reesterification of FFA, the liver
is clearly the least desirable metabolically. Unfortunately, this
process is significantly stimulated by acute CS (Fig. 7). The
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increase in extracellular reesterification of FFA represents a
mechanism by which CS might increase VLDL-TG produc-
tion and alter serum lipids in an atherogenic direction (35-37).
The association of increased FFA flux and delivery to the liver
with high cardiovascular risk (e.g., diabetes [35]; CS), or re-
duced FFA flux with reduced cardiovascular risk (e.g., nico-
tinic acid therapy [38-40]), raises the possibility that this is a
general causal relationship. It will be of interest to evaluate how
these lipid metabolic effects of CS are influenced by the pres-
ence of other cardiovascular risk factors, such as hypertension,
diabetes, insulin resistance, and obesity. Systemic FFA release
may represent a mechanistic link between CS or nicotine and
other risk factors. If so, the benefit of nicotine replacement
therapy to prevent weight gain after cessation of CS (59, 60)
may have to be considered in this light. The effect of nicotine
replacement therapy (i.e., nicotine patches and chewing gum)
on energy expenditure, lipid kinetics, and serum lipoproteins is
therefore an important area for future research.

To the extent that CS-induced thermogenesis is mediated
by substrate cycling of FFA, the sought-after thermogenic ef-
fect and the undesirable, possibly atherogenic effect on lipids
might be two sides of the same coin, i.e., inseparable because
they are based on a shared lipolytic mechanism. Our quantita-
tive calculations do not support this notion, however. The total
thermogenic contribution from reesterification of FFA was cal-
culated to be only 1 1.0 kcal/d, or 15% of observed changes in
REEafter acute CS in these heavy smokers. The implication is
that inhibition of lipolysis and subsequent reesterification
might substantially reduce dyslipidemic effects but not prevent
any thermogenic effects of CS, if these results in heavy smokers
also apply in light smokers, in whomCS-induced thermogene-
sis is greater ( 19-22). This mechanistic question is not just of
theoretical interest. Although it certainly would not be desir-
able from a general health point of view to administer a lipoly-
sis inhibitor in order to allow people to continue smoking with
less atherogenic risk, the question may have practical relevance
for use of nicotine patches. Niacin is believed to increase adipo-
cyte reesterification of FFA and thereby reduce FFA release
(38). If this mechanism of action of niacin can be confirmed, it
might in principle maintain the net reesterification rate in-
duced by nicotine but redirect it to the adipocyte and away
from the liver. Weare in the process of determining the effect
of nicotine patch therapy on EE and lipid metabolism.

The thermogenic effect of acute CSin these heavy smokers
( 5% and not statistically significant) was less than that re-
ported by some previous investigators. Hofstetter et al. ( 19)
reported an 8% increase in 24-h expenditure. Glauser et al.
(33) found that cessation of CS caused an 8%decrease in EE.
On the other hand, Perkins et al. (20) reported that intranasal
nicotine (15 ,.tg/kg), which achieves serum nicotine concen-
trations similar to those observed in our subjects during CS,
increased EE by - 6%. Wehave elsewhere observed (22) that
intravenous nicotine administration has a lower thermogenic
effect in heavy smokers than light smokers, which may explain
some of the differences between studies. Nevertheless, heavy
smokers continue to be exposed to the lipolytic and hepatic
FFA reesterifying effects of CS even while experiencing less
thermogenesis than light smokers.

Finally, we asked whether rebound effects on REEor inter-
mediary metabolism that would specifically promote fat deposi-
tion would be apparent after 1 wk of non-CS. Basal fat mobili-
zation was not reduced nor was new fat synthesis (de novo

lipogenesis) increased by cessation of CS. REEwas also un-
changed. Thus, in the absence of surplus energy intake, the
only metabolic driving force that could promote gain of body
fat after cessation of CSwas reduced whole body fat oxidation.
Carney and Goldberg (41 ) reported an increase in serum lipo-
protein lipase (LPL) activity after cessation of CS, and sug-
gested that a predisposition to accrual of body fat would result.
It should be pointed out that, on metabolic principles, in-
creased flux of triglyceride through LPL would not result if
there were increased LPL activity, since there is no alternative
fate for serum triglyceride. Rather, a lower serum triglyceride
concentration with the same flux would result, at steady-state.
Increased flux through LPL has not been documented after
cessation of CS. Accordingly, we do not believe that there
currently exists convincing evidence for a rebound metabolic
milieu that specifically favors body fat gain after cessation of
CS. Through its acute calorigenic effects, CS may induce a
lower body weight than would otherwise be present in an indi-
vidual, but the proposal that cessation of CSshould result in an
overshoot (higher than usual) body weight or body fat content
due to increased fat synthesis or storage remains to be proven
quantitatively, in the absence of overeating. Our results also
provide no purely metabolic rationale for provision of nicotine
to prevent fat gain after cessation of CS, independent of effects
on food intake or thermogenesis.

In conclusion, acute CS in heavy smokers results in in-
creased FFA entry into the circulation, elevated serum FFA
concentrations, and increased hepatic reesterification of FFA,
which may explain the dyslipidemic effect of CS. Although
hepatic reesterification represents a substrate cycle, it contrib-
utes only a small proportion of any calorigenesis induced by
acute CS, implying that the thermogenic and potentially ather-
ogenic effects of nicotine may not be integrally connected.
Thus, heavy smokers are exposed to deleterious alterations in
lipid metabolism despite a reduced thermogenic effect and can
stop smoking without fear of inducing a rebound metabolic
propensity favoring fat gain in the absence of increased food
intake.
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