
Effects of Smoking Versus
Nonsmoking on Postprandial
Glucose Metabolism in Heavy
Smokers Compared With
Nonsmokers
Diabetes Care 2018;41:1260–1267 | https://doi.org/10.2337/dc17-1818

OBJECTIVE

Epidemiological studies suggest that smoking increases the risk of type 2 diabetes.
We hypothesized that smoking-derived nicotine and ensuing activation of nicotinic
cholinergic receptors in the gastrointestinal tract and the autonomic nervous system
would have a detrimental effect on postprandial glucose metabolism and, thus,
potentially constitute a link between smoking and the development of type 2 diabetes.

RESEARCH DESIGN AND METHODS

Wesubjected11maleheavysmokers totwoidentical4-h liquidmixed-meal tests:one
with concomitant cigarette smoking (immediately before and after meal intake) and
one without smoking. Twelve age-, sex-, and BMI-matched nonsmokers underwent
an identical meal test without smoking.

RESULTS

The smokerswere characterized byhigher fasting plasma concentrations of glucagon
comparedwith thenonsmokers. Among smokers, cigarette smokingbefore and after
themealsignificantly reducedpostprandialplasmaglucoseexcursions. Therewereno
differences in gut or pancreatic hormone concentrations between the test days in the
smoking group, and the responses were similar to those in the control group.

CONCLUSIONS

Our results suggest that smoking in association with meal intake decreases the
postprandial plasma glucose concentrations, possibly through decreased gastric
emptying, and that elevated fasting glucagon concentrations rather than smoking-
induced alterations in postprandial glucose and hormone responses may be associated
with the elevated risk of type 2 diabetes in chronic smokers.

Tobacco smoking is the leading preventable cause of death in the Western world (1).
There is overwhelming evidence of the harmful effects of smoking on virtually every
organ system in the human body, with well-described and detrimental effects on the
pulmonary and cardiovascular systems.During the past decade, accumulating evidence
of cigarette smoking constituting a strong and independent risk factor for the de-
velopment of type 2 diabetes has appeared (1–3). Smokers have an ;30–50%
increased risk of developing type 2 diabetes, with heavy smokers (individuals defined
assmoking.20cigarettes/day)havinganupto54%increasedrisk (1).This riskelevation
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is still present after adjustment for con-
founding factors (a pooled relative risk of
1.39), emphasizing the independentnature
of smoking as a risk factor for type 2 dia-
betes (1). Although the epidemiological
evidence for an increased risk of type 2
diabetes among smokers thus is substan-
tial, the underlying mechanisms remain
unclear. When tobacco is consumed,
temporarily high nicotine levels can be
found in the bloodstream, giving rise to
acute and, if used over long period of
times, chronic effects on the body (1,4).
Chronic tobacco smoking (often defined
as .1 year of continuous use) has been
found to decrease glucose tolerance,
lower insulin secretion, and increase in-
sulin resistance (IR),whereas its effects on
fastingplasmaglucoseseemnegligible (5).
Furthermore, chronic smoking increases
central fat deposits (6–8), sympathetic
activity, and cortisol levels (9,10),which in
turn may promote visceral fat deposits
(11) and increase inflammatory markers
(12) and oxidative stress (13) and, thus,
contribute to the increased IR found in
several large-scale studies (14). The acute
effects of smoking seem similar to the
chronic effects, as intravenous infusion of
nicotine has been shown to worsen IR in
patients with type 2 diabetes during
euglycemic-hyperinsulinemic clamp ex-
periments (15). Reduced insulin action
reduces glucose use in peripheral tissues
and thus may elevate plasma glucose
levels (16). Accordingly, smokinghas been
shown to acutely impair glucose toler-
ance and raise insulin levels during an oral
glucose tolerance test (OGTT) (17). In
addition to this, acute smoking may in-
terfere with gastric and gallbladder mo-
tility, thereby influencing postprandial
glucose uptake from the gut (18,19).
Combined with the finding of nicotinic
cholinergic receptors on pancreatic b-
anda-cells (20), this couldpoint toadirect
interaction between nicotine and glucose
homeostasis,bothchronicallyandacutely.
However, there is still a need for more
knowledge about the direct effects of
tobacco smoking on postprandial glucose
homeostasis includingtheeffectof tobacco
smokingon the incretinhormones, glucose-
dependent insulinotropicpolypeptide(GIP),
and glucagon-like peptide 1 (GLP-1), which
play a major role in postprandial glucose
homeostasis (21) and in the development
of type 2 diabetes (22–24).
Herewe investigatedwhether andhow

tobacco smoking influences postprandial

glucose homeostasis in heavy smokers
without diabetes during a 4-h mixed-
meal test and compared the results with
the postprandial glucose homeostasis in
matched nonsmokers.

RESEARCH DESIGN AND METHODS

The study was approved by the Scientific-
Ethical Committeeof theCapital Regionof
Denmark (registrationno.H-1–2013–042)
andregisteredwithClinicalTrials.gov (clin-
ical trial reg. no.NCT02497651). The study
was performed in accordance with the
principles of the Declaration of Helsinki
(Seventh Revision, 2013). All experiments
were carried out at Clinical Metabolic
Physiology, Steno Diabetes Center Co-
penhagen, Gentofte Hospital, University
of Copenhagen, Hellerup, Denmark. In-
formed consent was obtained before
any study-related procedures were car-
ried out.

Subjects
An overview of subject demographics
is presented in Table 1. Twelve healthy,
heavy-smoking men and 12 healthy non-
smoking men matched for age and BMI
were studied. The subjects were all
normoglycemic andhadnoknownfirst- or
second-degree relatives with type 2 di-
abetes. None of the subjects were
treated with drugs likely to affect glucose
homeostasis or the secretion of gastro-
intestinal hormones. The smokers each
smoked .20 cigarettes per day and had
done so for at least 1 year. The smokers
had a larger weekly intake of alcohol
compared with the nonsmokers (Table
1) but showed no biochemical signs of in-

creased liver damage. Of the 12 smokers,
one smoker was excluded after completion
of the study, because the measurement
of gastrointestinal hormones indicated a
failure to fast before an experimental
day. The cigarettes used by the smokers
were from various standard brands, with
normal contents of nicotine (1 mg), char-
coal (10 mg), and carbon monoxide (10 mg)
per cigarette (one smoker used “light”
cigarettes, containing 0.5 mg nicotine/
cigarette).

Experimental Design
The 24 subjects were included in this
interventional crossover study based on
an initial screening visit (for more informa-
tion, see the inclusion flowchart in the
Supplementary Data). After inclusion, the
smokersunderwent twomixed-meal tests
in randomized order separated by a min-
imumof 24h and amaximumof 1month:
one without concomitant cigarette smok-
ing (referred to as the nonsmoking test
day), and one with concomitant cigarette
smoking 10 min before and 10 min after
ingestion of the meal (referred to as the
smoking test day). Participants smoked
their regular brand of cigarette in the
experiment.Thecontrolgroupunderwent
one similar mixed-meal test, but without
cigarette smoking. All meal tests were
initiated the morning (start ;8:00 A.M.)
after an overnight (10-h) fast (including
abstinence from food, tobacco, medica-
tion, and liquids), with subjects in a 45°
recumbent position in a hospital bed.
Before the start of the test, the subjects
wereaskedtoemptytheirurinarybladder.
At baseline, a cannula was inserted into a

Table 1—Demographic characteristics of participants

Heavy-smoking group Control group P

Number of participants (M/F) 11/0 12/0

Age (years) 26.3 (10.6) 26.7 (9.1) 0.45

BMI (kg/m2) 25.4 (4.1) 25.1 (4.5) 0.56

HbA1c (%) 4.9 (0.7) 5.0 (0.7) 0.55

HbA1c (mmol/mol) 30.5 (4.4) 31.6 (4.3) 0.55

FPG (mmol/L) 5.4 (0.3) 5.4 (0.4) 1.00

Waist-to-hip ratio 0.91 (0.06) 0.90 (0.05) 0.18

SBP (mmHg) 125.4 (5.9) 130.1 (7.8) 0.23

DBP (mmHg) 72.1 (5.6) 78.3 (8.9) 0.07

Alcohol consumption (units/week) 9.5 (6.3) 5.4 (5.5) 0.05

Cigarettes/day 23.8 (6.1) NA

Pack-years 12.5 (12.4) NA

Data are presented as the mean (SD), unless otherwise indicated. DBP, diastolic blood pressure; F,
female; FPG, fasting plasma glucose; M, male; NA, not applicable; SBP, systolic blood pressure.
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cubital vein for the collection of blood
samples. The forearm was kept warm
(50°C) by a heating blanket for arterializa-
tion of the venous blood (25). After an
initial 30-min baseline period (i.e., at time
0 min), the subjects ingested the meal: a
350-mL chocolate drink (150 kcal, 18.5 g
of carbohydrates, 5.8 g of lipids, 5.8 g
of protein/100 mL; Nutricia Denmark).
Acetaminophen (1,500 mg) suspended
in 50mL of water was added to the liquid
meal for the evaluation of gastric empty-
ing according to the acetaminophen ab-
sorption test (26). Heart rate and blood
pressure were monitored every 15 min,
and gallbladder volume was measured
by ultrasonography five times during the
meal test (at baseline and 20, 40, 80,
and 240 min after ingestion of the meal).
Every 30min, the subjects filled out visual
analog scales (VASs) about appetite,
thirst, and general well-being. Blood
sampleswereobtainedattimes230,215,
0, 10, 20, 30, 50, 70, 90, 120, 150, 180,
and 240 min. For the analysis of gastrin,
cholecystokinin (CCK), GIP, GLP-1, and
glucagon, bloodwasaddedtochilledtubes
containingEDTA,aprotinin (500kallikrein
inhibitor units/mL blood; Trasylol; Bayer,
Leverkusen, Germany), and a specific di-
peptidyl peptidase 4 inhibitor (valine-
pyrrolide,finalconcentration0.01mmol/L;
Novo Nordisk, Bagsværd, Denmark). For
the analyses of insulin and C-peptide,
blood was added to plain tubes for co-
agulation (20 min at room temperature).
For the analysis of acetaminophen, blood
was added to heparin-containing tubes.
All sampleswere centrifuged for 20min at
1,200g and 4°C, and serum/plasma was
transferredtostoragetubesonice.Plasma
samples for gastrin, CCK, GIP, GLP-1, and
glucagon analyses were stored at220°C,
and serum samples for insulin and
C-peptide analyses as well as heparinized
samples for acetaminophen analysis were
stored at 280°C. For bedside measure-
ment of plasma glucose, blood was
collected in fluoride-coated tubes and
centrifuged immediately at 7,400g for
2 min at room temperature. After the 4-h
meal test, the subjects delivered a urine
sample and were offered a standardized
solid ad libitummeal. Diuresis aswell as the
consumption of food andwater was noted.

Analyses
Plasmaglucose concentrationsweremea-
sured bedside using the glucose oxidase
method (Model 2300STATPLUSAnalyzer;

YSI Incorporated,YellowSprings,OH).Serum
insulin and C-peptide concentrations were
measured using a two-site electrochemilu-
minescence immunoassay (Roche/Hita-
chi Modular Analytics System; Roche
Diagnostics). Serum acetaminophen was
measuredbytheVitroACETslide,asdescribed
previously (26). Plasma concentrations of
gastrin, CCK, GIP, GLP-1, and glucagonwere
all measured by radioimmunoassays, as
previously described (27–30).

Calculations and Statistics
The sample size of the study was calcu-
lated based on a 0.05 level of significance,
an 80% power level, an estimated differ-
ence in plasma GLP-1 of 15%, and ap-
propriate SDs from previous literature
(31,32), leading to a minimum of 8–11
participants in each group in order to
achieve study objectives. Data are re-
ported as themean followed by themean
difference (MD), 95% CI and level of sig-
nificance unless otherwise stated. The
areaunder the curve (AUC)was calculated
by the trapezoidal method and is pre-
sented as the total and/or baseline-
subtracted AUC (bsAUC) for the entire
4-h period, unless otherwise stated. The
time from ingestion of the acetamino-
phen-containing meal to each subject’s
peak serum acetaminophen concentra-
tion (Tmax) was used as an indirectmarker
of the gastric emptying rate because Tmax

is inversely proportional to the gastric
emptying rate. Gallbladder volume was
calculated by the following formula:
length 3 width3 height3 p/6 (33). To
evaluate IR, HOMA, insulinogenic index,
and disposition index (DI) were used.
HOMA-IR was calculated as (fasting
plasma glucose3 fasting plasma insulin)/
22.5. The insulinogenic index was calcu-
lated as AUCinsulin/AUCglucose. The DI was
calculated as insulinogenic index/HOMA-
IR. The overall feeling of appetite was
evaluated from the composite appe-
tite score (CAS) derived from the VAS
scores. The VAS measurements were car-
ried out in accordance with studies
validating the technique (34). The CAS
was calculated as (hunger + prospective
foodconsumption2satiety2 fullness)/4.
Differences among the 3 study days
regarding baseline characteristics and
AUCs were evaluated usingmultiple t tests
and mixed modeling including subject
identification as a random factor and a
randomcovariancestructurebasedonsmok-
ing status, BMI, and/or age, respectively, if

needed according to log-likelihood ratios.
When comparing the 2 test days of the
smoking group, a Student t test analysis
was used. A two-sided P value of ,0.05
was chosen to indicate significant differ-
ences. To avoid false-positive results due
to multiple comparisons, we performed
Tukey post hoc tests using the estimated
marginal means method in R (R Founda-
tion [www.r-project.org]). Statistical anal-
ysis was carried out using the nlme
(version 3.3), multcomp (version 1.4), and
emmeans(version1.1)packages inR(version
3.3.1;RFoundation),GraphPadPrismversion
6.0 for Windows/Mac (GraphPad Software,
San Diego, CA), andMicrosoft Excel version
15.31 (Redmond, WA).

RESULTS

Plasma Glucose
Excursions for each of the 3 test days are
presented in Fig. 1A. No significant differ-
ences in baseline plasma glucose values
were observed between the two groups.
Regarding the smoking group, fasting
plasma glucose levels on the smoking
test day were slightly higher compared
with the nonsmoking test day (5.3 vs.
5.1mmol/L;MD0.2 [95%CI 0.1, 0.5];P=
0.04). During the first 2 h after ingestion
of the meal, the smokers exhibited a
tendency toward a larger increment in
plasma glucose on their nonsmoking day
compared with the matched control sub-
jects (bsAUC0–120 min 116 vs. 59 mmol/L/
min;MD57[95%CI4.6,109];P=0.08).The
peak value (Table 2) and overall excur-
sions of plasma glucose were significantly
lower throughout the entire test when
thesmokersweresmokingcomparedwith
when they were not (bsAUC 35 vs. 105
mmol/L/min;MD270[95%CI2119,221];
P = 0.03).

Acetaminophen and Gastric Emptying
Rate
Excursions of plasma acetaminophen lev-
els are shown in Fig. 1B.We found a trend
toward a longer Tmax when the smokers
smoked comparedwith their nonsmoking
test day (110 vs. 96min;MD 14 [95% CI 1,
28]; P = 0.08). A trend toward a shorter
Tmax was observed among smokers (on
their nonsmoking day) compared with
control subjects (96 vs. 119min; MD223
[95% CI 22,244]; P = 0.10).

Gallbladder Emptying
Gallbladdervolumeovertimeispresented
in Fig. 1C. When smoking, the smokers
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exhibited a tendency toward slower gall-
bladder emptying; however, no significant
differences between the smokers’ 2 test
days or the control subjects in postprandial
gallbladder motility were found (Table 3).

Heart Rate and Blood Pressure
Mean heart rate over time is presented in
Fig. 1D and in Table 3. The smokers’ heart
rates were not significantly different on
their smoking test day compared with
their nonsmoking test day, nor did it differ
significantly fromthecontrolgrouponany
ofthetestdays.Thesubjects’bloodpressure
values (diastolicaswellassystolic)didnot
fluctuate during the meal test, nor did
they differ significantly between the two
groups or between the smokers’ 2 test
days (Table 3).

Glucagon, Insulin, C-Peptide, and
Insulin Resistance
Time courses for plasma/serum glucagon,
insulin, and C-peptide concentrations are
presented in Fig. 1E–G. Compared with
the control group, fasting plasma concen-
trations of glucagon in the smoking group
were significantly elevated on the non-
smoking test day (Table 2). The elevated

fasting plasma glucagon concentrations
remained significant when analyzing the
overall mean fasting glucagon concentra-
tion from the 2 test days of the smoking
groupagainst thecontrolgroup(8.9vs.6.1
pmol/L; MD 2.8 [95% CI 0.01, 5.6]; P =
0.049). However, the postprandial re-
sponse of glucagon was similar in the two
groups and within the smoking group. No
significant differences between the groups
or between the smokers’ 2 test days were
observed in the responses of either insulin
or C-peptide after the ingestionof themixed
meal (Table 2). No significant differences
in HOMA-IR were found between the
groups or within the group of smokers
(Table 3). The DI of the control subjects
was significantly higher comparedwith that
of the smoking group, among whom there
were significant differences between the
2 test days (Table 3).

Gastrin and Cholecystokinin
Plasma gastrin and CCK concentrations
overtimearepresented inFig.1Hand I.No
significant differences in gastrin concen-
trations were observed between the
smokers and the control subjects. A sig-
nificant increase in the postprandial

gastrinresponse(bsAUC)wasobservedon
the day the smokers smoked compared
with their nonsmoking test day (1,534 vs.
1,223 pmol/L/min; MD 311 [95% CI 100,
524];P=0.02). CCKconcentrationsdidnot
differ between the smokers’ 2 test days;
however, the smokers exhibited a trend
toward a larger postprandial response in
CCK on their smoking test day compared
with control subjects (bsAUC 421 vs.
290 pmol/L/min; P = 0.10).

Incretin Hormones
Plasma concentrations of GIP and GLP-1
overtimearepresented inFig.1JandK.No
significant differences in GIP levels were
recorded (Table 2). No significant differ-
ences in fasting or postprandial GLP-1
valueswereobservedbetweenthegroups
or within the smoking group.

Appetite and Satiety
Sensations of hunger, satiety, fullness,
prospective food consumption, CAS, com-
fort, level of nausea, and thirst are pre-
sented in tables and figures as the change
from baseline over time in the Supple-
mentary Data. Overall appetite, summa-
rized as the CAS, decreased during the first

Figure1—Excursionsof plasma glucose (A), serumacetaminophen (B), gallbladder volume (C), heart rate (D), plasma glucagon (E), serum insulin (F), serum
C-peptide (G), plasma gastrin (H), plasma CCK (I), plasmaGIP (J), and plasmaGLP-1 (K) in response to themeal ingested at time 0min. Dashed black curve,
smoking test day; gray curve, control subjects; solid black curve, nonsmoking test day. Base, average baseline (fasting) value; mean, average heart rate
throughout the test day; peak, highest measured concentration. NS, not significant. *Significant difference between the smokers’ 2 test days, P, 0.05;
**significant difference between the smokers’ 2 test days, P, 0.01; #significant difference between the smokers’ nonsmoking test day and the control
subjects’ test day, P, 0.05.
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30 min after ingestion of the meal, and
then rose steadily during the remaining
3.5honall3testdays.Althoughatendency
toward a larger appetite in the smoking
groupwasobserved, no significantdiffer-
encesamongthe3testdaysweredetected
in the overall model in the categories
directly related to food intake. If analyzed
separately, the smokers’ hunger and CAS
values on the nonsmoking test day were
significantly larger than the values for
the control group during the last2.5hof
the experiment, indicating a faster buildup
of appetite in chronic smokers. In terms of
nausea, the control subjects reported an
increase in nausea level after meal intake
comparedwiththesmokers,whoreporteda
meandecreaseinnausealevelsonbothdays
after the meal.

Food and Water Intake and Diuresis
There were no significant differences in
the subjects’ consumption of the ad libitum

meal among the 3 days (Supplementary
Data). No differences were observed in
either water intake or diuresis.

CONCLUSIONS

Here,we investigated the effects of smok-
ing on postprandial glucose metabolism
and show that heavy smokers are char-
acterized by fasting hyperglucagonemia
and exaggerated postprandial glucose
excursions compared with matched non-
smoking control subjects and that smoking
in association with a meal, contrary to
ourexpectations, decreasespostprandial
glucose excursions in heavy smokers.

We hypothesized that smoking and
the ensuing elevation in plasma nicotine
concentrations would render the heavy
smokers more insulin resistant, and, thus,
compromise their postprandial glucose
tolerance. In line with this, a tendency
toward lower plasma glucose responses
during the first 2 h after ingestion of the

meal was seen in the control group
compared with the smokers. The exact
mechanisms behind this difference cannot
be derived from the current study, but
the trend of slower gastric emptying
observedinthecontrolgroup(MD23.3min
inTmaxofacetaminophen) couldbepartof
the explanation.

Significantly higher fasting glucagon
concentrationscharacterized the smoking
group. This is interesting, because hyper-
glucagonemia represents a classic path-
ophysiological phenomenon of type 2
diabetes (35,36) and is an important
contributor to type 2 diabetic hypergly-
cemia (37). Furthermore, it has been
shown that hyperglucagonemia in the
fasting state may represent one of the
earliest signsofthedevelopmentoftype2
diabetes in obese people with otherwise
normal glucose tolerance (22). Thus, the
elevated concentrations of glucagon found
in the smoking group, coulddat least

Table 2—Baseline concentrations and postprandial responses of plasma glucose and hormones on 3 test days

Heavy-smoking group

Control group (3)

P

Smoking (1) Nonsmoking (2) 1 vs. 2 1 vs. 3 2 vs. 3

Plasma glucose
Baseline (mmol/L) 5.3 [5.1, 5.5] 5.1 [4.9, 5.3] 5.2 [5.0, 5.3] 0.04 0.41 0.74
Peak (mmol/L) 7.1 [6.7, 7.5] 7.9 [7.5, 8.3] 7.2 [6.9, 7.6] ,0.01 0.94 0.05
bsAUC (mmol/L3min) 35.1 [222.5, 92.7] 105 [47.6, 163] 47.1 [24.3, 98.4] 0.03 0.92 0.32
bsAUC0–120 (mmol/L3min) 76.9 [39.7, 114] 116 [79.2, 154] 59.4 [26.3, 92.6] 0.01 0.47 0.08

Gastrin
Baseline (pmol/L) 5.1 [4.1, 6.1] 4.9 [3.9, 5.9] 4.1 [3.2, 5.1] 0.64 0.33 0.50
Peak (pmol/L) 17 [15, 20] 15 [13, 18] 16 [12, 20] 0.1 0.77 0.94
bsAUC (nmol/L3min) 1.5 [1.2, 1.9] 1.2 [0.9, 1.6] 1.3 [1.0, 1.6] 0.02 0.43 0.98

CCK
Baseline (pmol/L) 0.9 [0.6, 1.2] 1 [0.6, 1.3] 0.7 [0.6, 0.9] 0.98 0.46 0.36
Peak (pmol/L) 7.3 [4.6, 9.9] 6.7 [4, 9.3] 4.9 [3.2, 6.5] 0.88 0.26 0.44
bsAUC (pmol/L3min) 421.4 [329, 513] 403 [311, 495] 271 [208, 372] 0.89 0.10 0.17

Insulin
Baseline (pmol/L) 79.1 [54.9, 103.3] 72.7 [39.3, 106.1] 65 [35.3, 94.8] 0.55 0.50 0.71
Peak (pmol/L) 876 [532, 1,219] 1,014 [670.9, 1,358] 914 [608, 1,220] 0.22 0.98 0.89
bsAUC (nmol/L3min) 46.4 [26, 66.8] 51.8 [31.5, 72.2] 46.7 [28.5, 64.8] 0.56 0.99 0.91

C-peptide
Baseline (pmol/L) 573 [407, 738] 532 [366, 697] 464 [317, 612] 0.78 0.56 0.79
Peak (pmol/L) 2,449 [1,962, 2,936] 2,469 [1,981, 2,956] 2,118 [1,684, 2,552] 0.99 0.53 0.50
bsAUC (nmol/L3min) 172 [129, 215] 178 [135, 222] 146 [107, 184] 0.62 0.60 0.47

Glucagon
Baseline (pmol/L) 8.5 [6.5, 11] 9.4 [7.4, 11] 6.1 [4.6, 7.6] 0.50 0.32 0.04
Peak (pmol/L) 14 [11, 18] 15 [11, 18] 14 [10, 17] 0.92 0.93 0.86
bsAUC (pmol/L3min) 386 [38, 735] 237 [2112, 585] 499 [188, 809] 0.42 0.86 0.47

GIP
Baseline (pmol/L) 9.2 [7.7, 10.7] 8.9 [7.4, 10.4] 6.6 [5.3, 7.9] 0.91 0.05 0.08
Peak (pmol/L) 95.6 [75.3, 116] 106 [85.6, 126] 86.8 [76.6, 96.9] 0.62 0.68 0.20
bsAUC (nmol/L3min) 10.4 [8.9, 11.9] 9.4 [7.9, 10.9] 8.7 [7.4, 10.1] 0.32 0.21 0.77

GLP-1
Baseline (pmol/L) 11 [8.2, 13] 12 [10, 15] 12 [10, 14] 0.19 0.60 0.99
Peak (pmol/L) 29 [21, 37] 27 [19, 35] 27 [20, 35] 0.97 0.95 0.99
bsAUC (nmol/L3min) 1.6 [1.0, 2.3] 1.4 [0.8, 2.1] 1.8 [1.2, 2.4] 0.62 0.90 0.64

Data are presented as mean values with 95% CIs in brackets, unless otherwise indicated.
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partlydcontribute to the smokers’ ele-
vated risk of the development of type 2
diabetes. The exact mechanisms behind
the hyperglucagonemia in the group of
smokers cannot be deduced from our
study. Because chronic smoking has been
shown to be associated with increased
visceral fat deposits, steatosis-induced
hepatic glucagon resistance and compen-
satory glucagon secretion from the pan-
creasmay,hypothetically, contribute (38).
We also hypothesized that smoking in

conjunction with the mixed meal would
have a detrimental effect on the smokers’
postprandial glucose homeostasis com-
pared with their nonsmoking test day, as
seen in a previous study evaluating the
effect of smoking during OGTTs (17).
However, contrary to our expectations,
we observed that smoking in conjunction
with the meal increased postprandial
glucose tolerance compared with an
identical test day without any cigarette
smoking. Thedifference inplasmaglucose
values does not seem to be a result of
altered pancreatic function because no
differences between the respective test
days were observed regarding the post-
prandial response of insulin, C-peptide, or
glucagon. The unaltered insulin response
stands in contrast to the study by Frati
et al. (17),where acutesmoking causedan
increment in insulin levels after an OGTT.

The lack of difference in postprandial
glucagon levels between the smokers’ 2
test days suggests that the fasting hyper-
glucagonemia in the heavy smokers most
likely is an effect of chronic smoking.
Similarly, our data suggest that smoking
does not have a direct effect on post-
prandial plasma responses of the incretin
hormones GIP and GLP-1. This is in line
with other studies showing no effect of
smoking cessation in heavy smokers on
postprandial responses of GLP-1, GIP, and
other guthormones (39,40). Interestingly,
the gut hormone CCK and its cellular
pathwayshavebeensuspected to interact
with and mediate the effects of nicotine,
and studies in rats have shown nicotine
andotherderivativesof smoking toacutely
increase CCK levels (41,42). A nonsignifi-
cant increment in postprandial CCK levels
was detected in the control group when
compared with the smokers on their
smoking test day. The importanceof this
potential difference is not known, as
no differences in gallbladder motility or
gastric emptying between these 2 test
days were detected.

A likely explanation of the smoking-
inducedimprovementinglucosetolerance
may be smoking-induced deceleration of
gastric emptying, as suggested by our
acetaminophen data. It has previously
been shown that smoking can decrease

gastric emptying of solid foods (18),
although the opposite effect also has
been described (19). Plasma concentra-
tions of gastrinwere significantly elevated
during the smoking test day. Gastrin is
known to enhance smooth muscle con-
tractions in the antral part of the ventricle
as well as in the pyloric sphincter and to
increase the secretionof gastric acid, both
leading to the deceleration of gastric
emptying (43,44). Smoking has previously
been found to affect gastrin levels, per-
haps as a compensatory mechanism for
the decreased gastric acid secretion often
seen during smoking (45,46). It is thus
possiblethatthereducedgastricemptying
on the smoking test day ispartlymediated
by increased gastrin secretion.

One may speculate that the smokers
experience an increased stress response
during their nonsmoking test day because
they are deprived of their normal dose of
nicotine and that this stress response is
responsible for the increased plasma glu-
cose concentrations seen on this day. Thus,
one could regard the nonsmoking test day
astheactual interventiondayfortheheavy-
smoking group. This view would better
explain the apparent paradox that the
gastric emptying data from the smoking
groupresembledata fromthecontrolgroup
themoston thesmoking testday.However,
this view is not supported by the smokers’

Table 3—Acetaminophen Tmax, baseline levels, and postprandial responses of heart rate, gallbladder emptying, and insulin
sensitivity on 3 test days

Heavy-smoking group

Control group (3)

P

Smoking (1) Nonsmoking (2) 1 vs. 2 1 vs. 3 2 vs. 3

Acetaminophen
Tmax (min) 110 [95, 125] 96 [80, 111] 119 [104, 133] 0.08 0.67 0.10

Diastolic blood pressure
Baseline (mmHg) 72 [68, 76] 72 [66, 78] 77 [71, 83] 0.99 0.28 0.37
Peak (mmHg) 77 [73, 80] 74 [68, 80] 80 [74, 85] 0.51 0.60 0.35
bsAUC (mmHg 3min) 2493 [22,058, 1,072] 21,296 [22,861, 270] 22,794 [24,312,21,277] 0.17 0.11 0.33

Systolic blood pressure
Baseline (mmHg) 125 [118, 131] 124 [117, 130] 132 [123, 141] 0.95 0.35 0.28
Peak (mmHg) 131 [123, 138] 129 [122, 136] 138 [131, 145] 0.55 0.30 0.18
bsAUC (mmHg 3min) 2570 [23,609, 2,469] 21,095 [24,134, 1,944] 23,657 [26,605, 2711] 0.64 0.29 0.41

Heart rate
Baseline (bpm) 59 [53, 65] 57 [51, 63] 58 [53, 63] 0.89 0.96 0.99
Peak (bpm) 75 [68, 81] 67 [61, 73] 66 [60, 72] ,0.01 0.14 0.96
Mean (bpm) 64.4 [58, 71] 60.7 [55, 67] 56.3 [46, 67] 0.09 0.19 0.56

Gallbladder emptying
Baseline volume (mL) 26 [16, 36] 30 [20, 40] 36 [24, 49] 0.73 0.41 0.70
Peak ejection (%) 76 [67, 85] 79 [70, 89] 79 [72, 87] 0.84 0.81 0.99
bsAUC (%3min) 8.1 [4.9, 11] 8.2 [4.9, 11] 8.3 [5.4, 11] 0.99 0.99 0.99

Insulin sensitivity
HOMA-IR 2.7 [1.9, 3.5] 2.3 [1.1, 3.5] 2.2 [1.4, 3.0] 0.52 0.52 0.77
DI (HOMA) 2.7 [2.4, 3.0] 3.6 [2.9, 4.3] 7.8 [5.1, 10.5] 0.01 ,0.01 0.03

Data are presented as mean values with 95% CIs in brackets, unless otherwise indicated.
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heart rates, which if anything were slightly
lower during the nonsmoking test day.
We did not include a smoking test day

for the control group for ethical reasons
andpractical issues,whichcouldproblem-
atize the interpretationof the results (e.g.,
how to ensure proper inhalation among
nonsmokers without aberrant reactions
like coughing, nausea, and possible vom-
iting).Other limitationstothestudyinclude
the relatively small sample size of 23 par-
ticipants, limiting the statistical power.
In conclusion, our chronic heavy smok-

ers were characterized by higher fasting
plasmaconcentrations of glucagon,which
may play a role in the elevated risk of
type 2 diabetes among smokers estab-
lished from epidemiological studies. In
contrast to our hypothesis, smoking in
conjunction with a mixed meal seems to
decreasepostprandial glucoseexcursions,
likely via smoking-induceddecelerationof
gastric emptying.
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