
 http://ebm.sagepub.com/
Experimental Biology and Medicine

 http://ebm.sagepub.com/content/227/9/823
The online version of this article can be found at:

 
 2002 227: 823Exp Biol Med (Maywood)

Jin Zhang, Yingying Liu, Jiaqi Shi, Douglas F. Larson and Ronald Ross Watson
Oxidative Stress
Response in Systemic Inflammatory Cytokine Production and−Side-Stream Cigarette Smoke Induces Dose

 
 

Published by:

 http://www.sagepublications.com

On behalf of:
 

 
 Society for Experimental Biology and Medicine

 can be found at:Experimental Biology and MedicineAdditional services and information for 
 
 
 

 
 http://ebm.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://ebm.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 What is This?
 

- Oct 1, 2002Version of Record >> 

 by guest on May 30, 2013ebm.sagepub.comDownloaded from 

http://ebm.sagepub.com/
http://ebm.sagepub.com/content/227/9/823
http://www.sagepublications.com
http://www.sebm.org/
http://ebm.sagepub.com/cgi/alerts
http://ebm.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://ebm.sagepub.com/content/227/9/823.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://ebm.sagepub.com/


Side-Stream Cigarette Smoke Induces
Dose–Response in Systemic Inflammatory
Cytokine Production and Oxidative Stress

JIN ZHANG,* YINGYING LIU,* JIAQI SHI,† DOUGLAS F. LARSON,† AND

RONALD ROSS WATSON*,1,†
*Health Promotion Science Division, College of Public Health, and †Sarver Heart Center, The

University of Arizona Health Science Center, Tucson, Arizona 85724

Side-stream cigarette smoke (SSCS), a major component of
secondhand smoke, induces reactive oxygen species, which
promote oxidative damage in tissues and organs. Inflammatory
cytokines play an important role in the pathogenesis of athero-
sclerosis and heart failure. The present 4-month study exam-
ined the effect of various chronic SSCS exposure levels on
splenic inflammatory cytokine secretion, heart contractile func-
tion, and pathology at 60- and 120-min per day, 5 days per week,
for a total of 16 weeks. Tissue vitamin E level and lipid peroxide
production also were tested to estimate the oxidative stress.
The study found that the pro-inflammatory cytokines, interleu-
kin (IL)-6, tumor necrosis factor (TNF)-�, and IL-1�, significantly
increased in 120-min SSCS-exposed mice. Decreased stroke
volume and increased peripheral arterial resistance were ob-
served in mice exposed to 120-min SSCS per day. Heart pathol-
ogy was only found in 120-min SSCS-exposed mice. Cardiac
and hepatic antioxidant vitamin E levels were decreased as a
result of oxidative stress. Hepatic lipid peroxides were in-
creased upon 60-min SSCS exposure. The data also demon-
strated that the cardiac �-tocopherol level has a strong corre-
lation with stroke volume; splenic IL-1� has a strong negative
correlation with stroke volume; splenic TNF-� has a very strong
negative correlation with stroke volume. In conclusion, SSCS
exposure induced systemic inflammatory responses. SSCS ex-
posure also accentuated systemic lipid peroxidation with deple-
tion of cardiac and hepatic antioxidant vitamin E level. Finally,
SSCS exposure at 120 min per day decreased stroke volume
and increased vascular resistance. Systemic IL-1� and TNF-�
production are responsible for heart contractile dysfunction.
Free radicals may be responsible for the progression to heart
contractile dysfunction induced, in part, by SSCS. Oxidized li-
poprotein could contribute to the vascular functional changes.
Exploring the mechanism of vascular dysfunction in mice is

warranted. A more precise quantification of the smoking expo-
sure dose in mice needs to be determined as well. Exp Biol

Med 227:823–829, 2002

Key words: pro-inflammatory cytokines; cardiac vitamin E; arterial
resistance

Side-stream cigarette smoke (SSCS) is a major com-
ponent of second-hand smoke, which contains thou-
sands of different chemical constituents (1). The tox-

icity of tobacco smoke is due to nicotine, cadmium, benzo-
pyrene, oxidants, and inducers of reactive oxygen species
(ROS) like NO, NO2, peroxynitrite, and nitrosamines that
initiate, promote, or amplify oxidative damage (2). Free
radicals disturb biological systems by reacting with a vari-
ety of their constituent molecules. Lipids are one of the
potential targets for the oxidative attack of radicals. Poly-
unsaturated fatty acid residues in lipoproteins have a chemi-
cal structure that makes them particularly vulnerable targets
for free radical oxidation (or lipid peroxidation; 3). Pregnant
women smokers had significantly lower plasma �-tocoph-
erol levels than nonsmokers (4). Prolonged in vitro expo-
sure of plasma to cigarette smoke depletes vitamin E (5).
Therefore, tissue vitamin E level and lipid peroxidation are
indicators of oxidative stress induced by tobacco smoke.

Inflammatory cytokines, including tumor necrosis fac-
tor-� (TNF-�) and other cytokines, including interleukin-6
(IL-6) and interleukin-1beta (IL-1�), play an important role
in the pathogenesis of atherosclerosis and heart failure (6–
9). Elevated levels of TNF-�, IL-6, IL-1�, vascular cell
adhesion molecule-1, and intracellular adhesion molecule-1
were detected in the plasma and in the myocardium of pa-
tients with heart failure. These elevated levels apparently
are correlated with the severity of heart failure (10–12).

SSCS is a significant risk factor for cardiovascular dis-
ease. Epidemiologic studies demonstrated an increase in
coronary artery disease risk and mortality with exposure to
secondhand smoke (13). There is growing concern about the
potential impact of second-hand smoke on cardiovascular
disease. However, research on the pathologic mechanisms
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that SSCS promotes the development of cardiovascular dis-
ease is limited. SSCS increased myocardial infarct size in a
rat model of ischemia and reperfusion (14). It also increased
experimental atherosclerosis in cholesterol-fed rabbits (15).
The present study examined the effect of various chronic
SSCS exposure levels at 60- and 120-min per day, 5 days
per week, for a total of 16 weeks in mice, on splenic in-
flammatory cytokine secretion and heart contractile func-
tion. Tissue vitamin E level and lipid peroxide production in
mice were tested as well to estimate the oxidative stress.

Materials and Methods
Animals and Study Design. All animal studies

were performed with approval by the University of Arizona
animal review committee. C57BL/6 female mice, 4–5
months old, were purchased from Charles River Laborato-
ries (Wilmington, DE). They were housed in transparent
plastic cages with stainless wire lids (4 mice per cage) in the
animal facility of the Arizona Health Science Center. The
housing facility was maintained at 20–22°C and 60%–80%
relative humidity with a 12-hr light-dark cycle. The mice
had free access to water and semipurified feed (4% mouse
diet, #7001, Teklad, Madison, WI). After 2 weeks of hous-
ing, the mice were randomly divided into three groups con-
taining 12 mice each: sham control, 60-min SSCS exposure
per day; and 120-min SSCS exposure per day. All treat-
ments were performed 5 days per week. By the end of
16-week-exposure, the heart contractile function of sham
control and those exposed to 60- and 120-min were inves-
tigated. The splenocyte cytokine production and cardiac vi-
tamin E level were examined in all three groups.

Side-Stream Cigarette Exposures. SSCS is pro-
duced from the lit end of a burning cigarette, unfiltered and
generated from tobacco combustion at lower temperature. It
has the potential to produce similar damages as mainstream
cigarette smoke (16). Standard research cigarettes (IR4F,
University of Kentucky Smoking & Health Effects Labora-
tory, Lexington, KY) were used in this study. The method-
ology for SSCS exposure was adapted from a previous
study in mouse model with minor modifications (17). The
mice were exposed to SSCS through a 24-port nose-only
exposure chamber (IN-TOX, Albuquerque, NM) using a
constant vacuum (15 l/min; See Fig. 1 illustration). The

time-integrated mass of SSCS total particulate matter deliv-
ered to the mice was 2 mg/exposure averaged, at a concen-
tration of 0.4 mg/m3, as measured by a seven-stage multi-jet
impactor (IN-TOX, Albuquerque, NM). The chosen con-
centration of SSCS was referred from realistic measure-
ments of indoor air concentrations of total suspended par-
ticles (TSPs) (range from 10 to 1000 g/m3) in smoker-
occupied residences; up to approximately 2 mg respirable
suspended particulates/m3 in restaurants (18). The first four
cigarettes were placed upright in a clamp 2.5 cm below the
bottom edge of an inverted 220 cm3 funnel and allowed to
burn for 10-min. The second four cigarettes were ignited
after 10-min to replace the first four cigarettes. This se-
quence was repeated until the various times were reached, at
which time the exposed mice were removed. The sham
control was treated in a similar manner except that the ciga-
rettes were not lit. All the exposures were conducted 5 days
a week.

Determination of �-Tocopherol Levels. �-To-
copherol levels in heart and liver were measured by HPLC,
as described previously, with few modifications (19).
Briefly, 0./ ∼ 0.2 g of wet tissue was homogenized in 1.0 ml
of distilled water. Butylated hydroxytoluene was added to
prevent oxidation of �-tocopherol from the homogenate.
Pentane, ethanol, and sodium dodecyl sulfate were used to
extract �-tocopherol from the homogenate. Extracts were
evaporated under a steady flow of nitrogen gas at 20°C and
then redissolved in 1.0 ml of methanol injection onto a C18
column (3.9 × 150 mm NovaPak, Millipore, Bedford, MA).
A mobile phase which is composed of methanol, distilled
water in the ratio of 93: 7 (by volume) with a flow rate of
0.8 ml/min. �-Tocopherol, eluting at 26 min, was monitored
by an HP 1046A programmable fluorescence detector (HP
Company, Wilmington, DE) at 290 nm excitation and 340
nm emission wavelengths. A set of �-tocopherol standard
concentrations was analyzed to make a standard curve and
to verify calibration.

Lipid Peroxidation Assays. Liver tissues were re-
moved gently and stored at −70°C. Quantitative determina-
tion of lipid peroxides in liver was done using the LPO-CC
K-ASSAY (Kamiya Biomedical Company, Seattle, WA).
Phospholipids were extracted from approximately 0.2 g
liver in chloroform/methanol (2:1, v/v). After centrifuging,
the chloroform layer was mixed with 0.6 ml of saline to
separate protein. The chloroform layer was evaporated in a
steady flow of nitrogen gas, and lipid residues were dis-
solved with 100 �l of isopropanol. Test samples, standards,
and controls were added in triplicate in the same 96-well
microplate. In principle, in the presence of hemoglobin,
lipid hydroperoxides are reduced to hydroxyl derivatives
(lipid alcohol) and the MCDP (10-N-methylcarbamoyl-3,7-
dimethylamino-10H-phenothiazine) chromogen is oxida-
tively cleaved to form methylene blue in an equal molar
reaction. Lipid peroxidase are quantitated by colorimetrical-
ly measuring the methylene blue at 675 nm. Lipid peroxide
(LPO) values were calculated by the following equation:Figure 1. An illustration of SSCS exposure.
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LPO value in nmol/ml � (sample absorbance − blank ab-
sorbance) × 50.0 (absorbance of 50 nmol/ml standard
−blank absorbance). LPO value was converted to nmol/g-
wet tissue for illustration.

Preparation of Splenocytes. Mitogen-stimulated
splenocytes were cultured in triplicate in 96-well microtiter
plates as described previously (20). Briefly, spleens were
removed and gently teased with cell strainers (Falcon
#2340, Lincoln Park, NJ) in culture medium (RPMI 1640
containing 10% fetal bovine serum, 2 mmol/L glutamine, 1
× 105 units/l of penicillin and streptomycin), producing sus-
pension of spleen cells. Red blood cells were lysed by the
addition of a lysis buffer (0.16 mol/l ammonia chloride Tris
buffer, pH 7.2) at 37°C for 3 min. Then, the cells were
washed twice with culture medium. Cell viability exceeded
95% by trypan blue exclusion. Splenocyte concentrations
were adjusted to 1 × 106 cells/100 �l. Splenocyte suspen-
sion was added 100 �l per well in triplicate on 96-well
flat-bottom culture plates (Falcon #3072, Lincoln Park, NJ)
with culture medium. Splenocytes in 96-well microtiter
plates were incubated for 24 h after addition of lipopoly-
saccharide (1 × 10−2 g/L. Gibco, Grand Island, NY) for the
induction of cytokines. After incubation, the plates were
centrifuged for 10 min at 800g Supernatants were collected
and stored at −70°C until analysis.

Enzyme-Linked Immunosorbent assay
(ELISA). To measure the quantity of murine IL-6, TNF-�,
and IL-1� in supernatants of splenocyte cultures, a specific
solid-phase ELISA assay using the multiple antibody sand-
wich principle was used (20). Rat anti-murine IL-6, TNF-�,
and IL-1� purified antibodies; rat anti-murine IL-6, TNF-�,
and IL-1� biotinylated antibodies; and recombinant murine
IL-6, TNF-�, and IL-1� were obtained from Pharmingen
(Endogen, Woburn, MA). All tests were performed accord-
ing to the manufacturer’s instructions. All tests were per-
formed in triplicate in 96-well microtiter plates.

Heart Contractile Function. Mice were tested for
heart contractile function as described by Yang et al. (21).
All mice were anesthetized with urethane in saline (1000
mg/kg, ip) and �–chloralose in propylene glycol (50 mg/kg
ip). The mice were ventilated through a tracheostomy con-
nected to a pressure-controlled respirator (RSP 1002, Kent,
CT) at a rate of 120 times/min, FIO2 of 1.0. The mice were
placed on a surgical table maintained at 37.5°C. The exter-
nal jugular vein was cannulated with a #23-gauge butterfly,
and volume administration was limited to 300 �l of het-
astarch (6% hetastarch in 0.9% saline) Abbott Laboratories,
N. Chicago, IL). Precise volume management was adhered
to as described in detail by Yang et al. (21). The apical
portion of the heart and the interior vena cava were exposed
through a substemal-transverse incision. A conductance
catheter 1.4 Fr (Millar Corporation, Houston, TX) was in-
serted into the apex of the left ventricle, with the distal
electrode in the aortic root and the proximal electrode in the
LV apex. The parameters of contractility were expressed.

Statistical Analysis. Statistical analyses were per-

formed by using the SAS 8.1 Windows (SAS Institute,
Cary, NC) statistical package. All data were reported as
mean ± SE. Variables were compared using a one-way
analysis of variance (ANOVA), followed by a two-tailed
Student’s t test for comparison between two groups. Differ-
ences between two groups were considered significant at
P < 0.05. Pearson correlation was conducted between tissue
vitamin E, lipid peroxide, splenic cytokines and heart func-
tion parameters.

Results
Cardiac Vitamin E Level. Vitamin E level in the

heart was significantly reduced 55% by 120-min SSCS ex-
posure compared with sham control (Fig. 2A, dotted line).
SSCS exposure of 120 min further decreased cardiac vita-
min E by 47% compared with SSCS exposure of 60-min.
However, there is no significant difference between 60-min
SSCS exposure and sham control.

Hepatic Vitamin E Level. In contrast, the liver tissue
vitamin E level decreased during SSCS exposure (Fig. 2A,

Figure 2. Effects of different doses of side-stream cigarette expo-
sure on tissue vitamin E levels and hepatic lipid peroxide production.
(A) Tissue vitamin E level was used as an indicator for oxidative
stress. The assay was performed by HPLC. The solid line represents
hepatic vitamin E; the dotted line represents cardiac vitamin E. (B)
Lipid peroxide was determined with 0.2 g of mouse liver tissue.
Phospholipids in the liver tissue were extracted by the CHCl3/
methanol 2:1, v/v) method. LPO was measured with a spectropho-
tometer at 675 nm. Values were mean ± SE of 10 to 12 mice in each
group. Sham control = no smoke exposure; 60-min = 60-min smoke
exposure; 120-min = 120-min smoke exposure. a, compared with
sham control mice significantly different at P < 0.05; b, compared
with 60-min smoking mice significantly different at P < 0.05.
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solid line). Vitamin E level in liver was significantly re-
duced 23% and 35%, respectively, by 60- and 120-min
SSCS exposure (P < 0.05). Also, SSCS exposure of 120-
min significantly reduced hepatic vitamin E level compared
with that of 60-min (P < 0.05). SSCS exposure of 60-min
significantly reduced hepatic vitamin E level than sham
control (P < 0.05).

Hepatic Lipid Peroxides Production. The liver is
a major organ for tissue lipid peroxidation. Hepatic lipid
peroxides were significantly increased by 60- and 120-min
SSCS exposure compared with sham controls (P < 0.05;
Fig. 2B). SSCS exposure of 120-min produced higher he-
patic lipid peroxides than that of 60 min (P < 0.05).

Splenocyte Pro-Inflammatory Cytokines Pro-
duction. In vitro production of the pro-inflammatory cy-
tokines was stimulated in splenocytes from SSCS-exposed
mice. IL-1� production was 26.9 ± 5.8 pg/ml and 43.5 ± 4.6
pg/ml, respectively, in cells from mice given 60- and 120-
min SSCS exposure compared with 20.9 ± 3.6 pg/ml in cells
from sham control mice (Fig. 3A). IL-6 was 2126.9 ± 125.5
pg/ml and 2619.1 ± 122.8 pg/ml, respectively, in 60- and

120-min SSCS-exposed mice, whereas it was 1821.9 ±
291.1 pg/ml in sham control mice. TNF-� was 1034.8 ±
57.2 pg/ml and 1453.2 ± 208.6 pg/ml, respectively, in cells
from mice given 60- and 120-min SSCS exposure, whereas
it was 855.8 ± 68.5 pg/ml in sham control mice (Fig. 3B).
In 120-min SSCS-exposed mice, IL-1�, IL-6, and TNF-�
were more significantly increased than in both sham control
and 60-min SSCS-exposed mice (P < 0.05). TNF-� in 60-
min SSCS-exposed mice was more significantly increased
than in sham control mice (P < 0.05) whereas IL-1� and
IL-6 in 60-min SSCS-exposed mice did not show significant
difference compared to sham control mice (Fig. 3, A and B).

Heart Contractile Function. The left ventricle
functional parameters, cardiac output index, stroke volume
index, preload recruitable stroke work, and derivative of
change in systolic pressure over time, showed no significant
difference in 60- and 120-min SSCS-exposed mice com-
pared with sham controls (data not shown). However, stroke
volume (SV) was significantly reduced in 120-min SSCS-
exposed mice compared with sham controls (P < 0.05;
Table I). Vascular impedance (arterial elastance, Ea) of
smoke-exposed mice was significantly increased in those
exposed to 120-min/d for 16 weeks (P < 0.05; Table I).

Correlation Between Tissue �-Tocopherol,
Lipid Peroxide, Splenic Cytokines, and Heart Func-
tion Parameters. Results from Table II show that the
cardiac �-tocopherol level has a strong correlation with
stroke volume (P < 0.05); splenic IL-1� has a strong nega-
tive correlation with stroke volume (P < 0.05); and splenic
TNF-� has a very strong negative correlation with stroke
volume (P � 0.01).

Discussion
Cigarette smoke affects various systems, including im-

mune and cardiovascular systems. Cigarette smoke contains
vast amounts of both carbon- and oxygen-centered free radi-
cals, directly or indirectly initiating lipid peroxidation.
Lipid-soluble vitamin E (�-tocopherol), as an integral part
of cell membranes, acts as cytosolic antioxidant, scavenges
the free radicals that promote peroxidative chain reactions
(22). Thus, reduced hepatic and cardiac vitamin E levels
indicate that vitamin E is involved in antioxidant defense
against oxidative stress. A decrease in antioxidant defense
in myocytes can promote oxidative stress. Dhalla and Singal
found that the production of superoxide in cardiac tissue is
increased as a result of the reduced antioxidant reserve in
heart failure (23). However, the liver is a major organ sub-
jected to the free radical attack. Hepatic lipid peroxide pro-
duction is higher in the SSCS exposure. It has been shown
that antioxidant depletion would initiate and accelerate cy-
totoxic or mutagenic events during excessive production
of ROS (24).

Increased pro-inflammatory cytokine production was
associated with increased SSCS exposure. ROS can activate
redox-sensitive transcription factors, nuclear factor-kappa
B, and activator protein-1, activating the genes of pro-

Figure 3. In vitro splenocyte IL-1�, TNF-�, and IL-6 production upon
different dose of side-stream cigarette smoke exposure. The assay
was conducted by ELISA. Values were mean ± SE of 12 mice in
each group. Sham control = no smoke exposure; 60-min = 60-min
smoke exposure; 120-min = 120-min smoke exposure; a, compared
with sham control mice significantly different at P < 0.05; b, com-
pared with 60-min smoke exposure mice significantly different at
P < 0.05. (A) IL-1�; (B) Solid line represents IL-6; dotted line repre-
sents TNF-�.
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inflammatory mediators TNF-�, IL-1�, and IL-6 (25, 26).
We previously observed that 13-month-old C57BL/6 female
mice exposed to SSCS for 30-min per day, 5 days a week
for 16 weeks exhibited increased IL-6 production in spleno-
cytes (19). In the present study, the dosage of 120-min per
day is sufficient to significantly increase all three pro-
inflammatory cytokines IL-1�, IL-6, and TNF-�. These
pro-inflammatory cytokines are closely linked with pathol-
ogy in a wide range of diseases and conditions that have an
inflammatory basis.

The heart contractile function data showed SV de-
creased significantly upon 120-min SSCS exposure. SV is
determined by three parameters: preload, afterload, and ino-
tropic effects. The correlation analysis indicated that sys-
temic elevated TNF-� and IL-1� was associated with de-
creased SV. TNF-� and IL-1� can both depress myocardial
function (27). Oral and co-workers demonstrated that
TNF-� induced an early depression mediated by sphingo-
sine (28). Sphingosine is rapidly produced via sphingomy-
elin degradation after the intermediate formation of cer-
amide upon cardiomyocyte exposure to TNF-� (29, 30).
Sphingosine decreases calcium transients by blocking the

ryanodine receptor, thereby impeding calcium-induced cal-
cium release from the sarcoplasmic reticulum. A common
pathway that TNF-� and IL-1� can induce myocardial func-
tional depression is to activate inducible nitric oxide syn-
thase and induce nitric oxide-dependent myofilament de-
sensitization to calcium (27). IL-1�, however, can also di-
rectly inhibit aerobic energy metabolism and myocardial
contractility via a direct inhibition of the mitochondria en-
zyme activities (31). Cardiac vitamin E content was signifi-
cantly correlated with SV, as indicated in Table II. The
beneficial effects if vitamin E in protecting from depression
of left ventricular function may be occurring though the
reduction of oxidative stress (32).

The heart function data suggest that 120-min per day of
SSCS affects arterial elastance (Ea). Ea is defined as end-
systolic pressure over stroke volume; it is the diameter of
afterload. The augmentation of arterial elastance, reflecting
the resistance of peripheral arteries, suggests that SSCS ex-
posure could induce cellular alterations in the peripheral
arteries. If Ea is high, the resistance is high, and the heart
needs to do more work to pump the same amount of blood.
Vascular impedance of smoke-exposed mice was signifi-
cantly increased during 120-min SSCS exposure. Cigarette
smoking is a highly significant risk factor for development
of peripheral arterial occlusive disease (33). SSCS impaired
endothelium-dependent relaxation of isolated rabbit arteries
(34). Endothelial dysfunction of the peripheral vasculature
contributes to the elevated peripheral vascular resistance in
patients with heart failure (35). Free radical-mediated oxi-
dative damage can also take place in lipoproteins. Oxidized
lipoprotein is an important factor in predisposing SSCS-
exposed mice to uptake foam cells in the vascular wall.
These events have been correlated with the initiation and
progression of coronary heart disease. The most often pro-
posed mechanism for endothelial dysfunction related to
ROS activity in heart failure is the enhanced biodegradation
of nitric oxide by ROS. Elevated levels of ROS deplete
bioavailable nitric oxide and exacerbate local oxidant stress
by reacting directly with nitric oxide to form peroxynitrite,
which, in turn, imparts further oxidative injury to the endo-
thelium (36). Free radicals and oxidized lipoproteins that are

Table I. Left Ventricular Contractile Parametersa

Units Sham control 60 min 120 min P value

Numbers of mice 8 9 11 0 vs 120
Age of mice (months) 9, 10 9, 10 9, 10
CO ml/min 6.19 ± 0.6 5.63 ± 0.6 4.77 ± 0.52
SV µl 11.91 ± 0.98 11.04 ± 0.99 9.15 ± 0.73* 0.042
Pes mm Hg 73.95 ± 3.33 72.43 ± 3.95 71.39 ± 1.83
Ped mm Hg 2.79 ± 0.45 2.38 ± 0.16 2.28 ± 0.21
Ea mm Hg/µl 6.54 ± 0.59 6.39 ± 0.57 8.53 ± 0.72* 0.047
a Values were expressed as mean ± SE. Sham control = no smoke exposure; 60 min = 60-min smoke exposure; 120 min = 120-min smoke
exposure.
* Compared with nonsmoke exposure significantly different at P < 0.05.
CO, cardiac output = heart rate × stroke volume; SV, stroke volume = end diastolic volume − end systolic volume; Pes, end-systolic pressure;
Ped, end-diastolic pressure; Ea, effective arterial elastance = End-systolic pressure/stroke volume.

Table II. Correlation Analysis

Parameters Pearson
correlation P value

Cardiac vitamin E versus Ea −0.95 0.10
Hepatic vitamin E versus Ea −0.73 0.24
Hepatic lipid peroxide versus Ea 0.63 0.28
IL-1� versus Ea 0.97 0.08
TNF-� versus Ea 0.94 0.12
IL-6 versus Ea 0.83 0.18
SV versus Ea 0.92 0.13
Cardiac vitamin E versus SV 0.99 0.03*
Hepatic vitamin E versus SV 0.94 0.11
Hepatic lipid peroxide versus SV −0.88 0.16
IL-1� versus SV −0.99 0.04*
TNF-� versus SV −0.99 0.01**
IL-6 versus SV −0.98 0.06

* Cardiac �-tocopherol level has a strong correlation with stroke vol-
ume (P < 0.05); Splenic IL-1� has a strong negative correlation with
stroke volume (P < 0.05).
** Splenic TNF-� has a very strong negative correlation with stroke
volume (P = 0.01).
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oxidized by free radicals derived from cigarette smoke can
inhibit endothelium-dependent vasodilation; the antioxidant
diet reversed the impairment of the endothelial function (37,
38). The precise component of cigarette smoke that contrib-
utes to the pathogenesis of vascular disorder is unclear.
Nicotine is a major component besides reactive oxygen spe-
cies. We cannot exclude the effect of nicotine on vascular
dilation at this point. Mayhan and Patel found that nicotine
contributed to endothelium-dependent arteriolar dilatation
in vivo (39).

Taken together, SSCS exposure at 120-min per day
induced systemic inflammatory responses. SSCS exposure
at both 60-min and 120-min per day accentuated systemic
lipid peroxidation with depletion of cardiac and hepatic
antioxidant vitamin E levels. Finally, SSCS exposure at
120-min per day decreased stroke volume and increased
vascular resistance. Systemic IL-1� and TNF-� production
are responsible for heart contractile dysfunction. Free radi-
cals may be responsible for the progression to heart con-
tractile dysfunction induced, in part, by SSCS.

There are some limitations in the present study. Oxi-
dative stress should be not only observed in major organs
(such as heart and liver), but also in the vessel wall. Oxi-
dized lipoprotein may contribute to the vascular functional
changes. SSCS is very complex in chemical composition.
Exploring the defined mechanism of vascular dysfunction in
mice is warranted. A more precise quantification of the
smoking exposure dose in mice needs to be determined so
that it can be comparable to human exposure.

We sincerely thank Dr. Mark Witten for use of the exposure equip-
ment that was vital to this project.
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