MS British Journal of Nutrition

British Journal of Nutrition (2008), 99, 1055-1060 doi: 10.1017/S0007114507844370

© The Authors 2007

Postprandial oxidative stress is exacerbated in cigarette smokers
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Both cigarette smoking and high fat meals induce oxidative stress, which is associated with the pathogenesis of numerous diseases. We compared
blood antioxidant status, oxidative stress biomarkers and TAG in twenty smokers and twenty non-smokers, matched for age and physical activity,
in response to a high fat test meal standardized to body mass. Blood samples were collected before feeding (resting and fasted) and at 1, 2, 4 and
6 h post feeding and analysed for antioxidant capacity (trolox equivalent antioxidant capacity; TEAC), xanthine oxidase activity (XO), hydrogen
peroxide (H,0,), malondialdehyde (MDA) and TAG. Smoking status (P<<0-001) and time (P=<0-01) effects were noted for all variables, with
smokers demonstrating higher values compared with non-smokers for all variables except for TEAC, for which values were lower for smokers.
X0, H,0,, MDA and TAG increased following feeding with a peak response at the 4 h post feeding time point, with the opposite response occur-
ring for TEAC. Although no interaction effects were noted (P> 0-05), contrasts revealed greater values in smokers compared with non-smokers for
X0, H,0,, MDA and TAG, and lower values for TEAC at times from 1-6h post feeding (P=0-05). Our findings indicate that young cigarette
smokers experience an exaggerated oxidative stress response to feeding, as well as hypertriacylglycerolaemia, as compared with non-smokers.

These data provide insight into another possible mechanism associating cigarette smoking with ill health and disease.

Ocxidative stress: Nutrition: Cigarette smoking

Oxidative stress is a condition in which the cellular production
of reactive oxygen species (ROS; sometimes referred to as
‘free radicals’) exceeds the physiological capacity of the anti-
oxidant defence system to render ROS inactive'. Increased
production of ROS involves the oxidation of lipids and lipo-
proteins, DNA, proteins and other molecules in ways that
impair normal cellular function, possibly resulting in impaired
health and disease®*. Normal cellular metabolism results in
the production of ROS*: however, both physical and environ-
mental stressors can further increase ROS production. In this
regard, two primary environmental stressors include cigarette
smoking and high fat meals.

Cigarette smoking exacerbates ROS formation and poses a
significant oxidant stress in vivo®. In one puff of a cigarette, a
smoker is exposed to more than 10" free radicals in the gas
phase alone®, with additional exposure in the tar phase equal
to more than 10" free radicals per g. It has been consistently
reported that cigarette smokers have elevated biomarkers of
oxidative stress compared with non-smokers’ and this rep-
resents a potential mechanistic link between regular cigarette
smoking and CVD®. The increased oxidative stress observed
in smokers may be partly due to the lower blood antioxidant
capacity routinely observed in smokers®. Tt is possible that
the addition of other ROS generators can further promote oxi-
dative stress in cigarette smokers. Related to this, we have
recently reported an exacerbation in physical work-induced
oxidative stress in smokers compared with non-smokers’.

Aside from cigarette smoking and physical work, numerous
studies demonstrate elevated oxidative stress following feed-
ing with high fat meals (for review, see Sies ef al.'®). Tt was
first proposed by Zilversmit'' that individuals with frequent
daily intake of high fat foods exist in a chronic postprandial
state, which may be a significant risk factor for atherogenesis.
This theory has been developed more recently'” and studies
have continued to show elevations in oxidative stress bio-
markers and TAG during the postprandial state, with a peak
occurring between 2—4h post feeding'>~'>. Hypertriacylgly-
cerolaemia gives rise to oxidative stress, predisposing to endo-
thelial dysfunction, which is considered an important initial
step in the development of atherosclerotic disease under
chronic conditions'®!”. Individuals with elevated resting
levels of oxidative stress (i.e. those with metabolic or cardio-
vascular disorders) have been shown to experience a greater
response in oxidative stress biomarkers following intake of
standardized meals when compared with healthy control sub-
jects'®2! It is possible that cigarette smokers, a population
with well-documented elevations in oxidative stress bio-
markers®>*’, may experience a similar response pattern as
those with known disease.

To our knowledge, no investigation to date has studied the
combined effects of cigarette smoking and feeding on oxi-
dative stress biomarkers. Therefore, in the present investi-
gation we compared blood antioxidant status and oxidative
stress biomarkers in smokers and non-smokers in response

Abbreviation: ROS, reactive oxygen species.
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to a high fat test meal standardized to body mass. We were
particularly interested in group differences at both the 2 and
4h post feeding time points, as these times have been
shown to represent the peak in oxidative stress biomarkers
in previous studies using non-smokers, with a progressive
return towards baseline following 4h post feeding. We
hypothesized that smokers would have lower antioxidant
capacity and higher oxidative stress biomarkers in response
to feeding, compared with non-smokers.

Experimental methods
Farticipants

Cigarette smokers (n 20) and non-cigarette smokers (n 20)
met all enrolment criteria and volunteered to participate in
the current study. Participants completed a health history
and physical activity questionnaire and underwent a physical
examination, including anthropometric testing, prior to enrol-
ment. Participants were non-obese (body fat =25 % for men,
=32 % for women; assessed via seven-site skinfold determi-
nation and use of the Seri equati0n24, normolipidaemic (fast-
ing TAG <150mg/dl) and free of major signs and
symptoms suggestive of cardiovascular, metabolic or pulmon-
ary disease as defined by the American College of Sports
Medicine®. Additionally, participants’ self-reports indicated
that they did not use medications (e.g. anti-inflammatory or
cardiovascular drugs) or nutritional supplements. This was
an important consideration, as intake of isolated antioxidant
agents could have impacted our outcome measures. Therefore,
it was confirmed via both questionnaire and screening inter-
view that no subject in either group used nutritional sup-
plements. Participants needed to regularly smoke five or
more cigarettes per d for a minimum of 6 months immediately
preceding the test meal to be enrolled as a smoker. Partici-
pants were eligible to be enrolled as non-smokers only if
they had not smoked within the past year and were not
exposed to passive (second-hand) smoke on a routine basis.
These are the same criteria we have used in our previous
work”’. Following the screening procedure, participants were
scheduled and given detailed instructions and data forms
related to the recording of dietary and physical activity data
during the 7d before the test meal. All experimental pro-
cedures were approved by the University Human Subjects
Review Board. Participants provided both verbal and written
consent prior to participating. Participant characteristics are
presented in Table 1.

Test meal

All participants reported to the laboratory in the morning
(06.00—09.00 hours) following a 10-h overnight fast. Smokers
were asked to refrain from smoking for 1h prior to reporting.
Women reported during the early follicular phase of their
menstrual cycle (days 1-5) in order to minimize any potential
antioxidant effect of oestrogen, as circulating oestrogen levels
are lowest during this time. Following a 10min quiet rest
period, a pre-meal blood sample was collected. Participants
then consumed the test meal (within 15 min), which consisted
of a milkshake made with a combination of whole milk, ice
cream and whipping cream. The size of the milkshake was

Table 1. Descriptive characteristics of smokers and non-smokers§
(Mean values and standard deviations)

Smokerst Non-smokerst
Variable Mean sD Mean SD
Age (years) 23 6 23 4
Height (cm) 174 10 168 8
Weight (kg) 75 16 69 14
BMI (kg/m?) 24.6 3 24.4 4
Body fat (%) 18 5 19 6
Waist:hip 0-79 0-06 0-74 0-06
Resting heart rate (bpm) 67 1 67 11
Resting SBP (mmHg) 113 10 117 12
Resting DBP (mmHg) 72 8 72 8
Total cholesterol (mg/dl)* 181 20 157 24
HDL-cholesterol (mg/dl) 47 11 49 16
LDL-cholesterol (mg/dl) 111 31 91 36
Total cholesterol:HDL 3-8 11 31 11
Cigarettes per d 9 5 NA NA
Range 5-20
Years smoking 5 3 NA NA
Range 1-10
Pack years 2 2 NA NA
Range 0-125-6-75

SBP, systolic blood pressure; DBP, diastolic blood pressure; bpm, beats per min;
NA, not applicable.

*No statistical differences were noted between groups for any above variable
(P>0-05) with the exception of total cholesterol (P=0-04).

1 Smokers are eleven men, nine women.

1 Non-smokers are nine men, eleven women.

§ For details of subjects and procedures, see Experimental methods.

based on participants’ body mass and equivalent to 1-2 g fat
and carbohydrate and 0-25 g protein per kg. The shake pro-
vided approximately 71kJ (17 kcal) per kg. These parameters
were based on previous studies in which test meals have
included fat content between 1-0—1-4 g/kg body mass, carbo-
hydrate content between 0-9—1:-3 g/lkg body mass and protein
content between 0-2-0-4 g/kg body mass. The postprandial
observation period lasted 6h (from the start of meal intake),
during which time four additional blood samples were col-
lected (1, 2, 4 and 6h post meal). Participants remained in
the laboratory during this period and expended as little
energy as possible (i.e. watched movies, worked on the com-
puter). No additional meals or energy-containing beverages
were allowed during this period and smokers refrained from
smoking cigarettes. Water was allowed ad [libitum and the
majority of subjects consumed between 16 and 24 oz during
the postprandial period.

Blood sampling and biochemistry

Venous blood samples (approximately 20 ml) were taken from
participants’ forearms via needle and vacutainer using mini-
mal stasis pre-meal (resting and fasting; Oh) and at 1, 2, 4
and 6h post meal. Blood was processed immediately and
stored in multiple aliquots at —80°C until analysed. All
assays were performed in duplicate and on first thaw. Antiox-
idant capacity was measured in serum using the Trolox-equiv-
alent antioxidant capacity assay using procedures outlined by
the reagent provider (Sigma Chemical) and as previously
described®®. Xanthine oxidase activity and hydrogen peroxide
were both measured in plasma using the Amplex Red reagent
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method as described by the manufacturer (Molecular Probes,
Invitrogen Detection Technologies). Malondialdehyde was
measured in plasma using commercially available reagents
(Northwest Life Science Specialties), using the method
described by Jentzsch er al.?’. Assays for TAG, glucose,
total cholesterol and HDL-cholesterol were performed using
serum following standard enzymatic procedures as described
by the reagent manufacturer (Thermo Electron Clinical Chem-
istry). Prior to HDL-cholesterol analysis, precipitation of apo
B containing lipoproteins (VLDL, LDL and Lp(a)) was per-
formed using phosphotungstic acid, coupled with centrifu-
gation, and HDL-cholesterol was measured in the
supernatant. LDL-cholesterol was calculated using the Fried-
wald equation as follows:

LDL-cholesterol = total cholesterol — HDL-cholesterol

— (TAG/5).

Dietary and physical activity records

All participants were instructed to maintain their normal diet
and activity and to record these variables on log forms
during the 7 d period prior to the assigned test day. Nutritional
records were analysed for total dietary energy, protein, carbo-
hydrate, fat and a variety of antioxidant micronutrients (Food
Processor SQL, version 9.9; ESHA Research). Activity logs
were reviewed to determine the amount of activity done
during the week prior to the test day. Subjects were given
specific instructions to avoid physically stressful tasks (includ-
ing exercise) during the 24 h period preceding the test meal.
This was important in order to control for any acute effects
of physical activity on postprandial oxidative stress, as a
recent study has demonstrated that acute strenuous exercise
may attenuate the rise in oxidative stress observed following
feeding'.

Statistical analysis

All outcome variables were analysed using a 2 (group) X 5
(time) repeated measures ANOVA. Contrasts were per-
formed for comparison of smokers and non-smokers at all
times. Pairwise correlations were made between all outcome
variables. The outcome data are presented as means with
their standard errors of the mean. Dietary, physical activity
and descriptive data were analysed using a one way
ANOVA and presented as means and standard deviations.
All analyses were performed using JMP statistical software
(version 4.0.3; SAS Institute). Statistical significance was
set at P=0-05.

Results

Regarding descriptive characteristics, smokers and non-smokers
were not different (P>0-05), with the exception of smokers
having higher total cholesterol compared with non-smokers
(P=0-04; Table 1). With regard to dietary intake, although
smokers consumed less total daily energy (8062 (SD 1557) v. 9954
(SD 1762)kJ; 1926 (SD 372) v. 2378 (SD 421) kcal), protein (80 (SD
19) v. 106 (sD 18) g), carbohydrate (232 (sD 64) v. 287 (SD 55) g),
fat (66 (SD 21) v. 77 (sD 18)g), B-carotene (51 (SD 32) v. &3

(sp 37)mg) and Se (40 (sD 14) v. 57 (SD 18) pg) compared with
non-smokers, these variables were not statistically different
(P>0:05). However, smokers consumed statistically less vitamin
C (45 (sp 26) v. 128 (sD 42) mg; P=0-03) and vitamin E (4 (SD 2)
v. 10 (sD 3) mg; P=0-01) compared with non-smokers. This is not
surprising, as previous studies have indicated lower antioxidant
nutrient intake for smokers compared with non-smokers>", largely
due to lower fruit and vegetable consumption by smokers*’. We
noted this to be the case in our sample of smokers as well. That is,
few fruits and vegetables were consumed during the 7 d diet report-
ing period, with the majority of dietary energy consumed in the form
of processed foods, which traditionally are lower in antioxidant nutri-
ents. The total amount of moderate to strenuous habitual physical
activity performed by smokers and non-smokers based on self-
report did not differ (3-5 (SD 2) v. 3-6 (sD 2) h per week), and was mir-
rored during the week prior to the test meal.

No baseline (pre-meal) differences were noted between smo-
kers and non-smokers for any outcome variable (P> 0-05). Both
smoking status (P=0-0002) and time (P=0-01) main effects
were noted for antioxidant capacity, and contrasts at the 1
(P=0-05), 2 (P=0:024) and 4 (P=0-015) h post feeding time
points revealed lower values in smokers compared with non-
smokers (Fig. 1). In relation to xanthine oxidase (Fig. 2), malon-
dialdehyde (Fig. 3) and TAG (Fig. 4), both smoking status
(P<<0-0001) and time (P<<0-0001) main effects were noted.
The same was true for hydrogen peroxide (Fig. 5) although
the level of significance was different for the smoking status
main effect (P=0-0002). For all of these variables, smokers
demonstrated higher values compared with non-smokers, and
values increased following feeding, with a peak response
observed at the 4h post feeding time point. Although no
interaction effects were noted (P>0-05), group differences
were apparent for xanthine oxidase at 2 (P=0-05), 4
(P=0-003) and 6 (P=0-03) h post feeding; for hydrogen per-
oxide at 2 (P=0-05) and 4 (P=0-0005) h post feeding; for
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Fig. 1. Serum trolox equivalent antioxidant capacity (mw/l) before and follow-
ing intake of a high fat meal in smokers (—#-) and non-smokers (—H-).
Values are means, with their standard errors represented by vertical bars.
Smoking status (P=0-0002) and time (P=0-01) main effects; * Significant
differences between smokers and non-smokers using planned contrasts. For
details of subjects and procedures, see Experimental methods.
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Fig. 2. Plasma xanthine oxidase (XO) activity (mU/ml) before and following
intake of a high fat meal in smokers (—#—) and non-smokers (—M-). Values
are means, with their standard errors represented by vertical bars. Smoking
status (P<0-0001) and time (P<0-0001) main effects; *Significant differ-
ences between smokers and non-smokers using planned contrasts. For
details of subjects and procedures, see Experimental methods.

malondialdehyde at 1 (P=0-03), 2 (P=0-007), 4 (P=0-0004)
and 6 (P=0-01) h post feeding; for TAG at 1 (P=0-007), 2
(P=0-001) and 4 (P=0-0003) h post feeding. Not surprisingly,
these four variables were positively correlated with one another
(r0-33-0-73; P<<0-00 001) and negatively correlated to antiox-
idant capacity (r 0-20—0-46; P=0-003). A smoking status main
effect was noted for glucose, with smokers having higher values
compared with non-smokers (P=0-001), with fasting values
for smokers and non-smokers equal to 91 (SE 5) mg/dl and 82
(SE 4)mg/dl, respectively. No other effects were noted for
glucose (P>0-05) and values were relatively unchanged
(i.e. increased 5—-8 mg/dl) over time for both smokers and
non-smokers (data not shown).
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Fig. 3. Plasma malondialdehyde (MDA; wMm/l) before and following intake of a
high fat meal in smokers (—#-) and non-smokers (—M-). Values are
means, with their standard errors represented by vertical bars. Smoking sta-
tus (P<0-0001) and time (P<0-0001) main effects; * Significant differences
between smokers and non-smokers using planned contrasts. For details of
subjects and procedures, see Experimental methods.

Fig. 4. Serum TAG (mg/dl) before and following intake of a high fat meal in
smokers (—¢—) and non-smokers (—M-). Values are means, with their stan-
dard errors represented by vertical bars. Smoking status (P<0-0001) and
time (P<0-0001) main effects; * Significant differences between smokers and
non-smokers using planned contrasts. For details of subjects and pro-
cedures, see Experimental methods.

Discussion

Data from the present investigation indicate that cigarette
smokers experience an exaggerated oxidative stress and
TAG response to a high fat meal when compared with age-
matched non-smokers. This is the first study to our knowledge
to report postprandial oxidative stress and TAG data in refer-
ence to a population of cigarette smokers. The present findings
provide additional insight into another possible mechanism
associating cigarette smoking with ill health and disease. It
should be noted that these data were obtained using a very
young population of novice smokers (e.g. 23 = 5 years;
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Fig. 5. Plasma hydrogen peroxide (H>O,; um/l) before and following intake of
a high fat meal in smokers (—4—) and non-smokers (—M-). Values are
means, with their standard errors represented by vertical bars. Smoking sta-
tus (P=0-0002) and time (P<0-0001) main effects; * Significant differences
between smokers and non-smokers using planned contrasts. For details of
subjects and procedures, see Experimental methods.
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2 *+ 2 pack years). It is possible that older, more established
smokers may experience a more pronounced oxidative stress
response to feeding.

The smokers and non-smokers in the present study were of
similar age and performed low amounts of physical activity
(3-5 (sD 2) v. 3:6 (sD 2) h per week for smokers and non-smo-
kers, respectively). With regard to dietary intake, significant
differences were only noted between groups for vitamins C
and E, with smokers having lower intakes of both vitamins.
It is certainly possible that this could have contributed to the
increased oxidative stress response following feeding, as
both the antioxidant capacity of blood®' as well oxidative
stress biomarkers®> can be influenced by nutrient intake.
While it is likely that the act of smoking is most responsible
for findings of increased oxidative stress, as demonstrated
recently when controlling for nutrient intake?, it is unknown
what the independent effect of lower dietary antioxidant intake
in our sample of smokers was on the measured biomarkers.
Therefore, we must consider the possibility that the current
results are due in part to the combination of chronic cigarette
smoking coupled with a diet deficient in antioxidants. Future
studies in this area may attempt to better equate exogenous
antioxidant intake between smokers and non-smokers (poss-
ibly by providing standardized meals and/or supplemental
antioxidants to subjects in both groups) in order to more
specifically address the independent effects of chronic smok-
ing on postprandial oxidative stress.

Smokers have been shown to possess lower fasting blood
antioxidant capacity compared with non-smokers’ due in
part to both a lower dietary antioxidant intake and a depletion
of blood antioxidants due to routine exposure to ROS from
cigarette smoke. We hypothesized that blood antioxidant
capacity would also be lower following feeding in smokers
compared with non-smokers, due to the increased consump-
tion of blood antioxidants in an effort to ‘protect’” macromol-
ecules from oxidation as they are exposed to high amounts of
ROS generated from the test meal. While both groups experi-
enced a decrease in antioxidant capacity, smokers demon-
strated a more pronounced decline at the 1, 2 and 4h post
feeding time points (Fig. 1).

As mentioned earlier, antioxidant capacity in both groups
declined following feeding, likely due to the consumption of
blood antioxidants to counteract the increase in ROS pro-
duction with feeding. We chose to measure xanthine oxidase
activity as a surrogate marker of ROS production, as well as
hydrogen peroxide, as both of these biomarkers are highly
related and provide a good overall representation of biological
oxidative stress. Xanthine oxidase is commonly used as a
marker of oxidative stress** as this enzyme is a ubiquitous
generator of radical species, ultimately leading to superoxide
radical. In aqueous solutions, the superoxide radical is
poorly reactive; however, it can be readily converted into
hydrogen peroxide, through the activity of superoxide dismu-
tase®>. As with superoxide radical, much of the cytotoxic
effects of hydrogen peroxide are due to its conversion into
the hydroxyl radical, the most reactive oxygen-containing
species known®. This conversion can occur in the presence of
reduced transition metals such as Cu and Fe via the Fenton
reaction®® or by the interaction of superoxide with hydrogen
peroxide through the Haber-Weiss reaction®’. With a rise in
hydroxyl radicals, the potential exists for damage to various

cellular structures, including 1ipids38. Malondialdehyde is a
representation of ROS oxidation of lipids, involving degra-
dation of PUFA and phospholipids through a chain reaction
sequence38, typically initiated by a hydroxyl radical.

In regard to the afore-mentioned three variables, we noted a
greater response for xanthine oxidase activity (Fig. 2), malon-
dialdehyde (Fig. 3) and hydrogen peroxide (Fig. 5) for smokers
compared with non-smokers following feeding. In previous
studies, it has been noted that individuals with certain diseases
experience a more robust increase in oxidative stress compared
with healthy control subjects. For example, in postprandial
studies involving high fat test meals, diabetics experienced
higher oxidative stress levels than healthy controls'®*!'. The
same is true with postprandial oxidative stress in patients with
CVD'". It has recently been suggested that obesity”® and
ageing39 will promote greater postprandial oxidative stress. It
should be noted that all studies examining postprandial oxi-
dative stress in diseased subjects also report an increase in oxi-
dative stress in healthy control subjects, albeit to a lesser extent.

Data from the present study indicate that cigarette smokers
experience an exaggerated oxidative stress response to feed-
ing, in a similar manner as patients with known disease.
While this is the first study to report such findings, the mech-
anism(s) responsible for these changes remains to be eluci-
dated. Future study is needed in this area.

In support of our findings for greater lipid peroxidation (i.e.
malondialdehyde) in smokers compared with non-smokers,
we noted a similar increase in TAG. Coupled with the lower
blood antioxidant capacity, the increase in blood TAG follow-
ing feeding provides greater opportunity for lipid peroxidation
and, hence, the formation of malondialdehyde. These findings
agree with previous work demonstrating a peak TAG response
at4 h post feeding, with a similar corresponding increase in lipid
peroxidation”. While not a primary objective of the current
study, we measured blood glucose in response to feedings and
noted minimal change in values over time for both smokers
and non-smokers. This is likely due to both the time course of
our measurements (i.e. first measurement post feeding not
occurring until 1h), as well as the inclusion of a high amount
of dietary fat to the test meal. Almost identical findings have
been reported recently by Blendea and colleagues'>.

In conclusion, we report for the first time that cigarette smo-
kers experience an exaggerated oxidative stress and TAG
response to a standardized high fat meal when compared
with age-matched non-smokers. These findings add to the
already well-documented elevation in fasting oxidative stress
levels in chronic cigarette smokers. Therefore, smokers who
typically consume frequent high fat meals may be at an
even greater risk of oxidative stress-related disease.
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