
http://informahealthcare.com/iht
ISSN: 0895-8378 (print), 1091-7691 (electronic)

Inhal Toxicol, 2014; 26(14): 861–865
! 2014 Informa Healthcare USA, Inc. DOI: 10.3109/08958378.2014.965559

RESEARCH ARTICLE

Cigarette smoking is associated with dose-dependent adverse effects
on paraoxonase activity and fibrinogen in young women

Gajalakshmi Ramanathan1, Jesus A. Araujo1, Jeffrey Gornbein2, Fen Yin1, and Holly R. Middlekauff1

1Department of Medicine, Division of Cardiology, David Geffen School of Medicine, UCLA, A2-237 CHS, 650 Charles Young Drive South, Los Angeles,

CA, USA, and 2Department of Biomathematics, David Geffen School of Medicine, SBCC-Life Sciences 5202, 650 Charles Young Drive South,

Los Angeles, CA, USA

Abstract

Context: Smoking is associated with increased fibrinogen and decreased paraoxonase (PON)
activity, markers of inflammation and oxidative stress, in patients with coronary artery disease.
Objective: We tested the hypothesis that the adverse effect of smoking on these biomarkers of
inflammation and oxidative stress would be detectable in otherwise healthy young female
habitual smokers.
Materials and methods: Thirty-eight young women participated in the study (n¼ 20 habitual
smokers, n¼ 18 non-smokers). Fibrinogen, PON-1 activity and HDL oxidant index (HOI) were
measured.
Results: Mean values of fibrinogen, PON-1 activity and log HOI were not different between the
groups. Importantly, however, decreased PON-1 activity (rs¼�0.51, p¼ 0.03) and increased
fibrinogen (rs¼ 0.49, p¼ 0.04) were significantly correlated with increasing number of
cigarettes smoked per day in habitual smokers.
Discussion and conclusion: Cigarette smoking is associated with a dose-dependent adverse
effect on PON-1 activity and fibrinogen in young women, which may have implications for
future cardiovascular risk.
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Introduction

Cardiovascular disease is the number one cause of death

in women, but is understudied in this population. The onset

of cardiovascular disease in women lags that of men by

approximately 10 years (Worrall-Carter et al., 2011). In fact,

pre-menopausal women rarely suffer from acute coronary

syndromes, except if they smoke cigarettes. Cigarette

smoking virtually eliminates the gender advantage, increas-

ing cardiovascular risk in young menstruating females by

7-fold (Njolstad et al., 1996). In fact, smoking confers a

greater risk of premature first myocardial infarction in

women compared to men (Bahler et al., 2012). We have

recently demonstrated that pre-menopausal habitual smokers

have increased sympathetic nerve activity (SNA) compared

to non-smokers, mediated by blunted baroreflex control

(Middlekauff et al., 2013; Park & Middlekauff, 2009).

Importantly, increased SNA and attenuated baroreflexes have

been shown to increase cardiovascular risk in several

populations (Barretto et al., 2009; Farrell et al., 1992; La

Rovere et al., 1998). Increased oxidative stress and inflam-

mation, induced by cigarette smoke exposure, also increase

risk for atherosclerotic disease and acute coronary syn-

dromes (Ambrose & Barua, 2004; Csordas & Bernhard,

2013). It is unknown whether, like SNA, increased oxidative

stress and inflammation are present in young female

smokers, thereby potentially contributing to the initiation

and premature presentation of coronary atherosclerotic

disease. Accordingly, we tested the hypothesis that para-

oxonase (PON-1) activity (James et al., 2000) and high-

density lipoprotein (HDL) anti-oxidant capacity, determined

by a HDL oxidative index (HOI) (Breton et al., 2014), which

confer protection against oxidative stress in blood would be

perturbed by cigarette smoking, and that fibrinogen, a

marker of inflammation (Kaptoge et al., 2012), would be

elevated in otherwise healthy young female smokers.

Methods

Study population

Volunteers in this study overlap with those in our recent

report (Middlekauff et al., 2013). A total of 38 healthy

pre-menopausal women including 20 non-smokers and 18

habitual cigarette smokers participated. All were between
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18 and 45 years, with no chronic medical problems, were

not taking medications including contraceptives or nicotine

gum/patches, and did not use illicit drugs or drink �2

alcoholic drinks per day. No volunteers participated in a

regular exercise training program. The experimental protocol

was approved by the Institutional Review Board at the

University of California, Los Angeles, and written informed

consent was obtained from each volunteer. On the day of the

study, a negative urine pregnancy test (Pregnancy Test strip,

Early-Pregnancy-Test.com) was confirmed.

After abstaining from caffeine and tobacco for at least 12 h,

volunteers were placed in a supine position in a quiet, semi-

dark, temperature-controlled (21 �C) Human Physiology

Laboratory located in the UCLA General Clinical Research

Center and venopuncture was performed. Blood was drawn

into pre-iced heparinized vacutainers, and placed on ice. One

tube of blood was sent immediately to the UCLA Clinical

Laboratory for standard fibrinogen assay. For fibrinogen,

the within assay coefficient of variation (CV) is 0.95%,

and the inter-assay CV is 1.1%. Another tube was centrifuged

to separate plasma for analyses of anti-oxidant parameters

(HOI and PON-1 activity); plasma samples were frozen at

�80 �C in a cryopreservative solution as previously described

(Breton et al., 2014).

Paraoxonase-1 assay

The paraoxonase family of enzymes exists in three isoforms,

paraoxonase-1, -2 and -3 (PON-1, -2 and -3). PON-1 is the

only isoform with the ability to hydrolyze organophosphates

such as paraoxon (Aldridge, 1953a,b). In this assay, we

determined that the ability of plasma PON-1 which is mainly

associated with HDL, to hydrolyze paraoxon substrate. The

hydrolysis of paraoxon (diethyl-p-nitrophenyl phosphate)

to p-nitrophenol by PON-1 was determined by incubating

5 ml of plasma with 1.0 mM paraoxon in 100 mM tris–HCl

buffer (pH 8.5), as previously described (Yin et al., 2013).

The kinetics of p-nitrophenol formation was determined

by recording absorbance at 405 nm every 15 s for 4 min. The

enzyme activity was expressed as mmol p-nitrophenol formed

per minute for every 1 ml of plasma. The samples were

assayed in triplicates. The intra-assay CV for the assay was

2.6% and the inter-assay CV was 8.95%.

Total and HDL cholesterol (HDL-c)

The LipiDirect Magnetic HDL reagent (Reference Diagnostics,

Inc., Bedford, MA) is a magnetically enhanced reagent

containing dextran sulfate (MW 50 000) and magnesium

chloride which allows quick isolation of total HDL cholesterol

by selectively precipitating low-density lipoprotein (LDL) and

very low-density lipoprotein (VLDL). After a single centrifu-

gation step, only HDL-c remains in the supernatant. HDL-c

was isolated by incubating 50 ml of plasma with 10 ml of

LipiDirect Magnetic HDL cholesterol precipitating reagent

(Reference Diagnostics, Inc., Bedford, MA) for 10 min at room

temperature. The mixture was centrifuged at 12 000rpm for

5 min at 4 �C and the HDL containing supernatant was

collected. Total and HDL cholesterol concentrations were

determined using the Infinity Cholesterol Reagent and choles-

terol standard (Thermo Scientific, Middletown, VA).

HDL anti-oxidant assay

HDL anti-oxidant capacity was determined as the ability of

HDL to inhibit LDL-induced oxidation of dihydrodichloro-

fluorescein (DCFH) into the fluorescent dichlorofluorescein

(DCF). The assay was performed as previously described

(Sarkar et al., 2006; Yin et al., 2013). Briefly, HDL

cholesterol was isolated from plasma as described above.

The DCFH reagent was prepared by incubating dichloro-

fluorescein diacetate (DCF-DA) (Sigma-Aldrich, St. Louis,

MO) at 2 mg/ml with 0.1 M NaOH. DCF-DA was hydrolyzed

to DCFH and the mixture was neutralized with 10� PBS.

Equal concentrations of HDL and LDL cholesterol (50 mg/ml)

were mixed with Tris-HCl buffer (pH 7.4) up to a total

volume of 100 ml and added to a black well flat bottom

microtiter plate in triplicate. The plate was incubated at 37 �C
for 1 h. Next, 20 ml of the DCFH reagent was added to

each well and the plate was incubated at 37 �C for 3 h.

DCF fluorescence intensity was determined using a plate

reader (SynergyMx, BioTek, Winooski, VT) at an excitation

wavelength of 485 nm and emission wavelength of 530 nm.

HDL anti-oxidant capacity was expressed as a HOI,

determined by the ratio of DCF fluorescence in the presence

and absence of HDL. An index51.0 denotes protective anti-

oxidant HDL whereas an index 41.0 indicates pro-oxidant

HDL. The variability of the assay has been previously

reported (Breton et al., 2014). The samples were assayed in

triplicates. The within assay CV was 6.89%. The inter-assay

CV for 4 separate measurements over a period of two months

was 7.30%.

Statistical analysis

Normal quantile–quantile plots of PON-1, fibrinogen and

HOI were used to assess whether these variables follow the

normal distribution; PON-1 activity, fibrinogen and log

HOI follow the normal distribution. Therefore, for HOI

only, mean comparisons were carried out on the log scale.

Means were compared between the groups using t tests.

Covariate adjusted means were computed under a regression

analysis of covariance model adjusting for the four covariates:

age, BMI, HDL-c and total cholesterol. Under the adjustment

model, linear and nonlinear (quadratic) effects of each of

these four covariates on an outcome were allowed along with

the interaction of each of the four covariates with group.

Correlations between two continuous variables were assessed

by computing the nonparametric Spearman correlation coef-

ficient (rs). Spine and linear regression was used to assess

simultaneously the effects of pack years, cigarettes per day

and smoking duration on PON-1, fibrinogen and log HOI in

the habitual smokers. Values of p50.05 were considered

statistically significant.

Results

Descriptive characteristics

Characteristics, including age and body mass index are

displayed in Table 1 and did not differ between the groups.

Habitual smokers smoked an average of 9.1 ± 1.4 cigar-

ettes per day (self-reported) for a mean duration of 8.8 ± 1.5

years.
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PON-1 activity, fibrinogen and log HOI

The mean PON-1 activity, fibrinogen and log HOI unadjusted

or adjusted by age, BMI, HDL cholesterol and total choles-

terol, did not show significant differences between smokers

and non-smokers in this study population (Table 1). However,

assessment of correlation between these functional variables

and the number of cigarettes smoked per day in the smoker

group, showed significant association with PON-1 activity

(Figure 1, top) and fibrinogen (Figure 1, middle) but not with

log HOI (Figure 1, bottom). PON-1 activity was significantly,

and negatively, associated with the number of cigarettes

smoked per day (rs¼�0.51, p¼ 0.03) while fibrinogen

significantly increased with increasing number of cigarettes

smoked per day (rs¼ 0.49, p¼ 0.04).

Discussion

Cigarette smoke exposure increases oxidative stress and

inflammation, leading to vascular dysfunction that can lead to

the premature onset of cardiovascular disease (Ambrose &

Barua, 2004). The novel finding of the present study is that

PON-1 activity is decreased and fibrinogen is increased in a

dose-dependent manner in otherwise healthy young female

smokers, consistent with the concept that these adverse

processes are activated early, well before atherosclerosis

would be expected to be clinically apparent. PON-1 is an ester

hydrolase enzyme associated with HDL in blood and prevents

the formation of oxidized LDL, thus defending against key

early steps in the initiation and evolution of atherosclerosis

(Watson et al., 1995). Interestingly, decreased PON-1 activity

was found to be an independent predictor, along with

abnormal lipid profile, of premature coronary artery disease

in patients younger than 45 years, (mean age 40.7 years)

(Sarkar et al., 2006). PON-1 activity varies substantially

among humans, influenced by diet and activity level

independent of PON-1 polymorphisms; patients with hyper-

lipidemia and diabetes have lower PON-1 activity than

controls (Mackness et al., 1993; Senti et al., 2003).

Comparing only mean values of PON-1 activity, which is

influenced by several environmental influences, may obscure

important associations. PON-1 has been shown to be

decreased in some (Haj Mouhamed et al., 2012; Solak

et al., 2005), but not all (Aslan et al., 2014), studies of older

smokers compared to non-smokers. For example, in middle-

aged heavy smokers, but not mild or moderate smokers,

PON activity was found to be significantly decreased

compared to non-smokers (Solak et al., 2005). In patients

with angiographically-proven coronary artery disease, smok-

ing is correlated with decreased PON-1 activity, and lower

PON-1 activity is associated with the severity of coronary

artery disease (James et al., 2000). Our study extends the

association of smoking with decreased PON-1 activity to

young (mean age 26 years) female smokers without known

coronary artery disease, in whom a dose-dependent reduction

of PON-1 activity is related to increased number of cigarettes

smoked per day. This evidence of smoking-related oxidative

stress, a known mechanism by which smoking promotes

premature atherosclerosis, coupled with our previous findings

Figure 1. Regression analysis between the number of cigarettes smoked
per day and PON-1 activity (top), fibrinogen (middle) and log HDL
oxidant index (bottom). PON-1: paraoxonase-1 activity. See text for
discussion.

Table 1. Study population characteristics.

Habitual smoker Non-smoker p Value

N¼ 18 N¼ 20
Age (years) 26.6 ± 1.7 25.6 ± 1.6 0.64
BMI (kg/m2) 23.5 ± 1.0 24.5 ± 1.0 0.48
aHDL cholesterol (mg/dL) 52.7 ± 3.3 45.4 ± 3.1 0.12
aTotal Cholesterol (mg/dL) 178.1 ± 15.1 201.4 ± 14.3 0.27
PON-1 (mmol

p-nitrophenol/min/ml)
0.78 ± 0.06 0.71 ± 0.058 0.45

bPON-1 (mmol
p-nitrophenol/min/ml)

0.74 ± 0.05 0.68 ± 0.054 0.36

Fibrinogen (mg/dL) 272.1 ± 12.2 284.9 ± 11.8 0.45
bFibrinogen (mg/dL) 264.3 ± 9.8 286.7 ± 11.1 0.14
Log HOI �1.22 ± 0.09 �1.22 ± 0.95 0.49
bLog HOI �1.33 ± 0.07 �1.23 ± 0.75 0.35

aMeans standardized by age and BMI. bMeans adjusted by age, BMI,
standardized HDL cholesterol and standardized total cholesterol.

Values are means ± SEM. BMI: body mass index; HDL: high density
lipoprotein; HOI: HDL oxidant index and PON-1: paraoxonase-1
activity.
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of increased sympathetic nerve activity and blunted barore-

flex control in this otherwise healthy female population

(Middlekauff et al., 2013), mandates redoubled efforts to

encourage smoking cessation in the young, especially young

women.

Fibrinogen, an acute phase reactant and a critical compo-

nent of thrombosis, is of value in predicting first cardiovas-

cular events (Kaptoge et al., 2012). Plasma fibrinogen levels

are significantly higher in healthy young male smokers when

compared to non-smokers and smoking is independently

associated with plasma fibrinogen levels in a random sample

of healthy young men (Cigolini et al., 1994; Dotevall et al.,

1987). Further, in a study with gender-matched volunteers

ranging from 20 to 60 years, a positive correlation between

smoking intensity and plasma fibrinogen levels has been

found (Fernandez et al., 2002). In fact, reduction in the mean

number of cigarettes smoked per day results in significant

improvement in fibrinogen levels in healthy smokers

(Eliasson et al., 2001). Our study extends these results to a

healthy, pre-menopausal female cohort, in whom we found a

statistically significant dose-dependent association between

increasing number of cigarettes smoked with increasing

fibrinogen levels.

Plasma HDL levels may be inversely correlated with

atherosclerosis and cardiac risk, although the relationship

is complex (Ansell et al., 2003; Navab et al., 2001). One

mechanism by which HDL may be protective is through

its anti-oxidant and anti-inflammatory properties, which

could be modulated in subjects with coronary artery disease.

For instance, in patients with unstable compared with

stable coronary artery disease, a decrease in the anti-oxidant

capacity of HDL has been found (Patel et al., 2011). Cigarette

smoking has been reported to promote oxidation in plasma

lipoproteins and alter HDL functionality (Ueyama et al.,

1998). We tested whether smoking could have altered HOI,

which we have reported to be quite sensitive to the exposure

of environmental pollutants such as diesel exhaust (Yin et al.,

2013) and ambient ultrafine particles (Li et al., 2013). In the

present study, increasing smoking intensity did not correlate

with increasing HOI, as it did with decreasing PON-1 and

increasing fibrinogen. It is possible that other factors, in

addition to PON-1 activity, must be perturbed to result in

HDL anti-oxidant dysfunction. This is consistent with our

findings that while ApoE null mice exposed to diesel exhaust

for two weeks, exhibited decreased PON-1 activity and HDL

anti-oxidant dysfunction, the latter remained perturbed, even

after full restoration of PON-1 activity that was induced by

the breathing of clean filtered air for an additional week (Yin

et al., 2013). Potential gender-specific differences in HDL

function could explain the lack of association of HDL anti-

oxidant function with smoking intensity in our study. Estrogen

increases HDL levels and alters its vascular and anti-oxidant

activities, thereby potentially protecting pre-menopausal

women from cardiovascular disease (Abplanalp et al., 2000;

Gong et al., 2003; Hockerstedt et al., 2004).

Conclusions

In summary, in this study we address the critical issue of

potential mechanisms underlying the premature cardiac risk

in young smokers, a risk which is even greater in young

female compared to male smokers. We report the novel

finding that cigarette smoking in otherwise healthy young

women is associated with a dose-dependent adverse effect

on PON-1 activity and fibrinogen, consistent with the

presence of pro-oxidative and inflammatory effects of

smoking in the absence of overt atherosclerosis. In an earlier

report (Middlekauff et al., 2013) we found that young female

smokers compared to non-smokers had an increased sympa-

thetic burden and decreased baroreflex function, both known

to be associated with increased cardiac risk. These novel

findings of early adverse smoking effects in asymptomatic

young women must be used to encourage young women to

quit smoking before the onset of clinically manifest coronary

artery disease, and should be investigated in young male

smokers as well.
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