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Objective—To evaluate longitudinal changes in 6 inflammatory markers that predict cardiovascular disease events among
smokers making a quit attempt and to characterize their cross-sectional associations between smoking and smoking
heaviness.
Approach and Results—In a longitudinal cohort study of contemporary smokers (n=1652), we evaluated (1) independent
associations of smoking heaviness markers (exhaled carbon monoxide, cigarettes/d, pack-years) with inflammatory
markers (C-reactive protein, D-dimer, fibrinogen, urinary F2 isoprostane:creatinine [F2:Cr] ratio, white blood cell [WBC]
count, myeloperoxidase) and (2) the effects of smoking cessation and continued smoking on these inflammatory markers
after 1 year, among the 888 smokers who made an aided quit attempt as part of a randomized comparative effectiveness
trial or standard care. There were strong, independent associations between smoking heaviness markers and the F2:Cr
ratio, WBC, and myeloperoxidase (all Padj<0.001), but not high-sensitivity C-reactive protein, D-dimer, or fibrinogen.
Participants were mean (SD) 49.6 years old (11.6), 54% women, 34% non-white, and smoked 16.8 cigarettes/d (8.5) for
27.3 pack-years (18.6). After 1 year, the 344 successful abstainers gained more weight (4.0 [6.0] versus 0.4 [5.7] pounds;
P<0.001) and had larger increases in insulin resistance scores (P=0.02) than continuing smokers. Despite these increases,
abstainers had significant decreases in F2:Cr ratio (P<0.001) and WBC counts (P<0.001). Changes in other markers were
not related to quitting.
Conclusions—Smoking heaviness is associated with increased F2:Cr ratio, myeloperoxidase, and WBC counts. Cessation
improves the F2:Cr ratio and WBC counts independent of weight change, suggesting reduced inflammation related to less
oxidant stress.   (Arterioscler Thromb Vasc Biol. 2017;37:374-379. DOI: 10.1161/ATVBAHA.116.308728.)
Key Words: carbon monoxide ◼ cardiovascular diseases ◼ inflammation ◼ oxidative stress ◼ smoking

I

n the United States, cigarette smoking contributes to nearly
a half a million deaths annually with significant morbidity and mortality attributable to cardiovascular disease
(CVD).1,2 Indeed, smoking accounts for greater than one third
of the population-attributable risk for myocardial infarction.1
Smoking cessation is linked to lower CVD mortality and
reductions in thrombotic events, most notably acute myocardial infarction.3–6
Atherosclerosis is a response to arterial injury, mediated
by inflammation.7–9 Clinical CVD events have been linked to
elevated levels of inflammatory markers such as C-reactive
protein (CRP),10–12 D-dimer, fibrinogen, myeloperoxidase,
white blood cell (WBC) count,13–15 and urinary F2 isoprostanes, a lipid peroxidation end product.16 Tobacco-induced
activation of inflammatory pathways, lipid oxidation, hypercoagulability, and vascular dysfunction is among the primary
mechanisms by which cigarette smoking promotes CVD.17,18
Previous cross-sectional studies have demonstrated that active
cigarette smokers have higher levels of inflammatory markers

such as CRP, WBC count, fibrinogen, D-dimer,10,19,20 and F2
isoprostanes.21,22 However, no studies that we are aware of
have investigated the longitudinal effects of smoking cessation and continued smoking on inflammatory markers associated with CVD risk.20,23 Furthermore, the observational studies
published to date have had important limitations: some were
small, they often did not adjust for confounders that affect
inflammatory marker levels (ie, age, sex, adiposity, and insulin resistance), did not study newer inflammatory markers,
and importantly, participants likely were not representative of
contemporary smokers who tend to be more overweight than
historical cohorts.24
To address this critical gap in our understanding of
smoking-associated arterial disease, we analyzed the crosssectional and longitudinal relationships between smoking
burden, smoking cessation, and 6 inflammatory markers that
predict CVD events (CRP, D-dimer, fibrinogen urinary F2
isoprostane:creatinine [F2:Cr] ratio, myeloperoxidase, and
WBC count) in a large cohort of contemporary smokers.

Received on: September 30, 2016; final version accepted on: November 22, 2016.
From the Department of Medicine (C.C.K., M.E.P., A.D.G., M.C.F., T.B.B., J.H.S.) and Center for Tobacco Research and Intervention (M.E.P., M.C.F.,
T.B.B.), University of Wisconsin School of Medicine and Public Health, Madison.
The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/doi:10.1161/ATVBAHA.116.308728/-/DC1.
Correspondence to James H. Stein, MD, University of Wisconsin School of Medicine and Public Health, 600 Highland Ave, H4/520 CSC (MC 3248),
Madison, WI 53792. E-mail jhs@medicine.wisc.edu
© 2016 American Heart Association, Inc.
Arterioscler Thromb Vasc Biol is available at http://atvb.ahajournals.org

374

DOI: 10.1161/ATVBAHA.116.308728

King et al   Smoking Cessation and Inflammation   375

Results

Nonstandard Abbreviations and Acronyms
CVD
CO
CRP
WBC

Subject Characteristics

cardiovascular disease
carbon monoxide
C-reactive protein
white blood cell

Materials and Methods
Materials and Methods are available in the online-only Data
Supplement.

Baseline subject characteristics are shown in Table 1. The
1652 smokers from the longitudinal study (54% women, 66%
white) were 49.6 years old (11.7), smoked 16.8 cigarettes/d
(8.5), and had a smoking burden of 27.3 pack-years (18.6)
with carbon monoxide (CO) levels of 14.4 ppm (8.3). Their
mean body mass index was 29.4 kg/m2 (6.7). The use of lipidlowering and antidiabetic medications was reported by 18%
and 8.7% of participants, respectively. Baseline subject characteristics for the subset of participants (n=888) who made

Table 1. Baseline Characteristics for All Smokers (n=1652) and for Smokers Who Made an Aided Quit Attempt (n=888)
Smokers Who Made an Aided Quit Attempt and Completed
Year 1 Assessments (n=888)
All Smokers (n=1652)
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Age, y

Smokers at Year 1 (n=544)

Abstainers at Year 1 (n=344)

Mean (SD)

Range

Mean (SD)

Range

Mean (SD)

Range

49.6 (11.7)

18–91

49.3 (11.1)

18–88

49.6 (12.4)

18–91

Sex (% female)

54.2

53.5

56.1

Race (% white)

65.6

61.9

70.6

Body mass index

29.4 (6.7)

15.9–60.8

29.4 (6.7)

15.9–60.8

29.3 (6.7)

16.1–56.7

Weight, kg

85.7 (21.1)

41.6–180.5

85.3 (20.6)

41.6–180.5

85.5 (21.6)

46.3–179.8

 Current smoking, cigarettes/d

16.8 (8.5)

1–75

17.3 (8.9)

1–75

15.5 (8.1)

1–60

 Carbon monoxide, ppm

14.4 (8.3)

0–67

15.4 (8.4)

2–66

13.1 (7.4)

2–48

 Smoking burden, pack-years

27.3 (18.6)

0.5–165

28.0 (19.1)

0.5–165

25.4 (18.7)

Markers of smoking heaviness

1.55–144

Inflammatory markers
 C-reactive protein, mg/L

4.6 (8.1)

0.2–115.3

4.7 (8.0)

0.2–96.1

4.5 (6.8)

0.2–64.1

 D-dimer, μgFEU/mL

0.3 (0.5)

0–8.1

0.3 (0.5)

0–8.1

0.3 (0.3)

0.0–3.1

283.4 (80.6)

102–579

 Fibrinogen, mg/dL
 Urinary F2 isoprostane:creatinine
ratio, ng/mg
 Myeloperoxidase, pmol/L
 White blood cell count, cells/mL

286.4 (81.1)
0.8 (0.6)

101–764
0–5.6

280.4 (78.0)

101–764

0.8 (0.6)

0–5.6

0.7 (0.5)

279.7 (185.2)

0-4091

277.7 (173.0)

0-2792

272.0 (150.3)

0-2261

7.5 (2.2)

2.2–20.1

7.6 (2.3)

3.0–20.1

7.4 (2.1)

2.5–14.2

Systolic blood pressure, mm Hg

126.77 (17.3)

79–197

125.3 (16.3)

79–197

124.3 (17.2)

Diastolic blood pressure, mm Hg

76.1 (10.0)

53–117

75.5 (10.1)

53–113

75.3 (9.0)

Antihypertensive medication use, %

0–4.8

29.6

32.2

86–191.5
53–117

29.9

Lipids, mg/dL
 Total cholesterol

192.1 (41.0)

84–452

 High-density lipoprotein cholesterol

50.5 (17.6)

 Low-density lipoprotein cholesterol

113.8 (34.8)

  Triglycerides

141.4 (126.6)

Lipid medication use, %
Creatinine, mg/dL
Diabetes mellitus medication use, %
Hemoglobin A1C, %

189.8 (39.7)

84–397

16–162

49.8 (16.5)

17–302

113.4 (35.2)

30–2774

134.5 (74.0)

0.33–4.58

0.85 (0.20)

18.3
0.85 (0.23)

98–366

19–121

50.2 (18.5)

19–149

38–302

113.5 (31.6)

24–236

36–506

140.8 (98.2)

31–801

0.45–2.01

0.84 (0.18)

20.8

8.7
5.9 (0.9)

191.9 (38.6)

20.6

10.3
4–14.4

0.43–1.79

9.0

5.8 (0.9)

4.3–13.6

5.8 (0.9)

4.7–11.3

77–344

121.0 (24.7)

88–276

9.5 (8.7)

1–85

Glucose, mg/dL

121.3 (26.7)

68–367

121.0 (25.0)

Insulin, pg/mL

9.9 (8.8)

0–85

9.2 (7.9)

0–70.1
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an aided quit attempt and completed year 1 assessments also
are in Table 1.

Baseline Associations of Smoking Heaviness
Markers with Inflammatory Markers
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Associations of the 6 inflammatory markers with smoking
heaviness parameters (exhaled CO, cigarettes/d, and packyears) for all smokers are shown in Table 2, adjusted for age,
sex, race, body mass index, total cholesterol, high-density lipoprotein cholesterol, systolic blood pressure, diabetes mellitus
status, antihypertensive medication use, and lipid medication
use. These models indicate strong, independent associations
between smoking heaviness markers and the urinary F2:Cr
ratio, WBC counts, and myeloperoxidase (P<0.001). No
statistically significant associations were observed between
CRP, D-dimers, and fibrinogen levels and any smoking heaviness marker in the adjusted models. These models were not
affected substantively when adjusted by alcohol use or alternative models of adiposity (data not shown).
Table 2. Baseline Associations of Smoking Heaviness and
Inflammatory Markers for All Smokers
n

Standardized
Coefficient (β)

P Value

 Carbon monoxide

1442

0.016

0.519

 Cigarettes/d

1404

0.045

0.064

 Pack-years

1398

0.055

0.055

 Carbon monoxide

1437

0.024

0.381

 Cigarettes/d

1399

0.019

0.487

 Pack-years

1393

0.026

0.403

 Carbon monoxide

1438

−0.024

0.336

 Cigarettes/d

1400

0.011

0.645

 Pack-years

1394

0.029

0.324

C-reactive protein (log-transformed)

D-dimer (log-transformed)

Fibrinogen

Urinary F2 isoprostane:creatinine ratio (log-transformed)
<0.001

Inflammatory Markers After Smoking Cessation
Of the 888 participants who made an aided quit attempt and
completed the year 1 assessments, 344 (29.7%) participants
had biochemically confirmed 7-day point-prevalence abstinence at 1 year. Their characteristics at the year 1 visit are
in Table I in the online-only Data Supplement. At the baseline visit, there were no significant differences in sex, race, or
anthropometric measures between successful abstainers and
continuing smokers; however, eventual abstainers smoked
fewer cigarettes/d (t=2.95; P=0.003) and had lower CO levels (t=4.17; P<0.001) at baseline than continuing smokers. Abstainers gained more weight than continued smokers
(4.0 kg [6.0] versus 0.4 kg [5.7]; P<0.001) and had greater
increases in homeostasis model of insulin resistance scores
(15.4 U [47.3] versus 7.2 U [48.1]; P=0.02). Continuing
smokers at year 1 had similar measures of smoking heaviness
as at baseline. We observed statistically significant correlations between changes in CO with changes in urinary F2:Cr
ratio (P=0.002) and leukocyte counts (P<0.001), but no significant correlations with the other inflammatory biomarkers after 1 year. Table 3 describes unadjusted changes in the
inflammatory markers and other variables after 1 year among
smokers who made an aided quit attempt. These models were
not affected substantively by adjusting for alcohol use or alternative models of adiposity (data not shown).
Despite greater weight gain and increases in insulin resistance, abstinence at 1 year—when compared with continued
smoking—was associated independently with decreases in the
urinary F2:Cr ratio (P<0.001) and WBC counts (P<0.001) in
models adjusting for the baseline inflammatory marker value,
change in weight, and change in homeostasis model of insulin
resistance. These results are consistent with the simple correlations described above and continued to be statistically
significant (P<0.001) after further adjusting for age, sex,
race, total cholesterol, high-density lipoprotein cholesterol,
systolic blood pressure, diabetes mellitus status, antihypertensive medication use, lipid medication use. Results of models
evaluating the effects of successful abstinence compared with
continued smoking on the inflammatory markers after 1 year
among smokers who made an aided quit attempt (n=888) are
shown in Table 4. These models accounted for 24% to 48% of
the variance in the inflammatory markers.

 Carbon monoxide

1360

0.105

 Cigarettes/d

1322

0.089

0.001

Discussion

 Pack-years

1317

0.130

<0.001

 Carbon monoxide

1434

0.075

0.006

 Cigarettes/d

1396

0.077

0.004

 Pack-years

1390

0.085

0.007

 Carbon monoxide

1438

0.103

<0.001

 Cigarettes/d

1400

0.103

<0.001

 Pack-years

1394

0.129

<0.001

In this large cohort of contemporary smokers, we observed
independent associations between smoking heaviness and
three inflammatory markers that are associated with CVD
risk—the urinary F2:Cr ratio, myeloperoxidase, and WBC
count—but not with CRP, fibrinogen or D-dimer. After 1
year, successful abstainers experienced statistically significant, independent reductions in urinary F2:Cr ratios and WBC
counts, despite weight gain and increased insulin resistance,
whereas differences in myeloperoxidase, CRP, D-dimer, and
fibrinogen were not observed.
In some population-based studies, active cigarette smoking has been associated with elevated levels of each of the 6
inflammatory markers we investigated19–23,25–27; however, these
studies have had conflicting results, especially for the most

Myeloperoxidase (log-transformed)

White blood cell count

Models adjusted for age, sex, race, body mass index, total cholesterol, highdensity lipoprotein cholesterol, systolic blood pressure, diabetes mellitus status,
antihypertensive medication use, lipid medication use.
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Table 3. Unadjusted Changes in Inflammatory and Other
Markers at 1 Year (Year 1-Baseline) Among Smokers Who
Made an Aided Quit Attempt (n=888)
Continued
Smoker (n=544)

Abstainer
(n=344)

P Value

0.03 (9.9)

0.4 (9.1)

0.53

0.1 (0.9)

0.1 (0.3)

0.20

42.6 (80.7)

38.2 (83.7)

0.46

−0.1 (0.5)

0.06

Inflammatory markers
 C-reactive protein
 D-dimer
 Fibrinogen
 Urinary F2
isoprostane:creatinine ratio
 Myeloperoxidase

−0.02 (0.5)
−3.3 (156.0)

13.5 (267.0)

0.02
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 WBC count

0.2 (1.8)

−0.6 (1.9)

<0.001

Weight

0.4 (5.7)

4.0 (5.9)

<0.001

 Total cholesterol

2.4 (29.3)

4.8 (31.9)

0.27

 High-density lipoprotein
cholesterol

2.6 (10.4)

4.4 (11.0)

0.02

−0.5 (25.6)

−0.2 (26.7)

0.09

Lipids

 Low-density lipoprotein
cholesterol
 Triglycerides

2.0 (69.6)

8.6 (103.9)

0.27

Creatinine

0.01 (0.1)

0.03 (0.1)

0.02

Hemoglobin A1C

0.03 (0.5)

0.1 (0.6)

0.06

15.4 (47.3)

0.02

Homeostasis model of insulin
resistance score

7.2 (48.1)

commonly studied markers, CRP20,23 and WBC count.20,25
These discrepant findings may have been because of the evolution of the population of smokers, imprecise assessment of
smoking status and burden, and changes in laboratory measurement technology over time. The characteristics of smokers have changed since the first population-based studies that
found associations between smoking and inflammation >30
years ago. Contemporary smokers are older, weigh more, are
less educated, and have more medical and psychiatric comorbidities.2,28 They also smoke less but seem to gain more weight
after smoking cessation.2,28,29 Our assessment of smoking

status (biochemically confirmed 7-day point prevalence abstinence) was state of the art and avoids misclassification bias.
Also, bioassays for several of the inflammatory markers have
changed over time, yielding differing and presumably, more
precise results. The results of this study reflect the relationships between smoking and inflammatory processes in a contemporary sample of smokers using the best contemporary
research approaches.
Differences in the cross-sectional relationships between
smoking heaviness and inflammatory markers and longitudinal changes in these same markers with successful abstinence
versus continued smoking may reflect distinct biological processes. For example, CRP is a nonspecific marker of inflammation that in large part reflects adiposity and responses to
adipocytokines.30 In our study and in others, CRP levels seem
to be more related to weight and weight gain than changes in
smoking heaviness with strong observed associations between
CRP levels and measures of adiposity.20,31 WBC count is also
a nonspecific marker that has consistently been associated
with smoking and smoking heaviness,20,32 likely reflecting different inflammatory pathways less closely linked to adiposity. The urinary F2:Cr ratio primarily reflects oxidant stress
because of lipid peroxidation,21,33 which promotes atherogenesis.34 Like WBC count, the urinary F2:Cr ratio had strong,
independent cross-sectional associations with each marker
of smoking heaviness, and levels improved with cessation,
suggesting a causal relationship. An association between
increased levels of urinary isoprostanes and smoking has been
described27; however, to our knowledge, this is the first to prospectively demonstrate its reduction with smoking cessation.
Myeloperoxidase also contributes to oxidative damage and
has been hypothesized to be a catalyst for low-density lipoprotein oxidation in vivo.35 Like the urinary F2:Cr ratio and
WBC, it showed significant cross-sectional associations with
each smoking heaviness marker; however, it did not improve
with smoking cessation.
Despite a wealth of evidence linking cigarette smoking
with CVD, the exact mechanisms that contribute to this association remain unclear. Our findings suggest that smoking
increases risk by increasing oxidant stress that improves on
successful cessation, despite the weight gain and worsening
insulin resistance that are common after smoking cessation.

Table 4. Effect of Abstinence on Inflammatory Markers After 1 Year Among Smokers Who Made an
Aided Quit Attempt (n=888)
Adjusted R2
for Model

F Value

Partial Eta
Squared

C-reactive protein (log-transformed)

0.47

0.45

0.001

0.50

D-dimer (log-transformed)

0.24

0.64

0.001

0.42

Fibrinogen

0.25

0.22

0.000

0.64

Urinary F2 isoprostane:creatinine ratio (log-transformed)

0.39

18.05

0.024

<0.001†

Myeloperoxidase (log-transformed)

0.42

0.23

0.000

0.63

White blood cell count

0.48

36.39

0.043

<0.001†

Year 1 Inflammatory Marker

P Value for Abstinence
Status at Year 1*

*Analysis of covariance models adjusted for baseline inflammatory marker value, change in weight, and change in homeostasis
model of insulin resistance.
†P values remained <0.001 when further adjusted for age, sex, race, total cholesterol, high-density lipoprotein cholesterol, systolic
blood pressure, diabetes mellitus status, antihypertensive medication use, and lipid medication use.
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F2:Cr ratio and myeloperoxidase—inflammatory markers
that reflect oxidative stress—are likely targets to enhance
CVD risk prediction and for responses to therapeutic interventions in smokers.

Limitations
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This was a longitudinal, observational study conducted in
the context of a randomized comparative effectiveness trial
of smokers highly motivated to quit. Eventual quitters and
continuing smokers differed in many factors that may have
affected the relationships between the inflammatory markers
studies and smoking heaviness markers, so residual confounding cannot be excluded. However, the strong associations,
multiple factors we adjusted for, and consistent findings after
1 year, at least for the urinary F2:Cr ratio and WBC count,
strongly suggest that our findings are accurate and that oxidant
stress plays an important role in the inflammatory component
of smoking-related CVD risk. As commonly observed in studies of smoking cessation, ≈26% of subjects did not return for
their 1-year follow-up visit. This is comparable drop-out rates
in other recent clinical trials of smoking cessation pharmacotherapy.36,37 We measured CO to ascertain quit status. Some
investigators prefer serum cotinine; however, it may also be
influenced by environmental exposure such as second-hand
smoke. From a tobacco science perspective, the use of CO to
verify smoking status is common and in our opinion, is preferable, as does not capture nicotine from nicotine replacement
products. Participants from Milwaukee were older, more often
were non-white, and had lower socioeconomic status. A sensitivity analysis that adjusted for recruitment site did not reveal
any substantive differences in the standardized coefficients or
levels statistical significance, for which changes were minimal
and at the thousandth decimal point (data not shown). Finally,
we cannot exclude the possibility that there may have been
differences in undiagnosed infections, inflammatory diseases,
or malignancies between continuing smokers and abstainers
that may have confounded our findings.

Conclusions
In this large cohort of contemporary smokers, smoking heaviness was associated independently with urinary F2:Cr ratio,
WBC counts, and myeloperoxidase levels, but not with CRP,
D-dimer, or fibrinogen levels. After 1 year, smoking cessation
lead to significant reductions in the urinary F2:Cr ratio and
WBC counts despite weight gain and worse insulin resistance,
suggesting that oxidant stress may mediate increased inflammation and CVD risk in smokers.

Sources of Funding
This research was supported by grant R01 HL109031 from the
National Heart, Lung, and Blood Institute and grant K05 CA139871
from the National Cancer Institute. This research also was supported in part by grant T32 HL07936, a Ruth L. Kirschstein National
Research Service Award from the National Heart, Lung, and Blood
Institute to the University of Wisconsin-Madison Cardiovascular
Research Center.

Disclosures
None.

References
1. Yusuf S, Hawken S, Ounpuu S, Dans T, Avezum A, Lanas F, McQueen M,
Budaj A, Pais P, Varigos J, Lisheng L; INTERHEART Study Investigators.
Effect of potentially modifiable risk factors associated with myocardial
infarction in 52 countries (the INTERHEART study): case-control study.
Lancet. 2004;364:937–952. doi: 10.1016/S0140-6736(04)17018-9.
2. The Health Consequences of Smoking-50 Years of Progress: A Report of
the Surgeon General. Atlanta, GA, 2014.
3. Critchley JA, Capewell S. Mortality risk reduction associated with smoking cessation in patients with coronary heart disease: a systematic review.
JAMA. 2003;290:86–97. doi: 10.1001/jama.290.1.86.
4. Jha P, Ramasundarahettige C, Landsman V, Rostron B, Thun M, Anderson
RN, McAfee T, Peto R. 21st-century hazards of smoking and benefits of
cessation in the United States. N Engl J Med. 2013;368:341–350. doi:
10.1056/NEJMsa1211128.
5. Johnson HM, Gossett LK, Piper ME, Aeschlimann SE, Korcarz CE, Baker
TB, Fiore MC, Stein JH. Effects of smoking and smoking cessation on
endothelial function: 1-year outcomes from a randomized clinical trial. J
Am Coll Cardiol. 2010;55:1988–1995. doi: 10.1016/j.jacc.2010.03.002.
6. Rosenberg L, Palmer JR, Shapiro S. Decline in the risk of myocardial
infarction among women who stop smoking. N Engl J Med. 1990;322:213–
217. doi: 10.1056/NEJM199001253220401.
7. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s.
Nature. 1993;362:801–809. doi: 10.1038/362801a0.
8. Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell.
2001;104:503–516.
9. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis.
Circulation. 2002;105:1135–1143.
10. Danesh J, Collins R, Appleby P, Peto R. Association of fibrinogen,
C-reactive protein, albumin, or leukocyte count with coronary heart disease: meta-analyses of prospective studies. JAMA. 1998;279:1477–1482.
11. Miller M, Zhan M, Havas S. High attributable risk of elevated C-reactive
protein level to conventional coronary heart disease risk factors: the Third
National Health and Nutrition Examination Survey. Arch Intern Med.
2005;165:2063–2068. doi: 10.1001/archinte.165.18.2063.
12. Mendall MA, Strachan DP, Butland BK, Ballam L, Morris J, Sweetnam
PM, Elwood PC. C-reactive protein: relation to total mortality, cardiovascular mortality and cardiovascular risk factors in men. Eur Heart J.
2000;21:1584–1590. doi: 10.1053/euhj.1999.1982.
13. Yarnell JW, Baker IA, Sweetnam PM, Bainton D, O’Brien JR, Whitehead
PJ, Elwood PC. Fibrinogen, viscosity, and white blood cell count are major
risk factors for ischemic heart disease. The Caerphilly and Speedwell collaborative heart disease studies. Circulation. 1991;83:836–844.
14. Wilhelmsen L, Svärdsudd K, Korsan-Bengtsen K, Larsson B, Welin L,
Tibblin G. Fibrinogen as a risk factor for stroke and myocardial infarction.
N Engl J Med. 1984;311:501–505. doi: 10.1056/NEJM198408233110804.
15. Stone MC, Thorp JM. Plasma fibrinogen–a major coronary risk factor. J R
Coll Gen Pract. 1985;35:565–569.
16. Schwedhelm E, Bartling A, Lenzen H, Tsikas D, Maas R, Brümmer J,
Gutzki FM, Berger J, Frölich JC, Böger RH. Urinary 8-iso-prostaglandin
F2alpha as a risk marker in patients with coronary heart disease: a matched
case-control study. Circulation. 2004;109:843–848. doi: 10.1161/01.
CIR.0000116761.93647.30.
17. Ambrose JA, Barua RS. The pathophysiology of cigarette smoking and
cardiovascular disease: an update. J Am Coll Cardiol. 2004;43:1731–
1737. doi: 10.1016/j.jacc.2003.12.047.
18. Yasue H, Hirai N, Mizuno Y, Harada E, Itoh T, Yoshimura M, Kugiyama
K, Ogawa H. Low-grade inflammation, thrombogenicity, and atherogenic
lipid profile in cigarette smokers. Circ J. 2006;70:8–13.
19. Wannamethee SG, Lowe GD, Shaper AG, Rumley A, Lennon L, Whincup
PH. Associations between cigarette smoking, pipe/cigar smoking, and smoking cessation, and haemostatic and inflammatory markers for cardiovascular
disease. Eur Heart J. 2005;26:1765–1773. doi: 10.1093/eurheartj/ehi183.
20. Asthana A, Johnson HM, Piper ME, Fiore MC, Baker TB, Stein JH.
Effects of smoking intensity and cessation on inflammatory markers in
a large cohort of active smokers. Am Heart J. 2010;160:458–463. doi:
10.1016/j.ahj.2010.06.006.
21. Morrow JD, Roberts LJ. The isoprostanes: unique bioactive products of
lipid peroxidation. Prog Lipid Res. 1997;36:1–21.
22. Reilly M, Delanty N, Lawson JA, FitzGerald GA. Modulation of oxidant
stress in vivo in chronic cigarette smokers. Circulation. 1996;94:19–25.
23. Aldaham S, Foote JA, Chow HH, Hakim IA. Smoking status effect on
inflammatory markers in a randomized trial of current and former heavy
smokers. Int J Inflam. 2015;2015:439396. doi: 10.1155/2015/439396.

King et al   Smoking Cessation and Inflammation   379

Downloaded from http://atvb.ahajournals.org/ by guest on November 17, 2017

24. Gossett LK, Johnson HM, Piper ME, Fiore MC, Baker TB, Stein JH.
Smoking intensity and lipoprotein abnormalities in active smokers. J Clin
Lipidol. 2009;3:372–378. doi: 10.1016/j.jacl.2009.10.008.
25. Bazzano LA, He J, Muntner P, Vupputuri S, Whelton PK. Relationship
between cigarette smoking and novel risk factors for cardiovascular disease in the United States. Ann Intern Med. 2003;138:891–897.
26. Hastie CE, Haw S, Pell JP. Impact of smoking cessation and lifetime
exposure on C-reactive protein. Nicotine Tob Res. 2008;10:637–642. doi:
10.1080/14622200801978722.
27. Taylor AW, Bruno RS, Traber MG. Women and smokers have elevated
urinary F(2)-isoprostane metabolites: a novel extraction and LC-MS methodology. Lipids. 2008;43:925–936. doi: 10.1007/s11745-008-3222-1.
28. Jamal A, Homa DM, O’Connor E, Babb SD, Caraballo RS, Singh T, Hu
SS, King BA. Current cigarette smoking among adults - United States,
2005-2014. MMWR Morb Mortal Wkly Rep. 2015;64:1233–1240. doi:
10.15585/mmwr.mm6444a2.
29. Krukowski RA, Bursac Z, Little MA, Klesges RC. The Relationship
between Body Mass Index and Post-Cessation Weight Gain in the
Year after Quitting Smoking: A Cross-Sectional Study. PLoS One.
2016;11:e0151290. doi: 10.1371/journal.pone.0151290.
30. Ridker PM, Buring JE, Cook NR, Rifai N. C-reactive protein, the metabolic
syndrome, and risk of incident cardiovascular events: an 8-year follow-up of
14 719 initially healthy American women. Circulation. 2003;107:391–397.
31. Festa A, D’Agostino R Jr, Howard G, Mykkänen L, Tracy RP,
Haffner SM. Chronic subclinical inflammation as part of the insulin

32.
33.
34.
35.
36.

37.

resistance syndrome: the Insulin Resistance Atherosclerosis Study (IRAS).
Circulation. 2000;102:42–47.
Hansen LK, Grimm RH Jr, Neaton JD. The relationship of white
blood cell count to other cardiovascular risk factors. Int J Epidemiol.
1990;19:881–888.
Patrono C, FitzGerald GA. Isoprostanes: potential markers of oxidant stress in atherothrombotic disease. Arterioscler Thromb Vasc Biol.
1997;17:2309–2315.
Harrison D, Griendling KK, Landmesser U, Hornig B, Drexler H. Role of
oxidative stress in atherosclerosis. Am J Cardiol. 2003;91(3A):7A–11A.
Zhang R, Brennan ML, Fu X, Aviles RJ, Pearce GL, Penn MS, Topol EJ,
Sprecher DL, Hazen SL. Association between myeloperoxidase levels and
risk of coronary artery disease. JAMA. 2001;286:2136–2142.
Gonzales D, Rennard SI, Nides M, Oncken C, Azoulay S, Billing CB,
Watsky EJ, Gong J, Williams KE, Reeves KR; Varenicline Phase 3 Study
Group. Varenicline, an alpha4beta2 nicotinic acetylcholine receptor partial
agonist, vs sustained-release bupropion and placebo for smoking cessation: a randomized controlled trial. JAMA. 2006;296:47–55. doi: 10.1001/
jama.296.1.47.
Jorenby DE, Hays JT, Rigotti NA, Azoulay S, Watsky EJ, Williams
KE, Billing CB, Gong J, Reeves KR; Varenicline Phase 3 Study Group.
Efficacy of varenicline, an alpha4beta2 nicotinic acetylcholine receptor
partial agonist, vs placebo or sustained-release bupropion for smoking
cessation: a randomized controlled trial. JAMA. 2006;296:56–63. doi:
10.1001/jama.296.1.56.

Highlights
• There are strong, independent associations between smoking heaviness markers and the urinary F2 isoprostane:creatinine ratio, white blood
cell, and myeloperoxidase but not high-sensitivity C-reactive protein, D-dimer, or fibrinogen.
• Successful abstainers from smoking gain more weight and have larger increases in insulin resistance scores than continuing smokers.
• Despite weight gain, successful abstainers have significant decreases in urinary F2 isoprostane:creatinine ratio and white blood cell counts.
• These findings suggest reduced inflammation in successful smokers who successfully quit, related to less oxidant stress.
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Materials and Methods
Study Participants and Design
We analyzed baseline and 1-year follow-up data from a longitudinal study (Wisconsin
Smokers Health Study-2) designed to examine the natural history of smoking and smoking
cessation (clinicaltrials.gov registration number NCT01553084).1 Participants were smokers
recruited from communities in or around Madison and Milwaukee, Wisconsin and included
individuals that previously participated in the Wisconsin Smokers Health Study-1.2 The vast
majority participated in a randomized, comparative effectiveness smoking cessation trial
designed to evaluate the efficacy of 3 smoking cessation pharmacotherapies (nicotine patch,
varenicline, and nicotine patch + nicotine lozenge) or received usual care smoking cessation
treatment. Key inclusion criteria for new participants and those wishing to participate in the
cessation trial were: age ≥18 years old, smoking ≥5 cigarettes per day, desire to quit smoking
but not engaged in smoking treatment, willingness to used tested cessation treatments, and
willingness to not use e-cigarettes.1 Key exclusion criteria were hemodialysis, increased suicide
risk; diagnosis of or treatment for psychosis; moderately severe depression; untreated
hypertension; current use of bupropion; or recent hospitalization for stroke, myocardial
infarction, congestive heart failure, or diabetes mellitus. This study was approved by the
institutional review board at the University of Wisconsin School of Medicine and Public Health.
All subjects provided written informed consent.
Study Procedures
Participants were screened for eligibility, provided written informed consent, completed
baseline assessments, and the vast majority received smoking cessation treatment. All
participants completed additional assessments one year later. The baseline and 1-year visits
included measurement of anthropometric data, fasting laboratory tests, and completion of
validated questionnaires and interviews that assessed smoking burden. Specific measures of
burden included current cigarette smoking (cigarettes per day), current pack-years (current
cigarettes/day * number of years smoked, which reflects smoking burden), and exhaled CO
(which reflects smoking efficiency, recent smoking, and recent smoke exposure). Participants
provided fasting blood samples to assess the 6 inflammatory markers (urinary F2:Cr ratio, WBC
count, CRP, MPO, D-dimer, and fibrinogen) at both visits. Seven-day, CO-confirmed (<6 ppm),
point-prevalence abstinence was assessed 1 year after the target quit date.
Measurements of Inflammatory Markers
Fasting blood samples were obtained by venipuncture and refrigerated. Plasma aliquots
were isolated by centrifugation and frozen at −70°C. All inflammatory markers were analyzed at
Cleveland Heart Lab, Inc. (Cleveland, OH) except for WBC count which was measured at the
University of Wisconsin Hospital and Clinics using Lab by standard techniques on Sysmex XE
2100 analyzers (Sysex, Inc., Mundelein, IL). High-sensitivity CRP, D-dimer and fibrinogen were
measured a using immunoturbidometric methods, MPO by an enzyme-linked immunosorbance
assay method, creatinine using a photometric method, and insulin using an
electrochemiluminescence immunoassay, each on a Cobas 600 c501 analyzer (Roche
Diagnostics, Inc., Indianapolis, IN). Urinary F2 isoprostanes were measured by liquid
chromatography and mass spectroscopy. Homeostasis model of insulin resistance (HOMA-IR),
which has been validated to estimate -cell function and insulin resistance from basal glucose
and insulin concentrations, was calculated as insulin * glucose * 22.5.3
Statistical Analysis
Means (standard deviations) and ranges were used for descriptive statistics. Evaluating
the effects of smoking burden and smoking cessation on the 6 inflammatory markers were pre-

specified secondary analyses of this study. To examine the relations between smoking burden
and inflammatory markers, linear regression models were created for each smoking burden
variable, adjusting for variables that had correlations with p<0.10 for each inflammatory marker
(age, sex, race, body-mass index [BMI], total cholesterol, high-density lipoprotein cholesterol,
systolic blood pressure, antihypertensive use, lipid-lowering medication use, and diabetes
mellitus status). Age was the only independent predictor of successful abstinence that we could
adjust for in the smoking cessation efficacy analysis1; the others were CO level (which is used in
our outcome definition) and self-efficacy (a psychological construct, not a biological parameter).
Milwaukee vs. Madison, WI recruitment site was considered as an additional covariate in a
sensitivity analysis. We also explored the effects of chronic alcohol use (no alcohol use,
moderate alcohol use [≤1 drink/day in women; ≤2 in men], or heavy drinking) and two additional
measures of adiposity: waist circumference and a novel body shape index.4 We additionally
looked at simple correlations between changes in CO levels and changes in the biomarkers
after one year.
Linear regression models were used to identify independent associations between
smoking heaviness and log(CRP), log(D-dimer), fibrinogen, log(urinary F2:Cr ratio), log(MPO)
and WBC count. Using data from smokers who made an aided quit attempt, student’s t-tests
were used to compare Year 1 inflammatory markers between those who successfully quit
smoking (“abstainers”) and those who were smoking at Year 1. Analyses of covariance were
used to examine the impact of smoking abstinence on Year 1 levels of inflammatory markers,
controlling for their baseline levels and also adjusting for changes in weight and HOMA-IR.
Analyses were performed with SPSS software (Version 22, IBM SPSS Statistics, IBM
Corporation).
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Supplemental Table SI: Baseline Characteristics and Year 1 Values for All Smokers Who Made an Aided Quit Attempt
(N=888)

Body-mass index
Weight (kg)
Markers of smoking heaviness
Current smoking (cigarettes/day)
Carbon monoxide (ppm)
Inflammatory Markers
C-reactive protein (mg/L)
D-dimer (ugFEU/mL)
Fibrinogen (mg/dL)
Urinary F2 isoprostane:creatinine
ratio (ng/mg)
Myeloperoxidase (pmol/L)
White blood cell count (cells/mL)
Lipids
Total cholesterol (mg/dL)
High-density lipoprotein
cholesterol (mg/dL)
Low-density lipoprotein
cholesterol (mg/dL)
Triglycerides (mg/dL)
Creatinine (mg/dL)
Diabetes Mellitus Markers
Hemoglobin A1C (%)
Glucose (mg/dL)
Insulin (pg/mL)

Baseline
All Smokers (N=888)
Mean
(standard
Range
deviation)

Smokers (n=544)
Mean
(standard
Range
deviation)

Year 1
Abstainers (n=344)
Mean
(standard
Range
deviation)

29.4 (6.7)
85.4 (21.0)

15.9-60.8
41.6-180.5

29.6 (6.8)
85.8 (21.0)

15.7-67.0
40.2-189.2

30.7 (7.3)
89.4 (22.8)

16.5-66.3
44.8-195.0

16.6 (8.6)
14.5 (8.1)

1-75
2-66

11.0 (6.7)
14.0 (7.9)

0-40
6-70

-2.5 (1.3)

-0-5

4.6 (7.5)
0.3 (0.4)
281.6 (79.0)

0.2-96.1
0.0-8.1
101-764

4.7 (8.8)
0.4 (0.8)
323.9 (83.1)

0.0-94.4
0.0-15.3
107-885

4.9 (8.4)
0.3 (0.4)
322.3 (83.3)

0.2-94.5
0.0-3.0
134-864

0.8 (0.6)

0.0-5.6

0.8 (0.6)

0.0-6.4

0.6 (0.5)

0.0-4.2

275.5 (164.5)
7.5 (2.2)

0-2792
2.5-20.1

272.5 (104.5)
7.8 (2.4)

0-884
2.8-20.5

288.6 (244.9)
6.9 (2.0)

65-3292
1.4-17.5

190.7 (39.3)

84-397

192.1 (40.4)

71-339

50.0 (17.3)

19-149

52.4 (18.0)

19-121

197.1 (43.6)
54.6 (20.0)

110-523
14-154

113.4 (33.9)

24-302

112.8 (36.3)

30-254

113.5 (34.7)

32-253

136.9 (84.2)
0.8 (0.2)

31-801
0.4-2.0

136.7 (89.7)
0.9 (0.2)

0-729
0.5-2.3

149.9 (138.5)
0.9 (0.2)

30-1908
0.5-1.8

5.8 (0.9)
121.0 (24.9)
9.3 (8.2)

4.3-13.6
77-344
0.0-85.0

5.9 (0.7)
122.0 (21.2)
10.6 (9.6)

4.2-11.9
74-295
0.2-75.1

6.0 (1.0)
124.2 (27.6)
11.9 (10.9)

4.8-13.3
91-335
0.4-106.4

