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ABSTRACT

ALOTAIBI, T. F., A. E. THACKRAY, M. J. ROBERTS, T. M. ALANAZI, N. C. BISHOP, A. J. WADLEY, J. A. KING, E. O’DONNELL,

M. C. STEINER, S. J. SINGH, and D. J. STENSEL. Acute Running and Coronary Heart Disease Risk Markers in Male Cigarette Smokers

andNonsmokers: A Randomized Crossover Trial.Med. Sci. Sports Exerc., Vol. 53, No. 5, pp. 1021–1032, 2021.Purpose:Cigarette smoking

is an independent risk factor for coronary heart disease and is associated with impaired postprandial metabolism. Acute exercise reduces post-

prandial lipemia and improves other coronary heart disease risk markers in nonsmokers. Less is known about responses in cigarette smokers.

Methods: Twelve male cigarette smokers (mean ± SD; age = 23 ± 4 yr, body mass index = 24.9 ± 3.0 kg·m−2) and 12 male nonsmokers

(age = 24 ± 4 yr, bodymass index = 24.1 ± 2.0 kg·m−2) completed two, 2-d conditions (control and exercise) in a randomized crossover design.

On day 1, participants rested for 9 h (0800–1700) in both conditions except a 60-min treadmill run (65% ± 7% peak oxygen uptake,

2.87 ± 0.54 MJ) was completed between 6.5 and 7.5 h (1430–1530) in the exercise condition. On day 2 of both conditions, participants rested

and consumed two high-fat meals over 8 h (0900–1700) during which 13 venous blood samples and nine resting arterial blood pressure mea-

surements were collected.Results: Smokers exhibited higher postprandial triacylglycerol and C-reactive protein than nonsmokers (main effect

group effect size [Cohen’s d] ≥ 0.94, P ≤ 0.034). Previous day running reduced postprandial triacylglycerol, insulin, and systolic and diastolic
blood pressure (main effect condition d ≥ 0.28, P ≤ 0.044) and elevated postprandial nonesterified fatty acid and C-reactive protein (main ef-

fect condition d ≥ 0.41, P ≤ 0.044). Group–condition interactions were not apparent for any outcome across the total postprandial period

(0–8 h; all P ≥ 0.089), but the exercise-induced reduction in postprandial triacylglycerol in the early postprandial period (0–4 h) was greater

in nonsmokers than smokers (−21%, d = 0.43, vs −5%, d = 0.16, respectively; group–condition interaction P = 0.061). Conclusions: Acute

moderate-intensity running reduced postprandial triacylglycerol, insulin, and resting arterial blood pressure the day after exercise in male cig-

arette smokers and nonsmokers. These findings highlight the ability of acute exercise to augment the postprandial metabolic health of cigarette

smokers and nonsmokers. Key Words: CARDIOVASCULAR DISEASE, CIGARETTE SMOKING, EXERCISE, INFLAMMATION,

INSULIN, POSTPRANDIAL LIPEMIA
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ity and constitutes a strong independent risk factor for (LDL-C), glucose, insulin, C-reactive protein (CRP), IL-6,
Cigarette smoking is a major cause of premature mortal-

cardiovascular disease and type 2 diabetes (1,2). The
propensity for chronic disease development in cigarette
smokers has largely been attributed to the atherogenic, inflam-
matory, and oxidative stress consequences of chronic cigarette
smoke exposure (3). Central to these pathways, cigarette
smoking is related to adverse alterations in the fasted lipid
and lipoprotein profile (4), whichmanifest synergistically with
perturbations in other physiological systems, including im-
paired insulin sensitivity (5), greater systemic inflammation
(6), and elevated production of reactive oxygen species trig-
gering markers of oxidative stress (7,8). Emerging evidence
suggests that the antioxidant enzymes, peroxiredoxin 4
(PRDX-4) and superoxide dismutase 3 (SOD3), are associ-
ated positively and negatively with coronary heart disease
(CHD) risk, respectively (9,10). Extracellular PRDX-4 con-
centrations are indicative of endogenous oxidative stress
(11), and SOD3 is the only known antioxidant enzyme to
scavenge reactive oxygen species in the extracellular milieu.
Whether SOD3 and PRDX-4 differ according to smoking sta-
tus is not known and requires investigation.

Elevated postprandial triacylglycerol (TAG) concentrations
are an independent risk factor for cardiovascular disease (12),
and the retention of TAG-rich lipoprotein remnants in the arterial
intima can contribute to vascular inflammation and atherosclero-
sis (13). Contemporary evidence fromMendelian randomization
studies also support a causal role for TAG-mediated pathways in
CHD (14); however, the clinical cardiovascular benefit of reduc-
ing TAG and TAG-rich lipoprotein remnants in the postprandial
state has yet to be established. Previous data demonstrate that
cigarette smokers exhibit an exaggerated postprandial lipemic
response and are more insulin resistant than nonsmokers
(15–18). Given the profound health detriments of long-term
cigarette smoking and the overall poor success rate of smoking
cessation (19), therapeutic lifestyle strategies targeting post-
prandial metabolism may confer important cardiovascular
and metabolic health benefits in this at-risk population.

Compelling evidence indicates that single bouts of moderate-
to high-intensity exercise transiently reduce circulating post-
prandial TAG concentrations in healthy nonsmokers (20). The
exercise-induced reduction in postprandial lipemia has also
been shown to coincide with transient changes in other risk
markers for CHD, including favorable reductions in postpran-
dial insulin, interleukin 6 (IL-6), and resting blood pressure
(21–23). Although epidemiological evidence suggests that reg-
ular physical activity may lower the risk of cardiovascular mor-
tality in smokers (24), the effect of previous acute exercise on
postprandial CHD risk markers in cigarette smokers is not
known and merits investigation.

The aim of this study was to compare the effects of acute
moderate-intensity running on fasting and postprandial risk
markers for CHD in male cigarette smokers and nonsmokers.
The primary outcome was postprandial TAG concentrations,
but several other CHD risk markers were also assessed,
including total cholesterol (TC), high-density lipoprotein
1022 Official Journal of the American College of Sports Medicine
cholesterol (HDL-C), low-density lipoprotein cholesterol

PRDX-4, SOD3, and blood pressure. It was hypothesized that
cigarette smokers would exhibit impaired postprandial CHD
risk markers compared with nonsmokers, but a single bout
of exercise would reduce postprandial lipemia to a similar,
if not greater, extent in smokers.
METHODS

Participants

The study was conducted in accordance with the principles
set out in the Declaration of Helsinki and was approved by the
institutional Ethics Approvals Sub-Committee. Twelve male
cigarette smokers (20 to 30 yr) and 12 male nonsmokers (20
to 34 yr) provided written informed consent and completed
the study between August 2017 and October 2018 (see Figure,
Supplemental Digital Content 1, for participant flow chart,
http://links.lww.com/MSS/C201). All participants were free
from cardiovascular and metabolic disease, were not taking
any medications, and were body mass stable in the previous
3 months (≤ ±3 kg). Participants had a body mass index
≤29.9 kg·m−2 and a resting arterial blood pressure <160/
90 mm Hg. Cigarette smokers were recruited if they currently
smoked at least one cigarette per day and had done so for at
least 12 months, whereas nonsmokers had never smoked cig-
arettes. Groups were matched for age and body mass index
(Table 1). The study was registered at ClinicalTrials.gov (trial
identifier: NCT03735186).

Preliminary Measures

Participants attended the laboratory for a preliminary visit to
undergo screening, familiarization, anthropometric measure-
ments, and exercise testing. Specifically, participants completed
questionnaires to assess health status, habitual physical activ-
ity levels, and smoking habits (cigarette smokers only). Stature
was determined using a stadiometer (Avery Industrial Ltd.,
Leicester, UK), and body mass and body fat percentage were
measured using a body composition analyzer (Seca GmbH
& Co. KG, Hamburg, Germany). Waist circumference was
determined at the narrowest point between the iliac crest and
the xiphoid process using a measuring tape. Resting arterial
blood pressure was measured in the semisupine position after
10 to 15 min rest using a digital monitor (Omron M5-1;
Matsusaka Co., Yokosuka, Japan), and the mean of three mea-
surements was calculated.

After familiarization with the treadmill (ExciteMed; Technogym,
Cesena, Italy), two preliminary exercise tests were performed: 1)
submaximal incremental treadmill test to determine the rela-
tionship between running speed, oxygen consumption, and
heart rate; and 2) incremental uphill treadmill test to determine
peak oxygen uptake (V̇O2peak). The submaximal incremental
test composed of 4� 4-min stages starting at a treadmill speed
between 5 and 9 km·h−1 and increasing by 1 to 1.5 km·h−1 at
the start of each subsequent stage. After 30 min of recovery,
http://www.acsm-msse.org
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TABLE 1. Physical and physiological characteristics at baseline.

Cigarette Smokers (n = 12) Nonsmokers (n = 12)

Nonsmokers vs Cigarette Smokers

Mean Difference (95% CIa) d

Age (yr) 23 ± 4 24 ± 4 −1 (−4 to 2) 0.28
Stature (cm) 176.5 ± 8.6 178.0 ± 7.6 −1.5 (−8.3 to 5.3) 0.19
Body mass (kg) 77.8 ± 12.0 76.6 ± 9.1 1.2 (−7.8 to 10.2) 0.11
Body mass index (kg·m−2) 24.9 ± 3.0 24.1 ± 2.0 0.8 (−1.4 to 2.9) 0.30
Waist circumference (cm) 84.7 ± 11.0 80.8 ± 5.1 3.9 (−3.4 to 11.2) 0.46
Body fat (%) 18.0 ± 5.7 16.8 ± 5.2 1.2 (−3.4 to 5.8) 0.22
Lean body mass (kg) 63.4 ± 8.3 63.8 ± 8.9 −0.4 (−7.6 to 6.9) 0.04
V̇O2peak (L·min

−1) 3.38 ± 0.48 3.60 ± 0.74 −0.22 (−0.75 to 0.31) 0.35
V̇O2peak (mL·kg

−1⋅min−1) 43.7 ± 4.6 46.7 ± 5.3 −2.9 (−7.1 to 1.3) 0.59
Resting SBP (mm Hg) 129 ± 13 124 ± 11 4 (−6 to 14) 0.37
Resting DBP (mm Hg) 77 ± 9 69 ± 6 8 (1 to 14)b 1.04
Fasting TAG (mmol·L−1) 1.22 (0.99 to 1.49) 0.72 (0.54 to 0.96) 68% (21% to 134%)b 1.32
Fasting TC (mmol·L−1) 4.40 (3.90 to 4.98) 3.97 (3.52 to 4.49) 11% (−6% to 30%) 0.53
Fasting HDL-C (mmol·L−1) 1.20 (1.08 to 1.33) 1.45 (1.28 to 1.65) −17% (−29% to −4%)b 1.04
Fasting LDL-C (mmol·L−1) 2.43 (2.04 to 2.90) 1.83 (1.57 to 2.13) 33% (7% to 65%)b 1.09
Fasting NEFA (mmol·L−1) 0.28 ± 0.06 0.41 ± 0.22 −0.13 (−0.26 to 0.01) 0.77
Fasting glucose (mmol·L−1) 4.70 ± 0.33 4.69 ± 0.19 0.00 (−0.23 to 0.23) 0.01
Fasting insulin (pmol·L−1) 23.4 (15.7 to 34.8) 24.7 (20.9 to 29.2) −5% (−37% to 42%) 0.11
HOMA-IR 0.81 (0.53 to 1.25) 0.86 (0.72 to 1.02) −5% (−39% to 46%) 0.11
Adipo-IR 6.58 (4.06 to 10.66) 9.01 (6.14 to 13.21) −27% (−59% to 30%) 0.46
Fasting CRP (mg·L−1) 1.25 (0.69 to 2.25) 0.51 (0.25 to 1.04) 145% (3% to 483%)b 0.87
Fasting IL-6 (pg·mL−1) 1.39 (1.02 to 1.89) 1.07 (0.80 to 1.42) 30% (−12% to 93%) 0.56
Fasting TNF-α (pg·mL−1) 1.24 (0.99 to 1.54) 1.01 (0.87 to 1.16) 23% (−4% to 58%) 0.71
Fasting SOD3 (ng·mL−1) 1.00 (0.77 to 1.31) 0.83 (0.60 to 1.16) 20% (−19% to 80%) 0.39
Fasting PRDX-4 (ng·mL−1) 12.2 (10.4 to 14.2) 9.3 (7.3 to 12.0) 30% (−1% to 71%) 0.81

Values for TAG, TC, HDL-C, LDL-C, insulin, HOMA-IR, Adipo-IR, CRP, IL-6, TNF-α, SOD3, and PRDX-4 are geometric mean (95% CI), and statistical analyses are based on log-transformed data.
All other values are mean ± SD. Data are analyzed using linear mixed models with group (cigarette smokers or nonsmokers) included as a fixed factor.
aFor normally distributed data, values represent the mean absolute difference (95%CI of the mean absolute difference between the groups). For log-transformed data, values represent the ratio of
geometric means (95% CI for the ratio of geometric means between the groups).
bMain effect of group P ≤ 0.044.
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participants completed a V̇O2peak test at a fixed individual run-
ning speed (7.0 to 9.5 km·h−1). The treadmill gradient was set
to 0% at the start of the test and increased by 1% every minute
until volitional exhaustion.

During both exercise tests, expired air samples were mea-
sured continuously using a breath-by-breath gas analysis sys-
tem (MetaMax® 3B; Cortex Biophysik, Leipzig, Germany).
Heart rate was monitored continuously (Polar T31; Polar
Electro, Kempele, Finland), and RPE (25) was measured at
predetermined intervals throughout the tests (submaximal: fi-
nal 30 s of each 4-min stage; V̇O2peak: final 10 s of the stage
at 2-min intervals and at test termination). To determine
V̇O2peak, a 30-s rolling average was calculated from the
breath-by-breath V̇O2 data, and an average of these data was
subsequently calculated in 30-s blocks; the highest value was
recorded as V̇O2peak. Data from the 4� 4 min submaximal in-
cremental and V̇O2peak tests were used to determine the exer-
cise intensity in the main experimental exercise condition.
Experimental Design

Using a randomized mixed-measures crossover design, par-
ticipants completed two, 2-d experimental conditions sepa-
rated by at least 1 wk: 1) exercise and 2) rest control. The
block randomization sequence stratified by smoking status
was generated by the lead investigator (TFA), who also en-
rolled participants and assigned participants to the condition
order. The study design is presented in Figure 1. Participants
refrained from strenuous physical activity and weighed, re-
corded, and replicated their dietary intake in the 48 h before
EXERCISE AND CHD RISK IN CIGARETTE SMOKERS
day 1 of each condition. Participants were also asked not to con-
sume caffeine or alcohol in the 24 h before day 1 of each
condition.

Day 1. Participants arrived at the laboratory at 0800 after a
10-h overnight fast. A fasting blood sample was collected via
venipuncture of an antecubital vein, and resting arterial blood
pressure was measured. Standardized breakfast and lunch
were provided at 0830 and 1200, respectively. Participants
rested in the laboratory for the duration of the control condition un-
til 1700. Identical procedures were completed in the exercise con-
dition, except participants completed 1 h of moderate-intensity
treadmill exercise at 60% of their V̇O2peak between 1430 and
1530. Expired air samples were measured using an online
breath-by-breath gas analysis system to maintain the target ex-
ercise intensity and to estimate gross energy expenditure and
substrate utilization (26). Heart rate was monitored continu-
ously, and RPE was recorded at 10-min intervals during the
exercise session. Participants were provided with a standard-
ized evening meal consisting of a pizza to consume before
2100 (2511 kJ, 32% fat, 52% carbohydrate, 16% protein). Ad-
ditional food or drink items apart from plain water were not
permitted until arriving at the laboratory the next day.

Day 2. Participants arrived at the laboratory at 0800 after
fasting overnight for at least 10 h and rested in the laboratory
throughout both conditions until 1700. After 15 min seated
rest, resting arterial blood pressure was measured, and an
18 G cannula (BD Venflon; Becton–Dickinson, Helsingborg,
Sweden) was inserted into an antecubital vein before a fasting
blood sample was drawn. Participants consumed a standard-
ized breakfast and lunch at 0 h (0900) and 4 h (1300),
Medicine & Science in Sports & Exercise® 1023



FIGURE 1—Schematic of the study design. CON, control; EX, exercise.
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respectively. Subsequent venous blood samples were col-
lected at 0.25, 0.5, 1, 2, 3, 4, 4.25, 4.5, 5, 6, 7, and 8 h after
the start of the breakfast meal, and resting arterial blood pres-
sure was measured at hourly intervals until 8 h (1700).

Test Meals

On days 1 and 2, breakfast consisted of plain croissants,
milk chocolate spread, double cream, and chocolate milkshake,
which provided 60 kJ energy per kilogram bodymass (57% fat,
35% carbohydrate, and 8% protein). Lunch consisted of white
bread, cheddar cheese, butter, and chocolate milkshake, which
provided 60 kJ energy per kilogram body mass (57% fat, 32%
carbohydrate, and 11% protein). Breakfast and lunch meals
were each consumed within 10 min, and water was provided
ad libitum throughout each condition.

Blood Sampling

Plasma TAG and glucose concentrations were determined
in all samples. Plasma concentrations of TC, HDL-C, LDL-C,
and tumor necrosis factor α (TNF-α) were quantified from
fasted samples on day 1 and day 2. Plasma insulin and nones-
terified fatty acid (NEFA) concentrations were determined
on day 1 in the fasted state and on day 2 at 0, 0.5, 1, 3, 4,
4.5, 6, and 8 h. Concentrations of CRP and IL-6 were mea-
sured on day 1 in the fasted state and on day 2 at 0, 2, 5, and
8 h. Plasma SOD3 and PRDX-4 concentrations were measured
on day 1 in the fasted state and on day 2 at 0, 2, 4, and 8 h.

Participants rested in a semisupine position during blood
sampling. Venous blood samples were drawn into precooled
9 mL EDTA Monovette tubes (Sarstedt, Leicester, UK) and
immediately centrifuged at 1165g for 10 min at 4°C (Labofuge
400R; Thermo Scientific, Langenselbold, Germany). The plasma
supernatant was dispensed into Cryovials and stored at −80°C
for later analysis.

Biochemical Analysis

Concentrations of plasma TAG, TC, HDL-C, LDL-C, glucose,
CRP (HORIBA Medical, Montpellier, France), and NEFA
1024 Official Journal of the American College of Sports Medicine
(Randox Laboratories Ltd., County Antrim, UK) were deter-
mined spectrophotometrically using commercially available
kits (high-sensitivity detection was used for CRP) and a
benchtop analyzer (Pentra 400, HORIBAMedical). Concentra-
tions of plasma insulin (Mercodia, Uppsala, Sweden), IL-6, and
TNF-α (high-sensitivity kits; R&D Systems, Abingdon, UK)
were determined using commercially available enzyme-linked
immunosorbent assays. Plasma SOD3 and PRDX-4 concentra-
tions were quantified using in-house enzyme-linked immuno-
sorbent assays (27) developed using commercially available
antigens and antibodies (Abcam, Cambridge, UK; Sigma
Aldrich, Dorset, UK). The human SOD3 antigen and rabbit
antiserum directed against human SOD3 were developed as
previously described (28,29).

To eliminate interassay variation, samples from each partic-
ipant were analyzed in the same run. The within-batch coeffi-
cient of variation for each assay was as follows: 1.6% for
TAG, 0.8% for TC, 0.7% for HDL-C, 0.8% for LDL-C,
1.6% for NEFA, 0.6% for glucose, 3.2% for insulin, 0.9%
for CRP, 5.0% for IL-6, 3.2% for TNF-α, 6.8% for SOD3,
and 5.1% for PRDX-4.
Statistical Analyses

Based on previous data from our laboratory (21), it was
estimated that a sample size of 24 participants would have
>90% power to detect a 0.407 mmol·L−1·h−1 reduction in
time-averaged total area under the curve (AUC) for TAG after
acute exercise using a two-tailed t-test, assuming an SDdiff of
0.494 mmol·L−1·h−1 and adopting an α value of 0.05. The pri-
mary outcome measured in this study was time-averaged total
AUC for TAG, and the secondary end points were TC, HDL-C,
LDL-C, NEFA, glucose, insulin, homeostasis model assess-
ment of insulin resistance (HOMA-IR), adipose tissue insulin
resistance index (Adipo-IR), CRP, IL-6, TNF-α, SOD3, PRDX-4,
and arterial blood pressure. Standard equations were used to calcu-
lateHOMA-IR (30) andAdipo-IR (31). Time-averaged totalAUC
was calculated for blood pressure and concentrations of plasma
TAG, NEFA, glucose, insulin, CRP, IL-6, SOD3, and PRDX-4
http://www.acsm-msse.org
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using the trapezoidal method for the total postprandial period
(0–8 h). Time-averaged total AUC was also calculated for
plasma TAG, NEFA, glucose, and insulin in the morning
(0–4 h) and afternoon (4–8 h) periods. Time-average incre-
mental AUC relative to the fasted or nadir value was calculated
for biochemical outcomes (32).

Data were analyzed using the software package SPSS
(SPSS version 23; SPSS Inc., Chicago, IL). The model resid-
uals of the outcome variables were explored using histograms.
Normally distributed data are presented as mean ± SD. Fasting
concentrations and time-averaged total AUC values for TAG,
TC, HDL-C, LDL-C, insulin, CRP, IL-6, TNF-α, SOD3, and
PRDX-4 demonstrated a positively skewed distribution. These
variables were natural log-transformed before analysis and are
presented descriptively as geometric mean (95% confidence in-
terval [95% CI]).

Fasting plasma constituents and resting arterial blood
pressure at baseline on day 1 were similar between the exer-
cise and the control conditions (all P ≥ 0.102); therefore, the
average was calculated and used for all subsequent analysis.
Physical characteristics and exercise responses were com-
pared between cigarette smokers and nonsmokers using lin-
ear mixed models with group (12 cigarette smokers vs 12
nonsmokers) included as a fixed factor. Linear mixed models
were used to examine differences in HOMA-IR, Adipo-IR,
and fasting and AUC values for plasma constituents and blood
pressure with condition (exercise vs control) and group (12
cigarette smokers vs 12 nonsmokers) included as fixed factors.

Absolute standardized effect sizes (Cohen’s d) were calcu-
lated by dividing the difference between the mean values (exer-
cise vs control or cigarette smokers vs nonsmokers) with the
pooled SD. An effect size of 0.2 was considered the minimum
important difference, 0.5 moderate, and 0.8 large (33). For nor-
mally distributed variables, pairwise comparisons are based on
mean differences and the respective 95% CI of the mean abso-
lute difference. For log-transformed variables, pairwise compar-
isons are based on the ratio of geometric means and 95% CI for
the ratio of geometric means. Statistical significance was ac-
cepted as P < 0.05. All P values are presented as exact values
(to three decimal places) except very low values, which are
displayed as P < 0.001. Interpretation of the data is based on
the 95% CI and effect sizes rather than more conventional di-
chotomous hypothesis testing (34).
TABLE 2. Responses to treadmill exercise in cigarette smokers and nonsmokers.

Cigarette Smokers (n = 12) No

Treadmill speed (km·h−1) 7.7 ± 1.0
Heart rate (bpm) 159 ± 13
Rating of perceived exertion 11 ± 2
Oxygen uptake (L·min−1) 2.14 ± 0.40
Percent V̇O2peak (%) 63.4 ± 7.7
Respiratory exchange ratio 0.95 ± 0.05
Fat oxidation (g) 12.6 ± 8.5
Carbohydrate oxidation (g) 144 ± 36
Gross energy expenditure (kJ) 2788 ± 509

All values are mean ± SD. Data were analyzed using linear mixed models with group (cigarette smo
a95% CI of the mean absolute difference between the groups.
bMain effect of group P = 0.040.

EXERCISE AND CHD RISK IN CIGARETTE SMOKERS
RESULTS

Participant Characteristics

Cigarette smokers smoked a mean ± SD (range) of 9 ± 5
(4–20) cigarettes per day, had smoked cigarettes for 6 ± 4
(1 to 15) yr, and had 3.1 ± 3.1 (0.3 to 9.8) pack-years of smoking.
Cigarette smokers exhibited higher fasting plasma concentra-
tions of TAG (d = 1.32, P = 0.004), LDL-C (d = 1.09,
P = 0.014), CRP (d = 0.87, P = 0.044), and PRDX-4
(d = 0.81, P = 0.059); lower concentrations of HDL-C
(d = 1.04, P = 0.018); and higher resting DBP (d = 1.04,
P = 0.018) than nonsmokers at baseline (Table 1). No other
between-group differences were observed in baseline physical
and physiological characteristics (P ≥ 0.096) (Table 1).

Exercise Responses

The relative exercise intensity (percent of V̇O2peak) was
matched between groups (d = 0.31, P = 0.449), but the tread-
mill running speed was lower in cigarette smokers than that in
nonsmokers (d = 0.89, P = 0.040) (Table 2). No other differ-
ences were observed in treadmill running responses between
cigarette smokers and nonsmokers (P ≥ 0.123) (Table 2).

Fasting Plasma Concentrations

Fasting plasma metabolite concentrations on day 2 are pre-
sented in Table 3. Main effects of group revealed higher
fasting plasma concentrations of TAG (d = 1.44, P < 0.001),
LDL-C (d = 0.93, P = 0.024), CRP (d = 0.91, P = 0.034),
and IL-6 (d = 0.82, P = 0.042) and lower fasting plasma
HDL-C concentrations (d = 0.96, P = 0.019) in cigarette
smokers compared with nonsmokers. Fasting plasma TC,
NEFA, glucose, insulin, TNF-α, SOD3, and PRDX-4 concen-
trations; HOMA-IR; and Adipo-IR were similar between cig-
arette smokers and nonsmokers (P ≥ 0.098).

Main effects of condition revealed lower fasting concentra-
tions of TAG (d = 0.37, P = 0.014), HDL-C (d = 0.23,
P = 0.043) and glucose (d = 0.48, P = 0.038) and higher
fasting concentrations of NEFA (d = 0.88, P = 0.012) and
CRP (d = 0.45, P = 0.003) in the exercise condition compared
with the control condition. No group–condition interactions
were observed in fasting metabolite concentrations or indica-
tors of insulin resistance (P ≥ 0.175).
nsmokers (n = 12)

Nonsmokers vs Cigarette Smokers

Mean Difference (95% CIa) d

8.7 ± 1.2 −1.0 (−2.0 to −0.1)b 0.89
159 ± 11 0 (−11 to 10) 0.03
12 ± 2 −1 (−3 to 1) 0.52

2.36 ± 0.48 −0.21 (−0.58 to 0.16) 0.48
65.8 ± 7.2 −2.3 (−8.7 to 4.0) 0.31
0.92 ± 0.04 0.03 (−0.01 to 0.07) 0.62
18.5 ± 9.4 −5.9 (−13.5 to 1.7) 0.65
140 ± 33 4 (−25 to 33) 0.12
2954 ± 584 −166 (−630 to 298) 0.30

kers or nonsmokers) included as a fixed factor.
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TABLE 3. Fasting plasma concentrations and resting arterial blood pressure on day 2 of the control and exercise conditions in cigarette smokers and nonsmokers.

Cigarette Smokers (n = 12) Nonsmokers (n = 12) Nonsmokers vs Cigarette Smokers Control vs Exercise

Control Exercise Control Exercise Mean Difference (95% CIa) d Mean Difference (95% CIa) d

TAG (mmol·L−1) 1.22 (0.97 to 1.53) 1.01 (0.81 to 1.26) 0.67 (0.51 to 0.87) 0.60 (0.50 to 0.73) 75% (32% to 132%)b 1.44 −13% (−23% to −3%)c 0.37
TC (mmol·L−1) 4.45 (3.90 to 5.07) 4.33 (3.84 to 4.87) 4.01 (3.57 to 4.51) 3.93 (3.50 to 4.40) 11% (−6% to 29%) 0.51 −2% (−6% to 1%) 0.12
HDL-C (mmol·L−1) 1.25 (1.09 to 1.42) 1.17 (1.04 to 1.32) 1.49 (1.32 to 1.69) 1.44 (1.28 to 1.63) −18% (−30% to −3%)b 0.96 −5% (−9% to −0.2%)c 0.23
LDL-C (mmol·L−1) 2.46 (2.03 to 2.98) 2.44 (2.06 to 2.88) 1.90 (1.62 to 2.23) 1.89 (1.62 to 2.20) 29% (4% to 62%)b 0.93 −1% (−5% to 3%) 0.03
NEFA (mmol·L−1) 0.35 ± 0.16 0.46 ± 0.20 0.37 ± 0.14 0.53 ± 0.22 −0.04 (−0.16 to 0.07) 0.29 0.13 (0.03 to 0.23)c 0.88
Glucose (mmol·L−1) 4.67 ± 0.25 4.60 ± 0.36 4.62 ± 0.18 4.48 ± 0.25 0.09 (−0.12 to 0.29) 0.40 −0.10 (−0.20 to −0.01)c 0.48
Insulin (pmol·L−1) 24.9 (17.7 to 34.9) 22.9 (16.6 to 31.8) 18.4 (14.5 to 23.4) 18.1 (13.8 to 23.6) 31% (−6% to 83%) 0.58 −5% (−23% to 17%) 0.11
HOMA-IR 0.86 (0.61 to 1.22) 0.78 (0.56 to 1.09) 0.63 (0.49 to 0.81) 0.60 (0.45 to 0.79) 33% (−6% to 88%) 0.61 −7% (−25% to 15%) 0.16
Adipo-IR 7.78 (4.79 to 12.63) 9.21 (5.39 to 15.71) 6.39 (4.38 to 9.33) 7.82 (5.09 to 11.99) 20% (−26% to 93%) 0.26 20% (−18% to 77%) 0.27
CRP (mg·L−1) 1.09 (0.63 to 1.87) 1.47 (0.80 to 2.70) 0.40 (0.21 to 0.79) 0.70 (0.35 to 1.41) 138% (7% to 429%)b 0.91 53% (17% to 101%)c 0.45
IL-6 (pg·mL−1) 1.40 (1.04 to 1.88) 1.59 (1.11 to 2.29) 0.96 (0.70 to 1.32) 1.05 (0.74 to 1.48) 48% (2% to 117%)b 0.82 11% (−11% to 40%) 0.22
TNF-α (pg·mL−1) 1.16 (0.92 to 1.45) 1.14 (0.94 to 1.39) 1.00 (0.86 to 1.16) 1.01 (0.88 to 1.16) 14% (−9% to 45%) 0.45 0% (−7% to 7%) 0.00
SOD3 (ng·mL−1) 1.03 (0.78 to 1.36) 1.07 (0.86 to 1.34) 0.78 (0.54 to 1.12) 0.73 (0.50 to 1.05) 40% (−7% to 111%) 0.66 −1% (−9% to 7%) 0.02
PRDX-4 (ng·mL−1) 11.1 (9.1 to 13.6) 11.8 (9.5 to 14.7) 11.0 (9.1 to 13.2) 9.8 (8.3 to 11.7) 10% (−11% to 38%) 0.32 −2% (−15% to 12%) 0.07
SBP (mm Hg) 134 ± 19 130 ± 10 126 ± 10 129 ± 10 5 (−5 to 14) 0.31 0 (−5 to 5) 0.01
DBP (mm Hg) 76 ± 11 72 ± 8 68 ± 9 72 ± 5 4 (−2 to 10) 0.36 0 (−4 to 4) 0.01

Values for TAG, TC, HDL-C, LDL-C, insulin, HOMA-IR, Adipo-IR, CRP, IL-6, TNF-α, SOD3, and PRDX-4 are geometric mean (95% CI) and statistical analyses are based on log-transformed data.
All other values are mean ± SD. Data were analyzed using linear mixed models with group (cigarette smokers or nonsmokers) and condition (exercise or control) included as fixed factors.
Linear mixed models revealed no group–condition interactions P ≥ 0.070.
aFor normally distributed data, values represent the mean absolute difference (95% CI of the mean absolute difference between groups or conditions). For log-transformed data, values represent
the ratio of geometric means (95% CI for the ratio of geometric means between groups or conditions).
bMain effect of group P ≤ 0.042.
cMain effect of condition ≤0.043.
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Postprandial Plasma Concentrations

Total postprandial period (0–8 h). The time-averaged
total AUC values for the entire postprandial period (0–8 h)
are displayed in Supplemental Table 1 (Supplemental Digital
Content 2, Time-averaged total area under the curve values
(0–8 h) for postprandial plasma concentrations and resting ar-
terial blood pressure on day 2 of the control and exercise con-
ditions, http://links.lww.com/MSS/C202) and are presented
graphically in Figure 2 (TAG, glucose, insulin, and NEFA)
and Figure 3 (IL-6, CRP, SOD3, and PRDX-4).

A main effect of group revealed higher time-averaged total
AUC (0–8 h) for TAG (d = 1.15, P = 0.004) and CRP
(d = 0.94, P = 0.034) in cigarette smokers than that in non-
smokers. The time-averaged total AUC (0–8 h) for NEFA,
glucose, insulin, IL-6, SOD3, and PRDX-4 were similar be-
tween groups (P ≥ 0.162).

Amain effect of condition revealed lower time-averaged to-
tal AUC (0–8 h) for TAG (d = 0.35, P = 0.002) and insulin
(d = 0.28, P = 0.038) and higher time-averaged total AUC
for NEFA (d = 0.41, P = 0.044) and CRP (d = 0.50,
P = 0.004) in the exercise condition compared with the control
condition. No between-condition differences were identified
in the time-averaged total AUC (0–8 h) for glucose, IL-6,
SOD3, and PRDX-4 (all P ≥ 0.163). The magnitude of change
in postprandial metabolite concentrations (total AUC, 0–8 h)
the day after exercise was similar in cigarette smokers and
nonsmokers (all group–condition interactions P ≥ 0.089).

Analysis of the time-averaged incremental AUC values
(0–8 h) revealed broadly comparable findings to the total
AUC analysis (see Supplemental Table 2, Supplemental Dig-
ital Content 3, Time-averaged incremental positive area under
the curve values (0–8 h) for postprandial plasma concentra-
tions on day 2 of the control and exercise conditions, http://
links.lww.com/MSS/C203). The time-averaged incremental
1026 Official Journal of the American College of Sports Medicine
AUC was higher in cigarette smokers compared with non-
smokers for CRP (d = 1.34, P = 0.004) and lower in the exer-
cise condition compared with the control condition for insulin
(d = 0.35, P = 0.029). The 95% CI for the mean difference in
time-averaged incremental AUC for TAG overlapped zero
(main effect group P = 0.074; main effect condition P = 0.127),
but the response was higher in cigarette smokers than non-
smokers (mean difference 0.47 mmol·L−1·h−1, d = 0.65) and
lower in the exercise condition than that in the control condi-
tion (mean difference 0.16 mmol·L−1·h−1, d = 0.22). Group–
condition interactions were not apparent for any time-averaged
incremental AUC outcome (all P ≥ 0.148).

Morning period (0–4 h) and afternoonperiod (4–8 h).
The time-averaged total AUC for TAG, NEFA, glucose, and
insulin in the morning period (0–4 h) and the afternoon period
(4–8 h) are displayed in Table 4.

The time-averaged total AUC for TAG was higher in ciga-
rette smokers than that in nonsmokers in the morning period
(0–4 h) (d = 1.02, P = 0.011) and afternoon period (4–8 h)
(d = 1.19, P = 0.003). No between-group differences were
identified in time-averaged total AUC for NEFA, glucose,
and insulin in the morning period (0–4 h) (P ≥ 0.092) or after-
noon period (4–8 h) (P ≥ 0.255).

A main effect of condition revealed lower time-averaged to-
tal AUC for TAG in the exercise condition than the control con-
dition in the morning period (0–4 h) (d = 0.32, P = 0.005) and
afternoon period (4–8 h) (d = 0.35, P = 0.005). The
time-averaged total AUC for NEFA was higher in the exercise
condition than that in the control condition in the morning pe-
riod (0–4 h) (d = 0.54, P = 0.014), and the time-averaged total
AUC for insulin was lower in the exercise condition than that
in the control condition in the afternoon period (d = 0.39,
P = 0.008). No other between-condition differences were identi-
fied in postprandial metabolite concentrations in the morning
(0–4 h) (P ≥ 0.581) or afternoon (4–8 h) (P ≥ 0.353) periods.
http://www.acsm-msse.org
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FIGURE 2—Plasma concentrations of TAG (A), glucose (B), insulin (C), and NEFA (D) in the exercise and control conditions for male cigarette smokers
(n = 12) and male nonsmokers (n = 12). Data points on left-hand panels represent geometric mean (95% CI) for TAG and insulin, and mean ± SEM for
glucose and NEFA. Black rectangles indicate consumption of breakfast and lunch meals. Data points on right-hand panels represent individual data values
for time-averaged total area under the curve (AUC) (0–8 h). The gray solid line (―) indicates the geometric mean (95% CI) for TAG and insulin, and
mean ± SD for glucose and NEFA. Linear mixed models for time-averaged total AUC (0–8 h) identified a main effect of group for TAG (P = 0.004), and
a main effect of condition for TAG (P = 0.002), insulin (P = 0.038), and NEFA (P = 0.044). No group–condition interactions were identified (all P ≥ 0.089).
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The magnitude of reduction in time-averaged total AUC for
TAG the day after exercise was greater in nonsmokers than
cigarette smokers in the morning period (0–4 h) (−21%,
95% CI = −31% to −10%, d = 0.43, vs −5%, 95% CI = −17%
to 9%, d = 0.16, respectively; group–condition interaction
P = 0.061). No other group–condition interactions were identified
in the morning period (0–4 h) (all P ≥ 0.361) or afternoon period
(4–8 h) (all P ≥ 0.162).
EXERCISE AND CHD RISK IN CIGARETTE SMOKERS
Systolic and Diastolic Blood Pressure in the Fasted
and Postprandial State

Resting systolic blood pressure (SBP) and diastolic blood
pressure (DBP) in the fasted state were similar between groups
and conditions (main effect group, P ≥ 0.211; main effect con-
dition, P ≥ 0.870; group–condition interaction, P ≥ 0.070)
(Table 3). The time-averaged total AUC values (0–8 h) for SBP
Medicine & Science in Sports & Exercise® 1027



FIGURE 3—Plasma concentrations of CRP (A), IL-6 (B), SOD3 (C), and PRDX-4 (D) in the exercise and control conditions for male cigarette smokers
(n = 12) andmale nonsmokers (n = 12). Data points on left-hand panels represent geometricmean (95%CI).Black rectangles indicate consumption of break-
fast and lunchmeals. Data points on right-hand panels represent individual data values for time-averaged total area under the curve (AUC) (0–8 h), and the
gray solid line (―) indicates the geometric mean (95% CI). Linear mixed models for time-averaged total AUC (0–8 h) identified a main effect of group for
CRP (P = 0.034), and a main effect of condition for CRP (P = 0.004). No group–condition interactions were identified (all P ≥ 0.386).
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and DBP are displayed in Supplemental Table 1 (Supplemental
Digital Content 2, http://links.lww.com/MSS/C202) and are pre-
sented graphically in Figure 4. A main effect of condition re-
vealed lower time-averaged total AUC for SBP (d = 0.28,
P = 0.038) and DBP (d = 0.32, P = 0.044) in the exercise condi-
tion compared with the control condition. The time-averaged
total AUC values for SBP and DBP were similar between cig-
arette smokers and nonsmokers (P ≥ 0.765), and the magnitude
1028 Official Journal of the American College of Sports Medicine
of change after exercise was similar in both groups (group–
condition interaction P ≥ 0.089).
DISCUSSION

The primary finding of the present study was that a single
bout of moderate-intensity running elicited similar reductions
in postprandial TAG, insulin, and resting arterial blood pressure
http://www.acsm-msse.org

http://links.lww.com/MSS/C202
http://www.acsm-msse.org


TABLE 4. Time-averaged total area under the curve values for postprandial plasma concentrations on day 2 of the control and exercise conditions in cigarette smokers and nonsmokers in the
morning period (0–4 h) and afternoon period (4–8 h).

Cigarette Smokers (n = 12) Nonsmokers (n = 12) Nonsmokers vs Cigarette Smokers Control vs Exercise

Control Exercise Control Exercise Mean Difference (95% CIa) d Mean Difference (95% CIa) d

TAG (mmol·L−1·h−1)
Morning period 1.88 (1.53 to 2.30) 1.78 (1.43 to 2.21) 1.30 (0.91 to 1.84) 1.02 (0.77 to 1.34) 59% (13% to 124%)b 1.02 −14% (−22% to −5%)c 0.32
Afternoon period 2.53 (1.84 to 3.46) 2.29 (1.72 to 3.04) 1.48 (1.05 to 2.09) 1.13 (0.89 to 1.44) 86% (27% to 171%)b 1.19 −17% (−26% to −6%)c 0.35

NEFA (mmol·L−1·h−1)
Morning period 0.26 ± 0.08 0.29 ± 0.08 0.27 ± 0.08 0.33 ± 0.12 −0.02 (−0.09 to 0.05) 0.27 0.05 (0.01 to 0.08)c 0.54
Afternoon period 0.38 ± 0.08 0.38 ± 0.07 0.35 ± 0.10 0.38 ± 0.10 0.01 (−0.06 to 0.07) 0.11 0.02 (−0.02 to 0.05) 0.18

Glucose (mmol·L−1·h−1)
Morning period 4.77 ± 0.43 4.80 ± 0.49 4.58 ± 0.50 4.45 ± 0.30 0.27 (−0.05 to 0.59) 0.58 −0.05 (−0.24 to 0.14) 0.11
Afternoon period 5.18 ± 0.44 5.28 ± 0.51 5.17 ± 0.56 5.22 ± 0.60 0.03 (−0.36 to 0.42) 0.06 0.08 (−0.14 to 0.30) 0.15

Insulin (pmol·L−1·h−1)
Morning period 123 (92 to 165) 119 (88 to 161) 100 (77 to 130) 100 (79 to 126) 22% (−13% to 70%) 0.45 −2% (−15% to 13%) 0.04
Afternoon period 195 (146 to 261) 146 (111 to 193) 146 (103 to 207) 131 (107 to 161) 22% (−14% to 74%) 0.40 −18% (−29% to −6%)c 0.39

Values for TAG and insulin are geometric mean (95% CI) and statistical analyses are based on log-transformed data. All other values are mean ± SD. Data were analyzed using linear mixed
models with group (cigarette smokers or nonsmokers) and condition (exercise or control) included as fixed factors.
Linear mixed models revealed no group–condition interactions P ≥ 0.061.
aFor normally distributed data, values represent the mean absolute difference (95% CI of the mean absolute difference between groups or conditions). For log-transformed data, values represent
the ratio of geometric means (95% CI for the ratio of geometric means between groups or conditions).
bMain effect of group P ≤ 0.011.
cMain effect of condition P ≤ 0.014.
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the next day in response to high-fat meals in male cigarette
smokers and nonsmokers. The small-to-moderate reduction in
postprandial TAG the day after exercise was greater in non-
smokers than cigarette smokers in the early postprandial period.
Fasting and postprandial concentrations of TAG and CRP were
markedly higher in cigarette smokers than nonsmokers, and
postprandial CRP and NEFA were elevated the day after exer-
cise irrespective of smoking status.

In line with previous findings, cigarette smokers exhibited
higher fasting TAG, higher fasting LDL-C, and lower fasting
HDL-C than nonsmokers (4,17). The impaired fasting lipid
and lipoprotein profile in cigarette smokers coincided with a
markedly higher postprandial TAG response to high-fat meals
compared with nonsmokers. This is consistent with previous
studies in individuals with similar smoking behavior to our
participants (average 9 cigarettes per day, 5 yr smoking) (16)
and in more established heavier cigarette smokers (average
18–23 cigarettes per day, 25–33 yr smoking) (15,17,18) even
after 48 h of smoking abstinence (15). The exaggerated post-
prandial lipemic profile in cigarette smokers has been linked
to the accumulation of chylomicrons and its remnants arising
through the down-regulation of lipoprotein lipase (LPL)–
mediated lipolysis of TAG at target tissues and/or defects in
the hepatic removal of lipoprotein remnants (18,35). TAG-rich li-
poprotein remnants have been identified in atherosclerotic plaques
(13), and cigarette smoking provokes oxidative modification of
LDL-C (36). Speculatively, it is possible that increased arterial ex-
posure to chylomicron remnants in addition to (oxidized) LDL-C
over prolonged periods may contribute to vascular inflammation
and atherosclerotic plaque development in cigarette smokers.

Insulin resistance is a further potential factor implicated in
the exaggerated postprandial TAG response in cigarette
smokers, with convincing evidence that smokers are more in-
sulin resistant than nonsmokers (5,17). This link is plausible
given that hyperinsulinemia induced by insulin resistance is
associated with lower skeletal muscle LPL activity (37), and
EXERCISE AND CHD RISK IN CIGARETTE SMOKERS
impaired insulin-evoked suppression of hepatic VLDL release
is evident with insulin resistance (38). Moreover, nicotine-induced
lipolysis in adipose tissue may increase free fatty acid supply
for hepatic reesterification to TAG and secretion in VLDL
(39). However, we observed no between-group differences
in the postprandial insulin, glucose, and NEFA profiles or in
the crude indicators of insulin resistance (HOMA-IR and
Adipo-IR). Other studies have also not reported the divergent
insulin, glucose, or NEFA responses that would support a role
for insulin resistance and/or nicotine-induced lipolysis in
contributing to the greater postprandial lipemia in cigarette
smokers (15,40). Further work is required to elucidate the
complex mechanisms that perturb the metabolic milieu in cig-
arette smokers, which are undoubtedly complicated by the
plethora of toxic stimuli delivered by cigarette smoke (41).

It is well documented that acute exercise performed up to
18 h before a high-fat meal reduces postprandial TAG con-
centrations in nonsmokers (20). The present study corrobo-
rates and advances this finding by demonstrating that the
transient exercise-induced reduction in postprandial lipemia
extends to cigarette smokers. The clinical significance of this
finding cannot be determined, but recent data reporting that
TAG-lowering omega 3 therapy (using icosapent ethyl) re-
duced the risk of cardiovascular end points in statin-treated
patients with elevated fasting TAG are encouraging (42). Al-
though the mechanisms responsible for the TAG-lowering
effect of exercise were not assessed in this study, both the en-
hanced clearance of TAG by the upregulation of LPL (43)
and/or the secretion of fewer TAG-richer VLDL particles
from the liver, which have a higher affinity for LPL (44),
have been implicated. Despite the encouraging effect of pre-
vious day exercise in cigarette smokers, their postprandial
TAG profile after exercise remained higher than the control
values of the nonsmokers, suggesting that at least acutely ex-
ercise does not completely eradicate the greater postprandial
TAG response in cigarette smokers.
Medicine & Science in Sports & Exercise® 1029



FIGURE 4—Resting arterial SBP (A) andDBP (B) in the exercise and control conditions for male cigarette smokers (n = 12) andmale nonsmokers (n = 12).
Data points on left-hand panels represent mean ± SEM. Black rectangles indicate consumption of breakfast and lunch meals. Data points on right-hand
panels represent individual data values for time-averaged total area under the curve (AUC) (0–8 h), and the gray solid line (―) indicates the mean ± SD.
Linear mixed models for time-averaged total AUC (0–8 h) identified a main effect of condition for SBP (P = 0.038) and DBP (P = 0.044). No main effect
of group (all P ≥ 0.765) or group–condition interactions (all P ≥ 0.089) were identified.
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Interestingly, the benefits of previous day exercise on post-
prandial lipemia appeared delayed until after the high-fat lunch
in cigarette smokers. This prompted a greater exercise-induced
reduction in postprandial TAG in nonsmokers during the morn-
ing period (0–4 h) despite the cigarette smokers exhibiting
higher TAG values. Although the underlying reason is unclear,
it is possible that not controlling smoking between the labora-
tory visits on day 1 and day 2 may interfere with the mechanis-
tic pathways stimulating the TAG-lowering effect of exercise.
This represents a limitation of the current study as smoking be-
havior was not measured during this period so any differences
between the conditions could potentially influence the ensuing
postprandial responses. Further correlation analysis did not
identify any relationship between smoking pack-years and post-
prandial responses, and subgroup analyses comparing postpran-
dial responses directly between “lighter” (0.3–1.8 pack-years)
and “heavier” (2.6–9.8 pack-years) cigarette smokers stratified
by the median split of smoking pack-years did not provide
any evidence of a smoking intensity effect (data not shown).
However, these findings should be interpreted with caution given
that the sample comprised a small group of young and relatively
novice cigarette smokers, which limits the ability to clearly differ-
entiate smoking intensity. Although further work is required to
1030 Official Journal of the American College of Sports Medicine
confirm how cigarette smoking and exercise interact to influence
postprandial metabolic health, including in heavier and/or in
more established smokers, our findings support the promotion
of exercise as a strategy to transiently alleviate the exaggerated
postprandial lipemic response in cigarette smokers.

Another important finding from this study was the reduc-
tion in postprandial insulin the day after exercise in both
groups, which became prominent in the afternoon period
(4–8 h). Although favorable reductions in postprandial insulin
have been observed the day after exercise in nonsmokers (22),
exercise-induced reductions in postprandial insulin, and com-
mensurate changes in postprandial glycaemia, are not reported
consistently (21,23,45). The reduction in postprandial TAG
and insulin the day after exercise coincided with a lowering
of resting SBP and DBP in the postprandial period. This sup-
ports previous research in nonsmokers (23) and provides fur-
ther evidence that the hypotensive effect of acute exercise
may persist up to 25.5 h after exercise (46). Collectively, these
findings emphasize an important role for exercise in promot-
ing acute postprandial metabolic health benefits in cigarette
smokers and nonsmokers.

Chronic low-grade inflammation plays a pivotal role in the
etiology of CHD and type 2 diabetes in cigarette smokers (3).
http://www.acsm-msse.org
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This notion is supported by the aberrations in systemic and
vascular inflammatory markers accompanying chronic ciga-
rette smoke exposure (6). The elevated fasting CRP and IL-6
and the higher postprandial CRP in the cigarette smokers of
this study mirror previous findings and are further indicative
of the profound adverse consequences of cigarette smoking
(6,47). Our findings also revealed increased fasting and post-
prandial CRP the day after exercise regardless of smoking sta-
tus. Acute exercise causes a marked but transient increase in
IL-6 (up to ~1 h after exercise), which triggers a cascade of
anti-inflammatory responses and is thought to stimulate he-
patic CRP synthesis within 24 h of exercise (48,49). Although
CRP is mainly proinflammatory, the postexercise increase in
CRP may evoke counteracting anti-inflammatory effects
through the upregulation of IL-1 receptor antagonists from cir-
culating monocytes (50). However, the importance of this re-
sponse is uncertain, and acute exercise-induced increases in
CRP are not reported universally (22,51).

The antioxidant enzyme PRDX-4 has been associated with
disease outcomes in CHD (9,52), and its extracellular concen-
trations are reflective of endogenous oxidative stress (11) and
inflammation (53). Smoking-related oxidative stress can provoke
cellular damage to lipids, proteins, and nucleic acids, and it is
thought to play a pivotal role in promoting a proatherogenic
environment (3). Cigarette smokers exhibit higher concentra-
tions of oxidative stress biomarkers, including F2-isoprostanes
(7) and protein carbonyls (8), and the marginally higher
fasted PRDX-4 at baseline in the cigarette smokers of this study
EXERCISE AND CHD RISK IN CIGARETTE SMOKERS
further supports these findings; however, no other differences in
PRDX-4 or SOD3 were evident between the groups or in re-
sponse to exercise. Given that fasting PRDX-4 and SOD3
have been shown to increase immediately after high- but not
moderate-intensity exercise (27), the absence of an exercise
effect in this study may reflect the time delay between the ex-
ercise bout and blood sampling and/or the intensity of the ex-
ercise stimulus.

In conclusion, male cigarette smokers exhibited higher
concentrations of postprandial TAG and CRP than male
nonsmokers. Acute moderate-intensity exercise reduced
postprandial TAG, insulin, and resting arterial blood pressure
the next day in cigarette smokers and nonsmokers, albeit the
small-to-moderate reduction in postprandial lipemia in the early
postprandial period appeared blunted in cigarette smokers.
These findings emphasize the ability of acute exercise to aug-
ment the postprandial metabolic health of cigarette smokers
and nonsmokers.
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