ORIGINAL ARTICLE

Novel and Reversible Mechanisms of Smoking-Induced
Insulin Resistance in Humans

Bryan C. Bergman, Leigh Perreault, Devon Hunerdosse, Anna Kerege, Mary Playdon, Ali M. Samek,

and Robert H. Eckel

Smoking is the most common cause of preventable morbidity and
mortality in the United States, in part because it is an independent
risk factor for the development of insulin resistance and type 2
diabetes. However, mechanisms responsible for smoking-induced
insulin resistance are unclear. In this study, we found smokers were
less insulin sensitive compared with controls, which increased after
either 1 or 2 weeks of smoking cessation. Improvements in insulin
sensiﬁvigy after smoking cessation occurred with normalization of
IRS-15°%% phosphorylation. In muscle cell culture, nicotine exposure
significantly increased IRS-1°*"""" phosphorylation and decreased
insulin sensitivity, recapitulating the phenotype of smoking-induced
insulin resistance in humans. The two pathways known to stim-
ulate IRS-1%°"3¢ phosphorylation (p44/42 mitogen-activated pro-
tein kinase [MAPK] and mammalian target of rapamycin [mTOR])
were both stimulated by nicotine in culture. Inhibition of mTOR, but
not p44/42 MAPK, during nicotine exposure prevented IRS-15°%%6
phosphorylation and normalized insulin sensitivity. These data
indicate nicotine induces insulin resistance in skeletal muscle
by activating mTOR. Therapeutic agents designed to oppose skeletal
muscle mTOR activation may prevent insulin resistance in humans
who are unable to stop smoking or are chronically exposed to sec-
ondhand smoke. Diabetes 61:3156-3166, 2012

Ithough the prevalence of cigarette smoking has

fallen dramatically since the mid-1950s, it is still

widespread in the United States, with ~20%

prevalence reported by the Center for Disease
Control (1). Smoking is the most common cause of pre-
ventable morbidity and mortality in the United States (2),
and is an independent risk factor for the development of
cardiovascular disease (3) and type 2 diabetes (4,5). Car-
rying an almost equal risk as active smoking for the de-
velopment of cardiovascular disease is exposure to
secondhand smoke (6). Data from National Health and
Nutrition Examination Survey III for 1988 indicated that
88% of the population had detectable serum cotinine (7),
a by-product of nicotine metabolism, indicating an almost
nationwide exposure to cigarette smoke and the increase
disease burden it brings. In 2002, still as much as 43% of
the U.S. population had serum cotinine concentrations in-
dicating secondhand smoke exposure (8). Therefore, de-
spite efforts to decrease smoking and related diseases in the
United States, we are still a nation with tobacco-related
morbidity and mortality affecting almost half of the pop-
ulation. These epidemiologic observations underscore the
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importance of understanding how smoking impacts cardio-
vascular disease and diabetes risk. Unfortunately, the mo-
lecular link among smoking, secondhand smoke, and insulin
resistance is unknown.

Nicotine, one of many components of tobacco smoke, is
associated with decreased insulin sensitivity in humans and
therefore may link smoking with insulin resistance (9,10).
Nicotine binds to nicotinic acetylcholine al receptors in
human skeletal muscle and muscle cell cultures (11,12).
However, molecular mechanisms explaining nicotine- and
smoking-induced insulin resistance (13-15) and the im-
provement after smoking cessation (15,16) are still unclear.
Previous data from our laboratory found young chronic
smokers were insulin-resistant compared with nonsmokers
(17) with increased basal inhibition of insulin signaling and
saturation of intramuscular lipids. Therefore, we combined
a smoking-cessation intervention with nicotine exposure in
muscle cell culture to elucidate mechanisms explaining
smoking-induced insulin resistance. Our efforts focused on
determining how nicotine increases basal inhibition of
IRS-1 to lead the way for therapeutic strategies to increase
insulin sensitivity in individuals who cannot stop smoking
or are habitually exposed to secondhand smoke.

RESEARCH DESIGN AND METHODS

Subjects. Twelve healthy sedentary nonsmokers and 10 smokers completed
this intervention study (Table 1). Two subjects had urinary cotinine in-
compatible with smoking cessation (>30 ng/mL) and were therefore excluded
from the analysis, leaving eight smokers who completed the intervention (7).
Subjects gave informed consent and were excluded if they: had diabetes, hy-
perlipidemia, liver, kidney, thyroid, or lung disease, a BMI <20 or >25 kg/m?, or
were taking medications that can affect glucose or lipid metabolism. All sub-
jects were sedentary and engaged in moderate to vigorous exercise <3 h/week.
Subjects were weight stable in the 6 months prior to participation in this re-
search study. This study was approved by the Human Resources Committee at
the University of Colorado at Boulder and the Colorado Multiple Institution
Review Board at the University of Colorado at Anschutz Medical Campus.
Preliminary testing. Subjects reported to the General Clinical Research
Center (GCRC) for screening procedures following a 12-h overnight fast, where
they were given a health and physical exam followed by a fasting blood draw.
Body composition was determined using dual energy X-ray absorptiometry
analysis (Lunar DPX-IQ; Lunar Corporation, Madison, WI).

Diet and exercise control. All subjects were given a prescribed diet for 3 days
prior to both metabolic studies on the GCRC, with energy intake and com-
position as previously described (17). Subjects were asked to refrain from
planned physical activity for 48 h before each metabolic study.

Baseline metabolic study. Subjects arrived to the GCRC after an overnight
fast at 7 A.m., when an antecubital vein in one arm was cannulated for isotope
infusion, and a retrograde dorsal hand vein in the contralateral side was
catheterized for blood sampling via the heated hand technique. To measure
glucose turnover and intramuscular triglyceride (IMTG) fractional synthesis
rate (FSR), background blood and breath samples were taken, followed by
a primed (4.5 mg/kg) constant (0.03 mg/kg/min) infusion of [6,6-2Hy]glucose,
and a continuous infusion of [U-'*C] palmitate (Isotec, Miamisburg, OH)
(0.0174 pmol/kg/min). These infusions were continued for 4 h and throughout
the muscle biopsy procedure. Subjects remained fasting during the tracer in-
fusion. During the 4-h infusion, smokers smoked one cigarette (Camel Light;
R.J. Reynolds, Winston-Salem, NC) every 30 min until the start of the final blood
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TABLE 1
Subject demographics

Baseline Postintervention
Variable Controls Smokers Controls Smokers
7 (men/women) 12 (8/4) 8 (7/1)
Age (years) 20.4 = 0.6 21.8 £ 0.7
Body fat (%) 19.5 = 2.2 185 + 1.9
BMI (kg/m?®) 21.3 £ 0.5 21.9 = 0.9 21.1 = 0.6 21.8 = 1.0
Body weight (kg) 64.2 * 2.8 69.7 = 2.8 64.7 + 3.6 69.4 + 2.6
Fasting glucose (mg/dL) 84.3 = 2.5 86.6 = 0.9 80.7 = 1.6 87.8 + 1.0
FFA (pmol/L) 657 + 81 657 + 51 639 + 69 591 + 65
Lactate (mmol/L) 0.71 = 0.1 0.81 = 0.1 0.73 = 0.1 0.66 = 0.1
Insulin (pU/mL) 4.7 £ 0.6 55 *+ 0.5 49 = 05 53 = 0.7
Glucagon (pg/mL) 56 = 3 51 + 3 59 + 3 54 + 4
TGs (mg/dL) 59 + 8 116 + 9§ 65 +9 135 = 13§
Norepinephrine (pg/mL) 221 *+ 16 247 + 24 202 + 17 211 + 26
Epinephrine (pg/mL) 28 + 2 27 + 4 23 + 2 28 + 3
Adiponectin (pg/mL) 10.6 £ 1 111 = 1 109 £ 1 11.0 £ 2
TNF-a (pg/mL) 1.5 0.2 1.6 = 0.3 1.5+ 0.1 14 = 0.1
Interleukin-6 (pg/mL) 1.8 £ 04 36 =13 25+ 04 22+ 0.5
Vo, (I/min) 0.24 = 0.01 0.25 = 0.01 0.23 = 0.01 0.25 = 0.01
Cigarettes/day 0 18.0 = 0.8§ 0 0
Breath CO (ppm) 3.1x05 27.2 + 24§ 2.6 + 0.3 3.3 = 0.3*

Values are means = SEM. §Significantly different between nonsmokers and smokers, P < 0.05. *Significantly different after the intervention,

P < 0.05.

sampling for a total of eight cigarettes. Blood sampling was performed during
minutes 210, 220, 230, and 240 of infusion. A percutaneous needle biopsy was
performed after 240 min of isotope infusion for determination of IMTG and
diacylglycerol (DAG) concentration, composition, and IMTG FSR (18). Muscle
biopsies (~150 mg) were taken from midway between the greater trochanter of
the femur and the patella from similar depth to minimize variance in muscle
fiber composition, which varies with depth and length in the vastus lateralis
(19). Muscle was immediately flash frozen in liquid nitrogen and stored at
—80°C until dissection and analysis.

After the tracer infusion, insulin sensitivity was determined via an insulin-
modified frequently sampled intravenous glucose tolerance test using standard
methods (20), as previously described (17).

Smoking-cessation intervention. Ten days before the first tracer infusion
study, smokers began taking buproprion (Zyban [GlaxoSmithKline]; 150 mg
twice daily) to increase the compliance and success rate with smoking ces-
sation. Smokers were taking buproprion during the metabolic studies both
pre- and postcessation. Smokers stopped smoking for 1 (n = 4) or 2 (n = 4)
weeks starting the day of the baseline metabolic study. The intervention was
based on the American Cancer Society model and did not include the use of
nicotine gum or patches. Subjects stopping smoking reported to the GCRC
every 2 to 3 days to measure breath carbon monoxide (CO) and urine cotinine
concentration to document smoking cessation. During the intervention, con-
trol subjects maintained their normal lifestyle.

Follow-up metabolic study. Subjects returned to the GCRC after 1 or 2 weeks
of smoking cessation or normal living to repeat the metabolic study. During
this follow-up study, smokers who stopped smoking did not smoke ciga-
rettes during the study, unlike their first visit. All other procedures were
identical between the two visits.

Metabolite and hormone analyses. Standard enzymatic assays were used to
measure glucose (Olympus AU400e Chemistry analyzer; Olympus America Inc.,
Center Valley, PA), lactate (Sigma Kit #826; Sigma-Aldrich, St. Louis, MO), and
free fatty acids (FFA) (NEFA Kit; Wako, Richmond, VA). Insulin, glucagon, and
adiponectin were measured using a radioimmunoassay (Diagnostic Systems
Laboratories, Inc., Webster, TX), and catecholamines were measured using
high-performance liquid chromatography. Plasma interleukin-6 and tumor ne-
crosis factor-a (TNF-o) were measured using an enzyme-linked immunosorbent
assay kit (R&D Systems HS600B and HSTAOOC, respectively; R&D Systems,
Minneapolis, MN). Breath CO was measured using an EC50-Micro Smokerlyzer
(Bedfont Scientific, Medford, NJ). Urine cotinine was measured using an enzyme-
linked immunosorbent assay (Calbiotech, Inc., Spring Valley, CA).

Muscle lipid analysis. Skeletal muscle samples were dissected free of
extramuscular fat on ice, lyophilized, and processed as previously described to
isolate intramuscular FFA, IMTG, and DAG concentration, enrichment, and
composition (17).
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Western blotting. Frozen skeletal muscle samples were prepared for Western
blot analysis and run on SDS-PAGE gels using standard techniques as described
previously (17).

Plasma palmitate and glucose isotope analysis. Plasma glucose de-
rivatization and analysis was determined as previously described (21). Meth-
ylation and extraction of plasma palmitate was performed as previously
described (22). Samples were run on an HP 6890 GC with a 30 m DB-23
capillary column (Hewlett Packard, Palo Alto, CA) connected to an HP 5973
MS (Hewlett Packard). Enrichments were calculated based on a standard
curve of known enrichments and corrected for variations in abundance (23).
Peak identities were determined by retention time and mass spectra compared
with standards of known composition.

Isotope ratio mass spectrometry. To measure whole-body palmitate oxi-
dation rates, 2 mL of breath CO, was transferred into a 20-mL exetainer for the
measurement of 13002/12002 with continuous flow isotope ratio mass spec-
trometry (A V; Thermo Electron, Bremen, Germany). Each sample was
injected (1.2 pL/injection) in duplicate for isotope ratio analyses, with an av-
erage SD for all injections of 0.0001 atom percent.

Cell culture. The rat myotube L6 cell line was purchased (American Type
Culture Collection, Manassas, VA) and grown to 60% confluence on six-well
plates using Dulbecco’s modified Eagle’s medium containing 10% FBS, 0.5%
fungizone, 200 units/mL penicillin, and 200 pg/mL streptomycin at 37°C under
and atmosphere of 5% CO, and 95% air. Differentiation was initiated by
switching medium to skeletal muscle differentiation medium containing 2%
horse serum, 0.5% fungizone, 200 units/mL penicillin, and 200 pg/mL strepto-
mycin. Cells from passages 2—4 were used for experiments. Experiments were
performed between 8 and 10 days of differentiation. Nicotine was added at
200 pmol final concentration for all experiments, which is roughly two times
higher than a high plasma concentration for an active smoker (24,25). Inhib-
itors of p44/p42 mitogen-activated protein kinase (MAPK)/extracellular signal-
related kinase (ERK) 1/2 (MEK; UO126) and mammalian target of rapamycin
(mTOR; rapamycin) were each dissolved in dimethyl sulfoxide (DMSO) at
10 pmol final concentration for all experiments (both from Cell Signaling
Technology, Inc., Danvers, MA).

Time-course experiments. Cells were serum starved for 3.5 h and then
preincubated with DMSO control and inhibitors for 30 min. After 0, 5, 10, 30, 60,
and 120 min exposure to nicotine, cells were harvested in homogenization
buffer previously described (17). After protein extraction and determination of
protein concentration, cells were run on an SDS-PAGE Western blot using
standard methods previously described (17). Antibodies against IRS-15°"%6,
IRS-1 total, phospho- and total p44/42 MAPK, phospho-p70s6k, and p70s6k
total were purchased from Cell Signaling Technology.

Insulin-stimulated glucose uptake. Cells were serum-starved for a total of
4 h prior to determination of insulin sensitivity using *H-2-deoxyglucose uptake
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as previously described (26). DMSO vehicle and inhibitors were added after
1.5 h of serum starving and nicotine or nicotine vehicle added after 2 h of serum
starving. Concentrations of vehicle, inhibitors, and nicotine were maintained
during preincubation of cells with insulin and measurement of glucose uptake.
Measures were performed in duplicate per assay.

Basal IRS-1°°"%%% phosphorylation. Vehicle and inhibitors were added after
1.5 h of serum starving and nicotine or nicotine vehicle control added after 2 h of
serum starving. After 4 h of serum starving and treatments, cells were harvested
on ice, protein run on SDS-PAGE Western blots, and probed as described above.
Calculations. IMTG FSR and IMTG and DAG saturation were calculated as
previously described (17). Palmitate and glucose rate of disappearance and
palmitate rate of oxidation were calculated using steady-state kinetics and
a whole-body estimate of carbon label retention as previously described (27).
Statistics. Data are presented as mean = SEM. Differences in normally dis-
tributed data between smokers and nonsmokers, before and after the smoking-
cessation intervention, were analyzed using a two-way repeated-measures
ANOVA (JMP, Cary, NC). Nonnormally distributed data were log transformed
prior to analysis. When the repeated-measures ANOVA indicated a significant
interaction, changes before and after smoking cessation were determined
using a paired ¢ test. Differences in muscle cell culture were determined using
unpaired ¢ tests. An a level of 0.05 was used throughout.

RESULTS

All subjects were college-aged men and women with similar
BMI, percent body fat, blood metabolites, and metabolic rate
(Table 1). On average, smokers reported smoking almost
one pack of cigarettes/day. The period of smoking cessation
was only 1 to 2 weeks in order to minimize changes in body
weight that could have confounded our results. We were
successful, as there was no significant change in body
weight during the intervention (Table 1). There were no
differences in 1 to 2 weeks of smoking cessation, so data
were combined to gain power for planned analyses.

Smoking-cessation intervention. Fasting blood triglyc-
eride (TG) concentration was roughly twice as high in smokers
compared with nonsmokers (P < 0.0001), which did not
change after smoking cessation (Table 1). As expected,
smokers had greater breath CO measured during the first
metabolic study, which decreased significantly and was
not different from nonsmokers after smoking cessation

Breath carbon monoxide concentration at baseline and
during smoking cessation compared to controls
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(Fig. 1A). Urinary cotinine is a better measure of smoking
cessation compliance due to a longer half-life. Baseline
cotinine was significantly elevated compared with non-
smokers and decreased progressively to values not sig-
nificantly different than nonsmokers after 7 and 14 days of
smoking cessation (Fig. 1B).
Smoking cessation increases insulin sensitivity. In-
sulin sensitivity was significantly lower in smokers com-
pared with nonsmokers (Fig. 2, P = 0.03) and increased
significantly in smokers after smoking cessation (P = 0.006).
Insulin sensitivity was not different in nonsmokers after the
intervention (P = 0.24). There were no significant differences
in glucose effectiveness (the ability of glucose to promote its
own transport) or the disposition index (insulin secretion
adjusted for insulin resistance) between smokers and non-
smokers before or after the smoking cessation intervention.
Similar to metabolic rate, whole-body resting fat oxida-
tion was not significantly different between groups (control
subjects = 1.4 = 0.1, smokers = 1.3 = 0.1 pmol/kg/min; P =
0.84) and did not change significantly after the intervention.
Palmitate rate of appearance (Ra) was significantly higher
in smokers compared with nonsmokers and remained
higher after smoking cessation (Fig. 34, P = 0.004). The rate
of oxidation of plasma palmitate was not significantly dif-
ferent in smokers compared with nonsmokers (Fig. 3B, P =
0.23) and did not change after smoking cessation. Glucose
Ra was also not different between smokers and controls at
baseline (Fig. 3C, P = 0.18) and did not change significantly
after the intervention (P = 0.18).
Muscle lipid metabolism after smoking cessation. We
did not find a difference in the resting concentration of
IMTG or DAG (Fig. 44 and D) or FSR of IMTG (Fig. 4B)
in smokers compared with nonsmokers before or after
smoking cessation. However, the composition of IMTG
and DAG differed between groups, with significantly
greater proportion of saturated acyl side chains in smokers
compared with nonsmokers before and after smoking
cessation (Fig. 4C, P = 0.02, and Fig. 4F, P = 0.04).

Urinary cotinine concentration at baseline and
during smoking cessation compared to controls
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1. Time-course breath CO (A) and urinary cotinine (B) concentration at baseline and during smoking cessation. Values are means = SEM.

diabetes.diabetesjournals.org



B.C. BERGMAN AND ASSOCIATES

Insulin Sensitivity
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FIG. 2. Insulin sensitivity measured using the Bergman minimal model in nonsmokers and smokers. Data for the change in each individual
are shown. Values are means = SEM. §Significantly different than nonsmokers, P < 0.05; *significantly different after smoking cessation,

P < 0.05. Si, insulin sensitivity index.

Alterations in protein content after smoking cessation.
Western blot analyses were performed to measure poten-
tial mechanisms promoting the increase in insulin action
after smoking cessation. Table 2 shows a summary of these
analyses that were not significantly different between
groups or following smoking cessation. The only difference
in protein expression was significantly greater content of
IRS-15°"%%¢ phosphorylation in smokers compared with non-
smokers (Fig. 5, P = 0.02), which decreased in smokers
(P = 0.047) to values that were not significantly different
than nonsmokers after the intervention.

Nicotine-induced insulin resistance in muscle cell
culture. Cell-culture experiments were performed in L6
myotubes using nicotine exposure to determine mecha-
nisms for smoking-induced IRS-15°"%*¢ phosphorylation.
We recapitulated human studies and found 2 h of nicotine
exposure significantly increased IRS-1°¢"3¢ phosphoryla-
tion (P = 0.03, Fig. 6A). Nicotine exposure only increased
IRS-1%"%%¢ phosphorylation, whereas serine sites 307
(P = 0.25), 612 (P = 0.29), and 1,101 (P = 0.72) were not
significantly changed (Fig. 6A4). Serine®*® phosphorylation
is promoted by p44/p42 MAPK and mTOR activation.
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Therefore, we determined if nicotine stimulated these
pathways in cell culture. Nicotine exposure significantly
increased phosphorylation of p44/p42 MAPK after 30 and
60 min, but returned to baseline after 120 min (Fig. 6B).
This effect could be blocked by the MEK inhibitor UO126.
Nicotine exposure also increased mTOR activation from
5-120 min, which could be blocked using the mTOR in-
hibitor rapamycin (Fig. 6C).

Fig. 6D shows the nicotine-induced increase in IRS-
phosphorylation compared with control (P = 0.04), which
was not altered by UO126 (P = 0.98) during nicotine ex-
posure. However, rapamycin during nicotine exposure sig-
nificantly decreased IRS-15°"%%¢ phosphorylation compared
with nicotine treatment alone (P = 0.03).

Nicotine administration recapitulated insulin resistance
in L6 cells, as insulin-stimulated glucose uptake decreased
57% with 2 h of nicotine exposure (Fig. 7). UO126 during
nicotine exposure did not improve insulin sensitivity.
However, rapamycin administration during nicotine ex-
posure significantly increased insulin sensitivity (P = 0.02)
compared with nicotine alone to values not significantly
different than control levels.

15er636
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A Palmitate Ra before and after smoking
cessation intervention
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FIG. 3. Palmitate Ra (A), oxidation (B), and glucose Ra (C) before and
after smoking cessation intervention in control subjects and cigarette
smokers. Values are means = SEM. §Significantly different than control
subjects, P < 0.05.

DISCUSSION

The detrimental effect of cigarette smoking on insulin sen-
sitivity is well documented. Smoking-induced insulin re-
sistance has been reported in epidemiologic (28) as well as
cross-sectional studies in middle-aged people (13,14). We
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previously reported insulin resistance in young, otherwise
healthy college-aged men and women through inhibition of
basal insulin signaling in skeletal muscle (17). This study
reports on a cohort of subjects studied after 1 to 2 weeks
of verified smoking cessation. Insulin sensitivity increased
significantly after smoking cessation. The concentration of
plasma TGs and saturation of intracellular lipids remained
higher in ex-smokers compared with nonsmokers, but
basal inhibition of insulin signaling reverted to normal. Cell-
culture methods recapitulated insulin resistance with nico-
tine exposure and showed nicotine stimulated p44/p42
MAPK and mTOR. Only inhibition of mTOR activation was
able to prevent nicotine-induced insulin resistance. There-
fore, individuals who cannot stop smoking or who are ex-
posed to second hand smoke may benefit from therapeutic
agents designed to prevent mTOR activation to reduce their
risk of type 2 diabetes.

The current data show 1 to 2 weeks of smoking cessa-
tion, without changes in body weight or adiposity, resulted
in increased insulin sensitivity in a young population.
These data are similar to others showing increased insulin
sensitivity after short (13) and long-term (16) smoking
cessation in older individuals. However, these data con-
trast reports that smoking cessation did not change glu-
cose tolerance after 4 months (29) or increased risk of type
2 diabetes over 3 years, both of which were largely driven
by weight gain (30). Insulin secretion was appropriate for
the insulin resistance before and after smoking cessation,
as revealed by unchanged disposition index scores. Com-
bined, these data indicate that smoking cessation, without
a change in body weight, may decrease diabetes risk.
However, short-term smoking cessation did not com-
pletely normalize insulin sensitivity, indicating persistent
metabolic alterations in ex-smokers.

Several metabolic variables remained significantly dif-
ferent in ex-smokers compared with nonsmokers, including
increased plasma TG concentration and palmitate turnover,
which may reflect or result in residual insulin resistance.
Plasma TG concentration is likely only a marker of insulin
resistance, as it is not thought to directly affect insulin
sensitivity (31). Increased palmitate Ra, without differences
in fasting catecholamines, insulin, or glucagon between
groups, suggests adipocyte insulin resistance in smokers
before and after smoking cessation. In steady state, palmi-
tate appearance is matched by palmitate disappearance
into peripheral tissues. Higher rates of FFA disappearance
and nonadipocyte re-esterification have been reported in
smokers, consistent with increased hepatic FFA uptake
and VLDL-TG production, or increased storage of FFA as
TG in muscle (15). Our data eliminate muscle as a site of
increased FFA re-esterification before and after smoking
cessation and point to increased hepatic FFA uptake and
VLDL-TG production. These data suggest that future studies
investigating differences in hepatic lipid content in smokers
versus nonsmokers may be warranted. Short-term smoking
cessation did not decrease basal palmitate turnover, in-
dicating prolonged smoking cessation is required to nor-
malize adipocyte insulin resistance. Increased systemic FFA
release and VLDL-TG production may play an important
role linking cigarette smoking and increased risk of car-
diovascular disease (3).

In addition to increases in FFA turnover, cigarette
smoking has been reported to increase plasma FFA con-
centration and skeletal muscle lipoprotein lipase without
changing whole-body fat oxidation (15). This metabolic
milieu could lead to alterations in intramuscular lipid
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FIG. 4. IMTG concentration (A), FSR (B), and saturation (C) and intramuscular DAG concentration (D) and saturation (E) in nonsmokers and
smokers. Values are means = SEM. §Significantly different than nonsmokers, P < 0.05.

metabolism promoting insulin resistance in smokers,
which could normalize after smoking cessation. However,
our data suggest alterations in IMTG and DAG concen-
tration and IMTG synthesis rates are not responsible for
the increase in insulin sensitivity after short-term smok-
ing cessation. Interestingly, saturation of IMTG and DAG
remained significantly increased in smokers after smoking

diabetes.diabetesjournals.org

cessation. Although the implications of increased IMTG
saturation are currently unknown, increased DAG sat-
uration is related to insulin resistance even without
a change in total concentration (32-34), possibly by
altering protein kinase C activation (35,36). Increased
muscle lipid saturation may also reflect increased satu-
ration of other intracellular lipids, such as ceramide (37)
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TABLE 2
Summary of Western blot data from human studies

Baseline Postintervention
Variable Controls Smokers Controls Smokers
GRP78 0.94 = 0.12 0.84 = 0.13 0.93 = 0.11 1.06 = 0.1
MAP4K4 1.16 = 0.20 1.41 + 0.38 1.36 = 0.12 1.51 = 0.23
4-HNE 1.05 = 0.17 0.97 = 0.15 1.24 = 0.16 1.11 = 0.07
SDH 1.25 = 0.08 1.13 = 0.10 1.25 = 0.08 1.13 £+ 0.08
PGCla 0.6 = 0.05 0.68 = 0.08 0.67 = 0.06 0.76 = 0.06
TLR2 0.95 = 0.11 1.1 = 0.16 1.09 = 0.1 1.2 £ 0.2
Phospho-AMPK/total 1.13 = 0.23 0.84 + 0.24 1.0 = 0.14 1.05 = 0.30
Phospho IKKo/total 1.43 + 0.37 1.32 = 0.50 1.47 = 0.28 1.36 = 0.37
Phospho-ser307/IRS1 total 0.84 = 0.22 1.1 = 0.22 0.74 = 0.12 0.74 = 0.11
Phospho-p44 MAPK/total 0.46 = 0.07 0.47 = 0.18 0.49 = 0.10 0.62 = 0.17
Phospho-JNK/total 0.65 = 0.05 0.70 = 0.08 0.67 = 0.05 0.70 = 0.10
Phospho-p70S6k/total 0.80 = 0.34 0.76 = 0.11 0.98 = 0.10 0.89 = 0.10

Values are means of arbitrary units = SEM. AMPK, AMP-activated protein kinase; IKKa, inhibitor of kB kinase «; JNK, Jun NHs-terminal

kinase.

and long chain acyl-CoA (38), which may also promote
insulin resistance. Therefore, persistently greater satura-
tion of muscle lipids after smoking cessation may help
explain why insulin sensitivity did not completely nor-
malize in ex-smokers.

No differences were observed between smokers and
nonsmokers, and no changes were found following smoking
cessation in protein abundance associated with inflam-
mation, lipid peroxidation, and endoplasmic reticulum stress.
As previously reported (17), smokers had greater IRS-157%%6

IRS- 1% phosphorylation in smokers and

controls before and after smoking cessation
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FIG. 5. IRS-1 serine®3¢ phosphorylation before and after smoking cessation in control subjects and cigarette smokers. Values are means = SEM.
§Significantly different than control subjects, P < 0.05; *significantly different after smoking cessation, P < 0.05.
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etal muscle myotubes. A: Serine phosphorylation of IRS-1 in response to
with continuous nicotine exposure at 200 pmol with and without MEK

inhibitor UO126, the upstream kinase of p44/p42 activation. C: Stimulation of p70s6k over time with continuous nicotine exposure at 200 pmol

with and without the mTOR inhibitor rapamycin. D: Effects of nicotine at

200 pwmol on IRS-1°¢"%36 phosphorylation in L6 muscle cell culture with

and without inhibitors against p44/p42 MAPK and mTOR. Values are mean = SEM. §Significantly different than control, P < 0.05; ¥significantly
different than time 0, P < 0.05; #significantly different than nicotine, P < 0.05.

phosphorylation compared with nonsmokers when they
were actively smoking. Serine phosphorylation of many
sites on IRS-1, including ser636, decreases IRS-1 tyrosine
phosphorylation, phosphatidylinositol-3-kinase binding,
and insulin-stimulated glucose uptake (39). Following smoking
cessation, IRS-15"%%¢ phosphorylation decreased in smokers
such that there were no differences between groups after
the intervention. Basal inhibition of IRS-1 by phosphoryla-
tion of ser636 has been reported in other insulin-resistant
states such as type 2 diabetes (40) and in insulin-resistant
offspring of patients with type 2 diabetes (41). These data
suggest that basal inhibition of insulin signaling may be an
important mechanism responsible for smoking-induced in-
sulin resistance and could also play a role in insulin resis-
tance of secondhand smoke exposure.

Several pathways promote increased IRS- phosphor-
ylation that may be implicated in the insulin resistance of
smoking. This specific serine site on IRS-1 can be phosphor-
ylated by p44/p42 MAPK (40) and mTOR (42). Neither of these
pathways was significantly altered in biopsies taken from
smokers 45-60 min after smoking their last cigarette or after
smoking cessation. These data suggest smoking may result
in transitory stimulation of these pathways, which results in
downstream serine phosphorylation of IRS-1 despite a return
of the pathway initiating the change to control levels.

1 ser636

diabetes.diabetesjournals.org

Based on this idea of transitory stimulation of insulin
desensitizing pathways from smoking, we sought to evaluate
mechanisms by which nicotine may promote IRS-15¢753
phosphorylation in L6 muscle culture. Nicotine was used
because the majority of smoking-induced insulin resistance
can be reproduced with transdermal nicotine administration
in humans and thus is thought to be an important component
of tobacco smoke promoting insulin resistance (10). How-
ever, nicotine infusion or transdermal administration does
not acutely change insulin sensitivity in healthy individuals
(43,44), whereas chronic use of nicotine gum appears to
promote insulin resistance (9). The acute effects of nicotine
diverge in insulin-resistant individuals, in whom nicotine in-
fusion or transdermal administration decreases insulin sen-
sitivity (10,43). Therefore, the literature suggests nicotine
administration in nicotine naive individuals may require
chronic exposure to impact insulin sensitivity, whereas an
acute exposure is enough to decrease insulin sensitivity in
individuals with underlying insulin resistance. In muscle cell
culture, nicotine transiently stimulated p44/p42 MAPK and
could be prevented by inhibition with UO126. However,
preventing activation of p44/p42 MAPK by nicotine did not
increase insulin sensitivity or alter IRS-15"* phosphoryla-
tion. Therefore, nicotine-induced insulin resistance is not
likely to result from p44/p42 MAPK activation.
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FIG. 6. Continued.

Our cell-culture approach revealed mTOR as the most
likely candidate to explain increased basal inhibition of
insulin signaling in smokers. This idea is supported by
cancer literature showing mTOR activation in lung lesions
from heavy smokers and clinical trials evaluating mTOR
inhibitors for the treatment of tobacco-induced lung
tumorigenesis (45). Activation of mTOR in humans has
also been implicated in insulin resistance of nutritional

Insulin Sensitivity in L6 skeletal muscle cells
with nicotine at 200umol and inhibitors
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FIG. 7. Effects of nicotine, with and without inhibitors against p44/p42
MAPK and mTOR, on insulin-stimulated glucose uptake in L6 muscle
cell culture. Values are mean *= SEM. §Significantly different than
control, P < 0.05; #significantly different than nicotine, P < 0.05.
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abundance (46), which can be prevented with rapamycin
(47). Similarly, in culture, rapamycin prevented nicotine-
mduced mTOR activation, prevented nicotine-induced IRS-
1ser®® phosphorylation, and normalized insulin sensitivity
during nicotine exposure. Therefore, mTOR plays an im-
portant role in the insulin resistance of smoking. These data
agree with a recent cell-culture study reporting nicotine
increased TNF-a expression through increased oxidative
stress in the presence of palmitate, which lead to insulin
resistance (48). Interestingly, TNF-a activates mTOR (42) and
may be one mechanism explaining reversible IRS-157%%
phosphorylation and insulin resistance. We did not find
changes in plasma TNF-a after smoking cessation in the
current study, suggesting nicotine may promote local in-
creases in muscle TNF-a. In individuals who smoke or are
exposed to secondhand smoke, preventing nicotine-induced
mTOR activation in skeletal muscle could be a novel target
to decrease diabetes risk.

There are several important limitations with this study.
The nicotine dose used in these studies of 200 pmol was
chosen in order to maximize our ability to see the influence
of nicotine on insulin resistance. This concentration is ap-
proximately double the highest dose found in the plasma
of smokers (24,25). Smoking-induced vascular dysfunction
has been reported in some (49), but not all studies (50),
and therefore may have influenced insulin sensitivity after
smoking cessation. Although not measured in this study,
smoking may increase sympathetic outflow in humans (51),
which could reduce muscle blood flow and insulin sensi-
tivity (52). Buproprion is not known to alter insulin sensi-
tivity or muscle lipid metabolism, but theoretically could
have influenced the results in smokers before or after
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smoking cessation. Cell culture showed persistent activation
of mTOR with continuous nicotine exposure, which does
not agree with muscle biopsy data showing no change in
phosphorylation of p70s6k, the downstream kinase for
mTOR, compared with controls or after smoking cessation.
Therefore, the increase in mTOR activity from smoking may
be transitory in humans as compared with cell culture and
decrease to normal values 45-60 min after smoking a ciga-
rette. Differences in nicotine clearance may change results
of studies in culture compared with in vivo. Nicotine is
metabolized by the liver with a half-life of 2 h (53), therefore
without hepatic clearance conditions in culture will not
completely mimic the in vivo condition. Our cell-culture
work used an acute administration of a constant dose of
nicotine on cell signaling. Chronic exposure, in addition to
cyclical increases and decreases in nicotine from cigarette
smoking or secondhand smoke exposure, may elicit differ-
ent responses.

In conclusion, chronic cigarette smokers had lower in-
sulin sensitivity compared with nonsmokers, which im-
proved but did not normalize after 1 to 2 weeks of smoking
cessation. Greater saturation of skeletal muscle lipids was
maintained after smoking cessation and may partially ex-
plain the residual insulin resistance observed. Increased
IRS-15"%3¢ phosphorylation in smokers normalized after
smoking cessation, which may explain the increase in in-
sulin sensitivity. Nicotine in muscle cell culture recapitulated
smoking-induced insulin resistance and stimulated major
pathways promoting IRS-1"*® phosphorylation (p44/p42
MAPK and mTOR). However, only preventing mTOR acti-
vation mitigated IRS-15"®*® phosphorylation and nicotine-
induced insulin resistance in culture. Therapeutic agents
designed to oppose skeletal muscle mTOR activation may
prove a novel strategy for individuals who are at increased
risk of diabetes and cardiovascular disease because they
cannot stop smoking or are exposed to secondhand smoke.
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