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Abstract The present study was designed to understand
the cigarette smoking-induced alterations in hormones and
the resulting changes in platelet serotonin (5-hydroxy-
tryptamine, 5-HT) and monoamine oxidase (MAO-B)
activity in chronic smokers. Human male volunteers aged
35 £ 8 years, were divided into two groups, namely con-
trols and smokers (12 &2 cigarettes per day for
7-10 years). Results showed that cigarette smoking sig-
nificantly (p < 0.05) elevated plasma triiodothyronine (T3),
cortisol and testosterone levels with significant (p < 0.05)
reduction in plasma tryptophan and thyroxin (T4). More-
over, smokers showed reduced platelet 5-HT levels and
MAO-B activity. In smokers, plasma cortisol was nega-
tively correlated with tryptophan (r = —0.386), platelet
MAO-B (r = —0.264), and 5-HT (r = —0.671), and pos-
itively correlated with testosterone (r = 0.428). However,
testosterone was negatively correlated with platelet MAO-
B (r = —0.315), and 5-HT (r = —.419) in smokers. Fur-
ther, smokers plasma T3 levels were negatively correlated
with platelet MAO-B (r = —0.398), and 5-HT (r =
—0.541), whereas T, levels were positively correlated with
platelet MAO-B (r = 0.369), and 5-HT (r = 0.454). In
conclusion, our study showed that altered testosterone and
cortisol levels may aggravate behavior, mood disturbances
and symptoms of depression by decreasing platelet 5-HT
and MAO-B activity in smokers.
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Background

Cigarette smoking is a reprehensible habit and is respon-
sible for common diseases such as atherosclerosis and
chronic obstructive pulmonary diseases [1]. The authentic
stimulatory, euphoric, reinforcing and addictive properties
of cigarette smoking make people not to quit the habit [2].
Earlier reports suggested that smoking could be protective
against certain central nervous system disorders such as
Parkinson’s, Alzheimer’s disease and dementia [3].
Besides, some other effects such as mood control, weight
control and relief of tobacco withdrawal symptoms may
slightly improve performance and health of people to cope
with daily stress. [4, 5]. Further, unlike other drugs, anes-
thetics and alcohol, cigarette smoke does not impair per-
formance in judgement, cognition and motor behavior [6].
Though the transient stimulatory, cognitive and reinforcing
effects of cigarette smoking are specifically attributed to
nicotine which activates the hypothalamic pituitary axis
(HPA) [7], the effects of nicotine are not equivalent to
cigarette smoke due to its heterogeneous composition.
Earlier studies revealed that smoking affects endocrine
system chiefly, pituitary, thyroid, adrenal as well as testicular
and ovarian functions [8]. However, its precise interactions
and mechanisms on endocrine system are not clear. Blood
platelets are peripheral model for central 5-hydroxytrypta-
mine (5-HT) neurons due to similarities in the structure and
function [9]. 5-HT receptors and 5-HT transporters, both
expressed in platelets and neurons [ 10]. Monoamine oxidase
isoenzyme B (MAO-B) in platelets has been suggested to
have the same amino acid sequence as in brain [11].
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Serotonergic neurotransmission is found to be linked with
cigarette craving and smoking behavior [12]. The activity of
MAO-B in platelets is one of the most extensively studied
biological markers of personality and different forms of
psychological disturbances [13—15]. Low platelet MAO-B
activity has been associated with excessive risk taking, high
impulsivity, anti-social behaviour and sensation seeking
[16]. In healthy individuals there is a significant correlation
between platelet MAO-B activity and monoamine metabo-
lites, 5-hydroxyindoleacetic acid, homovanillic acid and
3-methoxy-4-hydroxyphenyl glycol, in cerebrospinal fluid
[17]. The association of personality/behavior with platelet
MAO-B and 5-HT is confirmed in different ways. Earlier
reports revealed that cigarette smokers show depleted 5-HT
levels and MAO-B activities [18]. However, the influence of
hormones on 5-HT and MAO-B activities were not well
understood in cigarette smokers.

Since, hormones are critical in cellular metabolism and
coordination of physiological and behavioral responses such
as growth, maturation and differentiation to biological
stimuli, the present study was aimed to examine the changes
induced by cigarette smoking on endocrine system and
resulting influence on 5-HT and platelet MAO-B activity in
cigarette smokers.

Methods
Experimental Details

Thirty human male volunteers (mean age 35 &+ 8) in each
group were chosen for the study. They were designated as
non smokers or controls (n = 30) with no past or present
history of smoking and other group was smokers (n = 30)
with smoking at least 10 &= 2 cigarettes/day for the past
7-10 years. Subjects chosen for this study were with similar
dietary habits, non alcoholics and free from chronic diseases,
illness, use of any tranquillizers, drugs and anesthetics. All
the volunteers were well informed about the experimenta-
tion and their written consent was obtained. The present
study was approved by institutional ethical committee.

Isolation of Plasma and Platelets

Fasting blood samples were obtained from the subjects after
8 h of their last cigarette smoked. Blood was drawn into
heparin-treated evacuated tubes and centrifuged immedi-
ately at 1,500x g for 10 min at 4 °C to separate plasma and
red cells. Platelets were prepared by centrifuging at
200xg for 10 min at room temperature and the platelet-
enriched plasma was carefully removed. The remaining
pellet was washed three times with acid citrate dextrose
buffer (36 mM citric acid, 5 mM KCl, 90 mM NaCl, 5 mM

glucose, 10 mM EDTA, pH 6.8) and the washings were
pooled with the original supernatant. The pooled suspension
was centrifuged again at 200x g for 10 min to remove any
residual erythrocytes. The platelets were then collected by
centrifugation at 2,000 x g for 20 min and the platelet pellet
was washed three times with 10 ml of phosphate buffered
saline (PBS, pH 6.8). The final pellet was resuspended in
700 Wl of PBS for platelet analysis [19].

Determination of Plasma Tryptophan Content

Tryptophan content was estimated by adding 1.0 ml of
Ehrilch’s reagent (3 % p-dimethylamino benzaldehyde in
2 N HCI) to 100 pl of plasma followed by 8.0 ml of 23.7 N
H,SO, and 0.1 ml of NaNO,. The absorbance was read at
540 nm against a blank. Standard solutions (20-100 pg)
were run under similar conditions and the concentration of
the sample was expressed as mg/dl [20].

Measuring of 5-HT Levels and MAO-B Activity

5-HT levels were estimated by suspending platelets in
3.5 ml of 0.02 N HCI and lysed by gentle agitation. One ml
lysate was diluted to 2.0 ml with water. Platelet proteins
were precipitated with 0.2 ml of 10 % ZnSO, and 0.1 ml
of 1 N NaOH and centrifuged to the supernatant 0.3 ml of
1 N HCI was added. Fluorescence is measured with an
excitation at 295 nm and emission at 350 nm. Standard
graph was prepared using serotonin creatinine sulfate [21].

The activity of the platelet monoamine oxidase enzyme was
estimated spectrophotometrically as described previously [22].
Briefly, to 0.5 ml of assay medium (100 mM sodium phos-
phate buffer, pH 7.4; 1.0 mM tyramine; and 3.1 mM sodium
azide) platelet sample was added and incubated for 10 min at
37 °C. The monoamine oxidase reaction was stopped by the
addition of 0.5 ml H,O, measuring solution (0.5 M phosphate
and 5 U of horseradish peroxidase), which decreases the pH of
the mixture to 4.5-4.7 followed by the addition of sodium
dodecyl sulfate (final pH 2.1-2.3) and the colored product was
measured at 414 nm. Specific activity was calculated using the
molar extinction coefficient for the oxidized form of ABTS
which was equal to 24,600 M~ tem™l

Measurement of TSH, T, Ty, Cortisol and Testosterone
Levels

Levels of testosterone, cortisol, TSH, T3, and T4 in plasma
samples of smokers and non-smokers were determined as
described previously [23, 24]. The method is based on an
automated immunoassay system (Advia® Centaur' ™, Bayer
Health Care Diagnostika, Vienna, Austria) using a direct
chemiluminiscence detection system according to the man-
ufacturer’s instructions.
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Statistical Analysis

Student’s ‘¢’ test was performed for statistical signifi-
cance between controls and smokers. Values were
mean £ SD of 30 subjects in each group. Correlations
between variables were assessed using Pearson’s corre-
lation coefficients (7).

Results

General Characteristics of Controls and Cigarette
Smokers

General characteristics of controls and smokers were
summarized in Table 1. Smoker’s blood showed increased
hemoglobin content and total WBC count with no signifi-
cant difference in RBC, platelet counts and packed cell
volume (PCV) when compared to controls.

Effect of Smoking on Plasma Tryptophan Levels

The influence of smoking on plasma tryptophan levels
were analyzed and the data presented in Fig. 1. Smokers
showed significantly lower tryptophan levels over the
controls.

Changes in Serotonergic Markers of Smokers

The serotonergic markers namely platelet 5-HT and MAO-

B levels were determined in smokers and the data was
presented in Fig. 2. Smokers showed significantly lowered

Table 1 General characteristics of controls and cigarette smokers

Parameter Controls Smokers
(n = 30) (n = 30)

Age 35+8 35+ 8
BMI >23.5 >24.2
Number of cigarettes/ No 10+ 2

day
Smoking history - 7-10 years
Alcohol consumption No No
Chronic diseases Not found Not found
RBC (m/cumm) 432 £+ 0.27 4.15 £ 0.18
WBC (cumm) 7420 + 137 8860 + 145%
Platelet count 220 £ 60 232 + 62

(x1,000/mm?)
Hematocrit (PCV) 48.7 £ 3.6 46.4 £ 3.1

Values are mean =+ SD of each group. A p < 0.05 between groups
BMI body mass index; PCV packed cell volume

 Indicates significant difference from controls
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platelet 5-HT levels as well as a significant reduction in the
activity of MAO-B than to controls.

Influence of Smoking on Endocrine Status

Impact of cigarette smoking on plasma endocrine status
was assessed. The results indicated no detectable altera-
tions in TSH levels (Fig. 3) in cigarette smokers compared
to controls. However, increase in the levels of triiodothy-
ronine was noticed with significant decrease in thyroxin
(Fig. 4) levels in smokers than to controls. Smokers
showed significant increase in cortisol and testosterone
(Fig. 5) levels compared to controls.

Association Between Endocrine System with Serotonin
and MAO-B

Table 2 illustrates the correlations between variables in

smokers. To ascertain the possible relation among behav-
ioral markers such as 5-HT, MAO-B and endocrine status,
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Fig. 1 Effect of cigarette smoking on plasma tryptophan levels.
Values are mean & SD of each group. Tryptophan levels were
expressed as mg/dl. *Indicates a p < 0.001 is statistically significant
between groups
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Fig. 2 Effect of cigarette smoking on platelet serotonin and MAO-B

activity. Values are mean £ SD of each group. Platelet serotonin

levels and MAO-B activity were expressed as nmol x 10° platelets.

*Indicates a p < 0.001 is statistically significant between groups
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Fig. 3 Effect of cigarette smoking on plasma TSH levels. Values are
mean £ SD of each group. TSH levels were expressed as plU/dl.
*Indicates a p < 0.001 is statistically significant between groups
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Fig. 4 Effect of cigarette smoking on plasma T3 and T4 levels.
Values are mean £ SD of each group. T; levels were expressed as
ng/dl, T, levels were expressed as pg/dl. *Indicates a p < 0.001 is
statistically significant between groups

Pearson correlation analysis was performed. In smokers,
plasma cortisol was negatively correlated with tryptophan
(r = —0.386), platelet MAO-B (r = —0.264), and 5-HT
(r = —0.671), and positively correlated with testosterone
(r = 0.428). However, testosterone was negatively corre-
lated with platelet MAO-B (r = —0.315), and 5-HT
(r = —0.419) in smokers. Further, smokers plasma T;
levels were negatively correlated with platelet MAO-B
(r = —0.398), and serotonin (r = —0.541), whereas T,
levels were positively correlated with platelet MAO-B
(r = 0.369), and serotonin (r = 0.454). No significant
association was observed between TSH and behavioral
markers, platelet 5-HT and MAO-B in smokers.

Discussion
Cigarette smoking is one of the most abused reinforcing

agent and leading to morbidity and mortality [25]. In the
present study, cigarette smokers showed decreased platelet
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Fig. 5 Effect of cigarette smoking on plasma cortisol and testoster-
one levels. Values are mean £ SD of each group. Cortisol and
testosterone levels were expressed as pg/dl. *Indicates a p < 0.001 is
statistically significant between groups

Table 2 Correlation analysis between variables in cigarette smokers

Parameter Smokers p value
Cortisol/tryptophan r= —0.386 p < 0.001
Cortiso/MAO-B r=—0.264 p < 0.001
Cortisol/testosterone r=0.428 p < 0.001
Cortisol/serotonin r=—0.671 p <0.016
Testosterone/MAO-B r=—0.315 p <0.01
Testosterone/serotonin r=—0.419 p < 0.001
Ts/serotonin r= —0.541 p <0.017
T3/MAO-B r= —0.398 p <0.014
Ta/serotonin r = 0.454 p <0.018
T4/MAO-B r = 0.369 p <0.011

Pearson correlation analysis was performed between variables. Stu-
dent paired ‘¢ test” was used to find out statistical significance

MAO-B activity and 5-HT. Many studies have reported an
association between tobacco smoking and reduced MAO-B
activity in the brain and peripheral organs [26]. In vitro and
in vivo studies are also confirmed the same, but the
mechanism of this inhibition has not yet been elucidated.
Studies revealed that chronic exposure of physiological
concentrations of nicotine has no effect on the activity of
MAO-A or MAO-B in rat brain suggesting that the inhi-
bition of MAO activity is not nicotine related [27]. Nico-
tine shows some weak inhibition on MAO, at
concentrations 2,000 times those found in chronic heavy
smokers and is therefore unlikely to be physiologically
relevant [28].

In the present study, cigarette smokers showed increase
in testosterone, cortisol, T5 with decreased T, levels in
plasma of cigarette smokers. However, no significant
change in TSH levels were noticed in smokers. In cigarette
smokers testosterone and cortisol levels were negatively
correlated with platelet MAO-B activity and serotonin.
Testosterone and cortisol are end products of hypothalamic
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pituitary gonadal (HPG) axis and HPA. Testosterone
inhibits HPA functioning at the hypothalamic level and
cortisol has inhibitory effect on all levels of the HPG axis
[29]. It has been shown that promoter of MAO-A contains
three glucocorticoids/androgen response elements (GRE/
ARE) and four binding sites for the SP 1 (specifity protein
1) and R1 (RAM2/CDCAT7L) transcription factors of which
androgens can interact directly with the third GRE/ARE
and it also appears to act indirectly [30]. Since glucocor-
ticoids and testosterone compete for the same sites this may
actually mean that high testosterone levels may lead to
lower transcription of MAO-A and lower MAO-A levels
[31]. There is no study to confirm the same for MAO-B in
cigarette smokers. Since MAO-A and MAO-B are highly
conserved and they are coded by two different genes, and
the regulation of MAO-B at transcription and translation
level by testosterone cannot be ruled out in cigarette
smokers suggesting lower MAO-B activity may not be the
effect of nicotine but it could be the influence of altered
testosterone levels.

In the present study, we noticed decreased platelet
MAO-B activity and 5-HT in cigarette smokers. We found
strong positive association between platelet MAO-B
activity and 5-HT in smokers. 5-HT mediates its actions
through a large family of receptors of which the 5-HT1A
and HT2A receptors are the best characterized [32]. Thy-
roid hormone and cortisol exerts a powerful influence on
5-HT neurotransmission, metabolism and levels influence
5-HT1A and 5-HT2A receptor expression and regulating
5-HT-mediated neurotransmission [33, 34]. Thyroid hor-
mones are known to play a significant role in adult brain
function, but the precise mechanism(s) by which this
occurs is not well understood [35, 36]. In cigarette smokers
increased T; and cortisol might be playing a role in
5-HT1A and 5-HT2A receptor function which would have
lead to decreased serotonin concentration in platelets which
needs further in-depth study. Brummett et al. [37] reported
that single nucleotide polymorphism (SNP) in 5-HTR2C
gene is associated with HPA axis activation. To date, there
is no evidence for association of SNPs in 5-HTR2C in
cigarette smokers. Triiodothyronine was reported to bind
nuclear thyroid hormone receptors which are widely dis-
tributed throughout the brain, and in the central nervous
system with the greatest densities in areas critical to mood
and higher order cognition (e.g. hippocampus and frontal
lobes) [35]. Thyroid hormone has neurogenic effects at the
molecular level [38]. So far, only a very limited number of
studies directly looked at the interaction between 5-HT and
cortisol and thyroid responses in cigarette smokers. Several
lines of evidence suggest that serotonergic neurotransmis-
sion, including the regulation of 5-HTIA receptors, is
affected by nicotine [39]. Recent studies showed that some
of nicotine’s psychotropic and endocrine effects are
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exerted by stimulation of 5-HT1A receptors on dorsal
raphe neurons [40]. Increased cortisol secretion may play a
role by inducing tryptophan 2,3-dioxygenase (tryptophan
pyrrolase), the main metabolizing enzyme of tryptophan.
Elevated cortisol levels could therefore explain lowered
plasma tryptophan levels in cigarette smokers. The stimu-
lating effect of smoking on cortisol secretion is likely to be
related to the neuropharmacological actions of nicotine.
Our study shows that smokers might repeatedly stimu-
late their HPA axis during the day. In order to avoid
hypercortisolism, counter-regulatory mechanisms through
HPG axis are likely to be activated. Increased Tj levels
also might be playing a role in the activation of HPA axis.
In conclusion, altered testosterone and cortisol hormone
levels may aggravate behavior, mood disturbances and
symptoms of depression by decreasing platelet 5-HT and
MAO-B activity in smokers. More mechanistic study is
required to understand complex interplay of altered endo-
crine status and its role on behavior of cigarette smokers.
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