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Abstract

Nicotine is a naturally occurring alkaloid found in many plants. The principal sources of nicotine exposure is through the use

of tobacco, nicotine containing gum and nicotine replacement therapies. Nicotine is an amine composed of pyridine and

pyrrolidine rings. It has been shown that nicotine crosses biological membranes and the blood brain barrier easily. The absorbed

nicotine is extensively metabolized in the liver to form a wide variety of metabolites including nicotine N0-oxide and cotinine

N0-oxide. These are the products of mixed function oxidase system. Nicotine is also converted to some biologically important

compounds during harvesting. Among these are the nitrosamines specific to tobacco. Nicotine has been shown to affect a wide

variety of biological functions ranging from gene expression, regulation of hormone secretion and enzyme activities. The

objective of this study was to overview the biological effects and metabolism of nicotine.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Nicotine is found in a wide variety of plants (Doolittle

et al., 1995). However, the principal source of nicotine

exposure is through the use of tobacco and nicotine

replacement therapies such as transdermal nicotine patches

and nicotine containing gum (Heisheman et al., 1994).

Nicotine is an amine composed of pyridine and pyrrolidine

rings (Schevelbein, 1982). It has been shown that nicotine

can cross the biological membranes including the blood

brain barrier. Once absorbed, nicotine is extensively

metabolized by the liver to a number of major and minor

metabolites. (Snyder et al., 1993; Cashman et al., 1992;

Neurath, 1994; Crooks and Godin, 1988; Godin and Crooks,

1986; Booth and Boyland, 1971; Kyerematen et al., 1990).

Nicotine is also converted to a number of biologically

important compounds during harvesting and fermentation.

The most pronounced are tobacco specific nitrosamines

(Brunneman et al., 1996). The actions of nicotine have been

extensively investigated in human, in animal, and in a

variety of cell systems. The predominant effects of nicotine

in the whole intact animal or human consist of an increase in

pulse rate, blood pressure, and an increase in plasma free

fatty acids, a mobilization of blood sugar, and an increase in

the level of catecholamines in the blood (Benowitz, 1988;

Dani and Heinemann, 1996; Waldum et al., 1996;

Ashakumary and Vijayammal, 1991). In addition, nicotine

has also been found to disturb the antioxidant defense

mechanisms in rats fed a high fat diet. At the cellular level,

stimulation of nicotinic receptors leads to increased

synthesis and exocytic release of several hormones such as

nor epinephrine and epinephrine (Yoshida et al., 1980;

Goodman, 1974). In addition to the release of these

hormones, chronic nicotine treatment has also been shown

to activate tyrosine hydroxylase, the first and the rate limi-

ting enzyme in catecholamine biosynthesis (Hiremagular

et al., 1993; Fluharty et al., 1985). Nicotinic receptor

stimulation has also been shown to induce the transcription

factors c-fos and c-jun and to stabilize the intracellular

levels of transforming growth factors (Slotkin et al., 1997;

Rakowicz et al., 1994). The other effects of nicotine at the

cellular level are increased expression of heat shock

proteins, induction of sister chromatide exchange and

chromosome aberration, inhibition of cell proliferation,

and suppression of apoptosis (Hahn et al., 1991; Doolittle

et al., 1995; Trivedi et al., 1990, 1993; Maneckjee and

Minna, 1994; Yamashita and Nakamura, 1996; Aoshiba

et al., 1996; Tipton and Dabbous, 1995).

1.1. Chemical properties of nicotine

Nicotine is a naturally occurring alkaloid found primar-

ily in the members of the solanoceous plant family such as

potato, tomato, green pepper, and tobacco (Doolittle et al.,

1995). Nicotine was first isolated and determined to be the

major constituent of tobacco in 1828 (Schevelbein, 1982).

It has an active center and occurs as stereo isomers (Borlow

and Hamilton, 1965). The structure of nicotine [1-methyl-2-

(3-pyridyl-pyrrolidine), C10H14N2] was proposed by

researchers in 1892 and confirmed in 1895 by synthesis

(Pictet and Crepieux, 1895). Pure nicotine is a clear liquid

with a characteristic odour whereas it turns brown on

exposure to air (Schevelbein, 1962). It can mix with an

equal amount of water. However, it partitions preferentially

into organic solvents. Thus, it can easily be extracted

from aqueous solutions by solvent extraction. It is a strong

base and has a boiling point of 274.5 8C at 760 Torr

(Schevelbein, 1962).

1.2. Absorption of nicotine

Nicotine absorption can occur through the oral cavity,

skin, lung, urinary bladder, and gastrointestinal tract

(Schevelbein et al., 1973). The rate of nicotine absorption

through the biological membranes is a pH dependent

process (Schevelbein et al., 1973). The presence of both a

pyrrolidine and a pyridine nitrogen means that nicotine is

dibasic with pKa of 7.84 and 3.04 at 25 8C. The proportion

of uncharged nicotine increases as the pH of the solution

containing nicotine increases whereas the proportion of

charged nicotine increases as the pH of the solution

containing nicotine decreases. Uncharged organic bases

are lipophilic (fat soluble) whereas charged organic bases

are hydrophilic (water soluble). The rate of nicotine

absorption through biological membranes thus increases as

the pH of the aqueous solution increases whereas nicotine

absorption decreases as the pH decreases. The absorption of

nicotine through the oral mucosa has been shown to be the

principal route of absorption for smokers who do not inhale

and for smokeless tobacco users. The pH of cigarette

tobacco is about 5.5 and nicotine at this pH is largely

positively charged. Thus, nicotine is little absorbed via the

buccal mucosa. The principal route of nicotine absorption in

smokers who inhale is through the alveoli of the lung

(Armitage, 1974). The pH of the aqueous fraction of cigar

smoke is generally around 8.5 (Russel et al., 1980) and the

pH of the alveoli is about 7.4 and at this pH about 31% of the

nicotine is uncharged and therefore passes easily across

the cell membrane into the circulation. Absorption through

the alveoli is also dependent on the nicotine concentration

in the smoke. It has been shown that the plasma nicotine

level in non-inhaling smokers is around 2.5–8.0 ng/ml,

whereas the plasma nicotine levels in inhaling smokers

reach 30–40 ng/ml nicotine. These observations demons-

trated that absorption of nicotine through the buccal mucosa

is poor and absorption through the lung is rapid. Nicotine is

also absorbed through the skin (Schevelbein et al., 1972).

Absorption of nicotine through the skin is important during

tobacco harvesting and during nicotine replacement thera-

pies. The reabsorption of the extracted nicotine occurs

through the urinary bladder (Barzelleca, 1963). The

absorption of nicotine from the urinary bladder seems to

D. Yildiz / Toxicon 43 (2004) 619–632620



be dependent on pH of the urine. The movement of nicotine

through the mucosa of the bladder is increased when the

alkaloid is non-ionized and pH is between 8.0 and 9.0.

Nicotine cannot be reabsorbed if the pH of the urine is below

6.0. The nicotine absorption through the gastrointestinal

tract is poor because of the acidic nature of the stomach

juice (Travel, 1940).

1.3. Metabolism of nicotine

Studies on nicotine metabolism were advanced by the

use of several methods involving enzyme purification,

purification of specific antibodies, immunochemical and

biochemical methods, and high pressure liquid chromatog-

raphy (HPLC) (Nakayama, 1988). Studies on cytochrome

P450 and flavin adenine dinucleotide (FAD) containing

monooxygenases produced remarkable progress on analysis

of nicotine metabolism (Nakayama, 1988). The biochemical

techniques suggested the participation of cytochrome P-450

and FAD-containing monooxygenases in microsomal nic-

otine metabolism (Peyton et al., 1988). Metabolism of

nicotine in living organisms is complicated. Pathways of

nicotine metabolism could be discussed as phases I and II

metabolism of nicotine. The phase I metabolism involves

the microsomal oxidation of nicotine and falls into four

groups. The phase II metabolism involves N- and O-

glucuronidation of nicotine and its metabolites.

1.3.1. Phase I metabolism

1.3.1.1. C-oxidation and conversion of 5 0-hydroxy-nicotine

into 3-pyridylacetic acid. In most of the people nicotine is

70–80% metabolized to cotinine by C-oxidation. Cotinine

was identified as a urinary metabolite in man, rabbit, mouse,

and rat (McKennis et al., 1957). The proposed mechanism of

conversion of nicotine to cotinine involves hydroxylation of

nicotine by microsomal enzymes and conversion to the

corresponding aldehyde and production of cotinine by a

cytosolic enzyme (Hucker et al., 1960). It was reported that

nicotine iminium ion was first formed by loss of water from

50-hydroxynicotine and converted to cotinine (Murphy,

1973). g-(3-pyridyl)-g-oxo-N-methylbutyramide is a metab-

olite which is isolated following administration of cotinine

(McKennis et al., 1960). It was then detected in urine of

humans. This amide was also isolated following adminis-

tration of radiolabelled nicotine to dogs. 3-Pyridyl acetic

acid was isolated and identified as a metabolite following

administration of (2)-cotinine (McKennis et al., 1961).

Furthermore, other intermediates, demethyl cotinine and

d-(3-pyridyl)-g -oxobutyric acid were reported to be mainly

converted to 3-pyridylacetic acid following administration

of these metabolites to animals (McKennis et al., 1964).

The enzymes involved in the C-oxidation of nicotine is

now being mostly identified. The most important enzyme in

the C-oxidation of nicotine leading to the cotinine formation

is CYP2A6, formerly known as coumarin 7-hydroxylase

(Nakajima et al., 1996; Messina et al., 1997). It has been

Fig. 1. C-oxidation.
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shown that there is genetic polymorphism in human

CYP2A6. The CYP2A6 p9 allele have been shown to result

in decreased expression level and enzymatic activity of

CYP2A6 (Yoshida et al., 2003). Researchers also studied

the impairment of nicotine metabolism by CYP2A6 p4,

CYP2A6 p7 and CYP2A6 p10 (Yoshida et al., 2002). It is

suggested that the efficiency of the conversion of nicotine to

cotinine and the variations in the nicotine metabolism is

affected by the relative roles of the polymorphic enzymes.

Thus, genetic polymorphism in nicotine metabolism is

suggested to be an important factor in individual’s smoking

behavior (Nakajima et al., 2001). However, contradictory

results have been published that does not support this

hypothesis (Tricker, 2003). Genetic polymorphism of

CYP2A6 gene and tobacco induced lung cancer risk was

also investigated. It was reported that subjects with p4/p4

genotypes have low risk for lung cancer whereas p1/p1

genotypes have higher risk for lung cancer (Ariyoshi et al.,

2002). Same researchers suggested that complete lack of

CYP2A6 affects the smoking behavior. Because smokers

with the p4/p4 genotype displayed a significant reduction of

daily cigarette consumption. However, this suggestion is

again contradictory to other researcher’s results which

suggests that CYP2A6 gene deletion is associated with

decreased lung cancer but is not associated with reduced

tendency to smoke (Tan et al., 2001).

In some cases, the deficiency of C-oxidation of nicotine

has also been reported. In one case study, it was reported

that case subject converted only 9% of nicotine to cotinine

compared to the control prolonging the half life of nicotine

in the organism (Benowitz et al., 1995).

1.3.1.2. Formation of nornicotine, demethyl cotinine, trans-

3-hydroxy-cotinine and d-(3-pyridyl)-g-methylaminobutyric

acid. Demethyl cotinine, nornicotine, and 3-hydroxycoti-

nine were isolated and determined as urinary metabolites

following administration of (2)-nicotine and (2 )-cotinine

to humans and animals (Bowman and McKennis, 1962).

3-Hydroxycotinine has been reported to be formed from
14C-(2 )-nicotine (Hansson et al., 1964). It was shown that

nicotine-methyl-14C was converted to 3-hydroxycotinine,

cotinine and d-(3-pyridyl)-g-oxo-N-methylbutyramide,

whereas, 14C-cotinine was converted to 3-hydroxycoti-

nine, demethylcotinine and g-(3-pyridyl)-g-oxo-N-methyl-

butyramide (Stalhandsko, 1970). It has also been shown that

5-hydroxycotinine formed from (2 )-nicotine leads to a

product which consists of a tautomeric mixture of the

hydroxylactam and ketoamide (Nyugen et al., 1981).

1.3.1.3. N-oxidation. Nicotine-10-N-oxide was first deter-

mined in a reaction mixture of rabbit liver extract

(Papdopulos, 1964a). Nicotine-N-1-oxide formation is

catalyzed by hepatic flavin-containing monooxygenase 3

(FMO3). N-oxidation of cotinine also takes place. However,

the enzyme involved in N-oxidation of cotinine has not yet

been identified. Diastreospecific kinetic studies of nicotine

oxidation by porcine liver FMO showed a stereoselectivity

in the formation of diastreomeric N0-oxides (Nakajima et al.

1998). It was shown that (S)-(2 )-nicotine exhibited no

stereoselectivity in the formation of cis-10R, 20S- and trans-

10S, 20S-products whereas with R-(þ )-nicotine, only the

trans-10R, 20R-N0-oxide was formed (Damani et al., 1988).

These results indicated that (R)-(þ )-nicotine binding might

be sterically inhibited when N0-methyl and pyridyl groups

are in a cis-orientation. Except in liver extracts, nicotine-10-

N-oxide has also been detected as a urinary metabolite in

animals and in humans (Papadopulos, 1964b).

1.3.1.4. N-methylation. The other pathways of nicotine

metabolism involves N-methylation and N-demethylation of

nicotine (Gorrod and Schepers, 1999). It has been shown that

following administration of (2)-nicotine and (2 )-cotinine

to animals isomethylnicotinium and cotinine methonium

ions are formed as urinary metabolites (McKennis et al.,

1963). It has been shown that nicotine N-methylation in

guinea pigs is a stereo specific reaction involving only the

(þ )-nicotine (Cundy et al., 1984). Methylation of nicotine

enantiomers is also studied in human liver cytosol. A similar

substrate stereoselectivity was observed in human liver

cytosol (Crooks and Godin, 1988).

1.3.2. Phase II metabolism
1.3.2.1. N- and O-glucuronidation. Following the charac-

terization of phase I metabolism of nicotine by P450 (CYP)

researchers studied the phase II glucuronidation of nicotine

Fig. 2. N-oxidation and methylation.
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and its metabolites. UDP-glucuronosyltransferase (UGT)

enzymes are involved in conjugation with glucuronide.

These enzymes are known to produce more water-soluble

compounds compared to the parent compounds. Conjugates

of nicotine and its metabolites with glucuronide, nicotine

and cotinine N-glucuronides, are excreted in the urine (Byrd

et al., 1992; Caldwell et al., 1992; Tsai and Gorrod, 1999).

Recently, nicotine and cotinine N-glucuronidations in

human liver microsomes were studied and characterized

(Nakajima et al., 2002). This study showed that nicotine

N-glucuronidation is biphasic and involves more than one

enzyme and cotinine N-glucuronidation is monophasic.

Enzyme inhibition approach in this study also demonstrated

that nicotine and cotinine glucuronidation involves

UGT1A1, UGT1A9 and UGT1A4. Another CYP metabolite

of nicotine, trans-30-hydroxycotinine, is conjugated by

O-glucuronidation (Tricker, 2003; Benowitz and Jacob,

2000).

1.4. Nicotine excretion

It has been demonstrated that nicotine could be excreted

through urine, feaces, bile, saliva, gastric juice, sweat,

and breast fluid (Perlman et al., 1942; Hansson and

Schmiterloew, 1962; Fishman, 1963; Turner, 1969;

Balabanova et al., 1992; Seaton et al., 1993). When
14C-nicotine is given to an animal, it has been shown that

around 55% of the radioactivity is excreted in the urine.

However, only 1% of the radioactivity was observed in the

form of unchanged nicotine. This result demonstrates that

nicotine is excreted following extensive metabolization. The

urinary excretion of nicotine and its metabolites has been

shown to be affected by ascorbic acid. It was reported that

ascorbic acid increases the urinary excretion of cotinine and

nicotine (Dawson et al., 1999). Nicotine and cotinine is also

determined in the urine of infants who have mothers who

smoke indicating that exposure of mothers to tobacco smoke

affect the infants (Luck and Nau, 1985). In another study,

the hypothesis that the rate of renal excretion of nicotine

influences the nicotine intake during smoking was investi-

gated. Researchers reported that the daily nicotine intake

was 18% higher in persons with increased nicotine excretion

and concluded that the rate of elimination of nicotine affects

the rate of consumption (Benowitz and Jacob, 1985). As

discussed in Section 1.2 in detail, the rate of nicotine

excretion is also influenced by the pH of the urine. When the

pH of the urine is made alkaline the proportion of uncharged

nicotine increases and reabsorbtion of nicotine occurs and as

Fig. 3. N- and O-glucuronidation.
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a result, less nicotine is excreted (Becket et al., 1965).

However, when the urine is made acidic the proportion of

charged nicotine increases thus less nicotine is reabsorbed

and more nicotine is excreted.

1.5. The biological effects of nicotine

The effects of nicotine have been extensively investi-

gated in animals and in a variety of cell systems. Nicotine

has been shown to have a wide variety of effects on

multicellular organisms and single cells. These effects are

summarized in Table 1.

1.5.1. The effects of nicotine on oxidative stress

Nicotine, the major component of the cigarette smoke,

plays an important role in the development of cardiovas-

cular disease and lung cancer (Anna et al., 1987; Heusch and

Maneckjee, 1998). Lipid peroxidation and generation of free

radicals are the processes associated with the pathogenesis

of atherosclerosis (Morel et al., 1963). It has been shown

that the level of lipid peroxidation increases in smokers (Pre

et al., 1989). In nicotine administered rats, the concen-

trations of free fatty acids and the level of malondialdehyde,

hydroperoxides, and conjugated dienes also increased. The

increased free fatty acids in tissues of nicotine-treated rats

may serve as substrate for lipid peroxidation. It has also

been shown that nicotine administration results in a decrease

in the activities of free radical scavenging enzymes super-

oxide dismutase, catalase, and glutathione reductase

(Ashakumary and Vijayammal, 1996). A decrease in

activities of these free radical scavenging enzymes results

in increased generation of superoxide anion and hydrogen

peroxide which in turn results in generation of hydroxyl free

radicals. Generation of hydroxyl free radicals has been

shown to participate in many toxic reactions (Halliwell

and Guttridge, 1984, 1988). Increased production of super-

oxide and hydrogen peroxide may cause deleterious injury to

alveolar macrophages thereby causing release of proteolytic

enzymes (Millane et al., 1984; Romson et al., 1983). The

products of lipid peroxidation, which are increased following

nicotine administration, may cause irreversible damage to

the membrane structure of the cells. Consistent with this, it

was shown that in vitro nicotine administration resulted in

increased leakage of lactate dehydrogenase enzyme whose

leakage into the media indicates the presence of membrane

damage. In similar studies, it was demonstrated that nicotine

potentiates superoxide generation by human neutrophils and

by polymorphonuclear leukocytes (Gillespie et al., 1987).

Generation of cytotoxic neutrophil derived free radicals have

been shown to be implicated in the pathogenesis of

cardiovascular, pulmonary and neoplastic disorders. In the

same study, it was shown that the alkaloid nicotine fails to

induce neutrophil oxidative metabolism alone. However,

nicotine potentiates the superoxide release induced by

phorbolmyristate acetate. Potentiation was not inhibited by

nicotinic receptor antagonists indicating that the effects of

nicotine involves no nicotinic receptors or other mechanisms.

In addition, nicotine has also been shown to induce free

radical generation and cause lipid peroxidation in pancreatic

tissue and esophageal mucosa (Wetscher et al., 1995).

Results of the studies demonstrated that incubation of

homogenized pancreatic tissue and esophageal tissue with

nicotine increased the generation of lipid peroxides. Employ-

ment of free radical scavenging enzymes, superoxide

dismutase and catalase, along with nicotine abolished the

generation of lipid peroxides suggesting a role for superoxide

and hydrogen peroxide in nicotine induced oxidative stress.

In more recent years, the effects of antioxidant molecules on

nicotine induced oxidative stress has been investigated. It

was reported that vitamin E prevents the nicotine induced

oxidative stress in rat brain (Gumustekin et al., 2003). A

preventive effect for vitamin C and S-allylcysteine on

nicotine induced oxidative stress is also described (Kelly,

2003; Helen et al., 2003). It is possible to see controversial

results on the effects of nicotine on oxidative stress too. In one

study, different concentration of nicotine was reported to

both induce and prevent oxidative stress. High concen-

trations of nicotine (1–10 mM) were inductive of oxidative

stress whereas low concentration of nicotine (10 mM) was

preventive of oxidative stress (Guan et al., 2003). However,

in another study it was reported that 0.8 mM of nicotine was

sufficient to induce oxidative stress (Crowley-Weber et al.,

2003). Prevention of oxidative stress with low concentration

of nicotine is suggested to result from inhibition of H2O2

induced lipid peroxidation (Guan et al., 2003). This is

controversial with previous results which suggested that

nicotine induced oxidative stress involves H2O2. However, it

is in agreement with more recent findings which suggest that

nicotine sequesters Fe2þ and inhibits the Fenton reaction

(Soto-Otero et al., 2002).

Table 1

The effects of nicotine in whole organisms and in cells

The effects in the

whole organism

The effects at the

cellular level

Increased heart rate Increased synthesis and

release of hormones

Cardiac contractility Activation of thyrosine

hydroxylase enzyme

Increased blood pressure Activation of several

transcription factors

Decreased skin temperature Induction of heat shock proteins

Mobilization of blood sugar Induction of oxidative stress

Increase in free fatty acids

in the blood

Effects on apoptosis

Increased catecholamine levels

in the blood

Induction of chromosome

aberrations

Arousal or relaxation Induction of sister chromatide

exchange
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1.5.2. The effects of nicotine on apoptosis

It has been shown that nicotine is implicated in

prevention of apoptosis (Aoshiba et al., 1996). Nicotine

has been reported in previous studies to be implicated in

development of human lung cancer (Heusch and Maneckjee,

1998). This study provided evidence that nicotine activates

the kinase (ERK2), which results in increased expression of

the Bcl-2 oncoprotein and suppression of apoptosis. In the

same study, it has also been shown that nicotine blocks the

inhibition of PKC and ERK2 activity in lung cancer cells

by anticancer agents. These effects of nicotine have been

observed to occur at the 1 mM concentrations or less

generally found in the blood of smokers. Another study also

described a mechanism for nicotine induced inhibition of

apoptosis involving Bcl2 (Mai et al., 2003). They suggested

that nicotine might exert a regulatory effect on Bcl2 because

nicotine induces extensive Bcl2 phosphorylation. In another

study, it has also been shown that nicotine acting through

nicotinic acetyl choline receptors suppresses apoptosis

(Maneckjee and Minna, 1994). In the same study, it was

demonstrated that nicotine blocks the induction of apoptosis

induced by opioids such as morphine or methadone.

Nicotinic receptor antagonists hexamethonium and deca-

methonium were able to reverse this process indicating the

involvement of nicotinic receptors in suppression of opioid

induced apoptosis by nicotine. Nicotine has also been shown

to rescue PC12 cells from death induced by nerve growth

factor deprivation and to prolong neutrophil survival by

suppressing apoptosis (Yamashita and Nakamura, 1996).

Serum deprivation generates the death of undifferentiated

PC12 cells. This death is inhibited by addition of nerve

growth factor. Even after PC12 cells are differentiated, cell

death occurs following nerve growth or serum deprivation.

The addition of nicotine in serum deprived PC12 cells

prevented the cell death. The protective effect of nicotine

was reversed by nicotinic receptor antagonists indicating the

involvement of nicotinic acetyl choline receptors in the

prevention of cell death. Nicotine has also been shown to

inhibit the UV-induced apoptosis (Sugano et al., 2001). This

inhibition was found to correlate with prevention of

cytochrome c release and caspase activation, which are

described to be important components of the UV-induced

apoptotic pathway. In addition to the inhibitory effects of

nicotine on apoptosis, stimulatory effect on apoptosis is also

suggested for nicotine in some experimental systems. It was

shown that nicotine stimulates the apoptotic pathway

possibly through the Hsp 90 alpha expression (Wu et al.,

2002).

1.5.3. The effects of nicotine on cell proliferation

It has been shown nicotine imposes a dose dependent

inhibition of cell proliferation when added to BALB/C 3T3

cell culture media (Konno et al., 1991). In the same study

the effect of nicotine on newly synthesized and secreted

proteins was also investigated. The study demonstrated that

nicotine suppressed cell proliferation in a concentration

dependent manner and induced significant morphological

changes. The study also demonstrated that the inhibitory

effect of nicotine is mediated by cell-modulating factors

synthesized or secreted by nicotine exposed cells. The

described results indicated that nicotine modulates cell

proliferation via the synthesis or secretion of heat labile

growth modulating factors. Similar results were obtained in

another experimental system using HL-60 cells (Konno

et al., 1986). Addition of nicotine caused a dose dependent

inhibition of cell proliferation. It has also been suggested, in

the same study, that anticellular effects of nicotine are

accompanied by a significant change in the cell cycle

distribution of HL-60 cells. Treatment with 4 mM of

nicotine for 20 h caused an increase in the proportion

of G1 phase cells and a significant decrease in the amount of

S-phase cells. It was also demonstrated that nicotine mainly

affects the de novo synthesis of proteins. Contradictory

results were observed in another experimental system

(Woggner and Wang, 1994). It was shown that nicotine at

100 ng/ml and 10 mg/ml significantly stimulated epithelial

cell growth in two ectocervical and three human papilloma

virus DNA treated cell lines (Woggner and Wang, 1994).

Cell proliferation, in this system, was inhibited 50% by

100 mg/ml and 10 mg/ml nicotine. However, these concen-

trations exceeded the concentrations of nicotine reported in

smoker’s servical mucus. The inhibitory action of nicotine

on apoptosis and the stimulatory action on cell proliferation

in some cases may support the hypothesis that nicotine is

implicated in carcinogenesis.

1.5.4. Genotoxic potentials of nicotine

Studies also evaluated the genotoxic potentials of

nicotine and its major metabolites cotinine, nicotine-N-

oxide, and trans-30-hydroxycotinine by mutagenicity assay

(Doolittle et al., 1995). None of these compounds were able

to induce mutations or sister chromatid exchange in this

experimental system. However, opposite results were

established in another study using Chinese Hamster Ovary

cells (Trivedi et al., 1990). Genotoxicity of nicotine was

evaluated in Chinese Hamster Ovary cells by the rate of

occurrence of sister chromatide exchange and chromosome

aberrations. Nicotine was reported to increase chromosome

aberrations and sister chromatide exchange frequency in a

dose and time dependent manner in Chinese Hamster Ovary

cells. It was reported that nicotine was genotoxic at the

concentrations found in saliva levels of nicotine achieved

during tobacco chewing (Trivedi et al., 1990).

1.5.5. The effects of nicotine on gene expression

It has been shown that nicotine increases catecholamine

secretion and activates the enzymes that function in

catecholamine biosynthetic pathways such as tyrosine

hydroxylase and dopamine b-hydroxylase in adrenal

medullar cells (Hiremagular et al., 1993; Sun et al., 2003).

The effects of long term exposure to nicotine on tyrosine

hydroxylase and dopamine b-hydroxylase gene expression
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was investigated. It has been shown that nicotine exposure

for 1–2 days increases both tyrosine hydroxylase and

dopamine b-hydroxylase mRNA levels. It was suggested

that the effect of nicotine was transcriptionally mediated.

Deletion of the 50 promoter region of the tyrosine

hydroxylase gene showed that the region containing a

cAMP/calcium regulatory element is sufficient for the

nicotinic induction of tyrosine hydroxylase.

In other studies it was shown that nicotine co-induces the

heat shock proteins, HSP70 and HSP28, and causes an

elevation of c-fos protooncogene expression (Hahn et al.,

1991). Heat shock proteins are expressed in response to a

variety of stresses such as exposure to heat and ethanol

(Lindquist and Graig, 1988). Heat shock proteins protect the

cells against the stressor and many other insults (Gerner and

Schneider, 1975). It has been suggested that heat shock

proteins also play a role in regulation of cell cycle and

during specific stages in the development of the organism. In

one study, it was suggested that although nicotine does not

directly increase the expression of heat shock proteins, it

cooperates with ethanol to increase the synthesis of heat

shock proteins (Hahn et al., 1991). The suggested role for

nicotine was demonstrated on three levels of investigations:

protection against heat, induction of specific gene

expression, and binding of heat shock transcription factor

to the heat shock element. In another study, it was

demonstrated that prenatal nicotine exposure causes

elevations of c-fos expression in fetal and neonatal brain.

(Slotkin et al., 1997). The expression of c-fos has been

recently shown to correlate with cellular thiol levels (Chang

et al., 2003). The presence of GSH precursor decreased the

c-fos expression by nicotine whereas the presence of an

inhibitor of GSH synthesis increased the c-fos expression

following nicotine treatment.

1.5.6. The effects of nicotine on the endocrine system

It has been shown that nicotine administration induces

changes in hormones associated with the hypothalamic

pituitary axis (HPA) (Pickworth and Font, 1998). There is

evidence suggesting an interaction between smoking and

hormones in the HPA such as adrenocorticotropic hormone

(ACTH) and cortisol (Fuxe et al., 1989). These hormones

have been shown to be involved in stress and many of the

symptoms of tobacco abstinence. They are also involved in

anxiety, restlessness, inability to concentrate, and sleep

disturbances (Hughes and Hatsukami, 1986). It has been

suggested that hypothalamic activity is involved in the

regulation of homeostatic processes. It regulates thirst,

hunger, body temperature, respiration, and the sleep-wake

cycle (Everitt and Hokfeit, 1989). It has also been suggested

that nicotine induced changes in heart rate, blood pressure

and peripheral blood flow may also be the result of actions at

the hypothalamic site. It has been shown that there are types

of nicotine binding sites in the hypothalamus. One is a high

affinity but low density binding site, which is widely

distributed throughout hypothalamic nuclei and the preoptic

areas. Another one is a low affinity but high density binding

site which is widely distributed within the hypothalamus and

finally, a-bungarotoxin sites that are located in the hypo-

thalamus and preoptic areas. Nicotine stimulates the release

of acetyl choline or monoaminergic neurotransmitters. It has

been suggested that nicotine functions at presynaptic

neuronal acetyl choline receptors to cause the influx of

calcium ion and cause the synaptic release of acetyl choline

or glutamate. Endocrine effects of nicotine have been

suggested to be caused by actions at postsynaptic cholin-

ergic binding sites that directly regulate releasing factor

excretion or through presynaptic sites on monoaminergic

neurons that modulate releasing factor excretion. Adminis-

tration of nicotine through smoking has been shown to

increase the level of ACTH (Seyler et al., 1984). Intense

smoking was necessary for an increase in cortisol levels. It

has been shown that following intense smoking plasma

levels of b-endorphin and vasopressin were significantly

increased (Millane et al., 1984). Intravenous nicotine

administration also increased the ACTH and cortisol levels

suggesting that it is nicotine not other components of

tobacco smoke that increase ACTH and cortisol levels. It

has also been shown that nicotine administration increases

plasma levels of vasopressin (Millane et al., 1984).

1.6. Differential actions of nicotine enantiomers

Enantiomers of nicotine have been shown to display

different affects on targets. There have been many studies

comparing the toxicities, receptor binding capacities, ability

to increase the blood pressure and differential metabolism of

the nicotine enantiomers (Pictet and Rotschy, 1904; Hicks

et al., 1947; Abood et al., 1985; Martin et al., 1983;

Nwosu and Crooks, 1988). It has been found that in

animals (2 )-nicotine appeared to be about twice as toxic as

(þ )-nicotine (Pictet and Rotschy, 1904). It has also been

shown that administration of (2 )-nicotine generated con-

vulsion whereas (þ)-nicotine caused twitching of the skin

(Pictet and Rotschy, 1904). In a study that compared the

effectiveness of the nicotine enantiomers, it was found that

(2 )-nicotine was more efficient in increasing the blood

pressure in animals. In another study it was demonstrated

that both stereo-isomers of nicotine have antinociceptive

effects (Monser and Matilla, 1975; Tripathi et al., 1982).

However, the antinociceptive effects of (2)-nicotine were

970 times more potent than the antinociceptive effect of

(þ )-nicotine. Previous studies used antagonists to explore

receptors involved in antinociceptive effects of nicotine.

Mecamylamine, which inhibits nicotinic receptors, was also

found to antagonize effectively the antinociceptive actions

of (2)-nicotine suggesting that nicotinic receptors are

involved in antinociception. The binding of (2 )-nicotine

and (þ )-nicotine to rat brain membranes has also been

investigated (Abood et al., 1985). Studies revealed that

only the (2 )-nicotine showed high affinity binding;

while the (þ)-nicotine was at least 1/10 as effective as

D. Yildiz / Toxicon 43 (2004) 619–632626



the (2)-nicotine when in competition with (2 )-nicotine as

the ligand. The oxidative stress inducing capacity of both

(2)- and (þ )-nicotine was also compared and found that

(2)-nicotine is more potent in induction of oxidative stress

compared to (þ)-nicotine (Yildiz et al., 1988).

1.7. Nicotine and addiction

The addiction process is suggested to begin with

interaction of nicotine with nicotinic acetyl choline

receptors (nAChRs). This interaction is proposed to cause

the activation of the reward centers in the central nervous

system (Mansvelder and McGehee, 2002). Nicotinic

cholinergic receptors are ligand-gated ion channels com-

posed of five subunits (Vidal, 1996). These subunits are

2a, 1b, 1d and 1g. Nicotinic receptors are widely distributed

in the brain. In the brain and ganglia, neuronal nicotinic

receptors are composed of only a and b subunits. The

distribution and combination of subunits may vary from

species to species. Researchers demonstrated that there are

two main binding sites in the brain for nicotine (Wada et al.,

1989). These are one high affinity site composed of an a4 b2

combination, and one low affinity site probably composed of

a7 subunit. The low affinity site is antagonized by

a-bungarotoxin. The high affinity site is antagonized by

mecamylamine. It has been shown that nicotine binds to its

receptors on cell bodies at nerve terminals. It is proposed

that nicotine may play a role in modulating the release of

neurotransmitters such as acetyl choline, nor epinephrine,

dopamine, serotonin and glutamate through presynaptic

nicotinic receptors (Gray et al., 1996). The main reinforcing

effect of nicotine could be suggested to be dependent on the

effect of nicotine on dopaminergic system (Vezina et al.,

1991). It has been shown that nicotine exposure results in

generation of locomotor stimulant effect originating from

dopaminergic mechanisms. These effects of nicotine have

been shown to disappear when dopaminergic neurons are

damaged (Clarke, 1991). Evidence has also been presented

that A10 neurons and neurons of the ventral tegmental area

are implicated in the psychostimulant effects of nicotine.

The effect of haloperidol on nicotine intake was also

investigated (Dave et al., 1995). It was shown that following

haloperidol administration nicotine intake was increased.

These results may indicate that blockade of dopaminergic

receptor decreases the drug reward which leads to increased

nicotine intake to maintain satisfaction.

1.8. Beneficial effects of nicotine

Nicotine, the major alkaloid in tobacco, has been shown

to cause several types of illness and death of million of

people. On the other hand, nicotine has also been proven to

be a pharmaceutical agent (Jarvik, 1991). Smokers become

addicted to nicotine for one reason, which is pleasure

(Wilbert, 1987). In this sense, the principal reason

for nicotine use is its ability to make people feel good.

In a study, the psycho physiological effects of nicotine

abstinence were investigated. It was reported that abstinence

of nicotine was altering the mood and performance in a

negative way (al’Absi et al., 2002). It has been suggested

that reward mechanisms play an essential role in learning

(Greenhoff et al., 1986). Evidence indicates that nicotine

stimulates dopaminergic neurons in the mesolimbic system

and releases dopamine in these reward centers. It has also

been shown that nicotine facilitates electrical brain

stimulation of brain reward areas in rats (Bolozovski and

Dumery, 1987). In recent study nicotine treatment was

demonstrated to improve reward related learning in rats

(Olausson et al., 2003). The ability of nicotine to relieve

stress and anxiety is still a subject of research. Nicotine has

long been suggested to have anxiolytic effect, which is

proposed to occur through the action of nAChRs. Evidence

is presented recently supporting the involvement of these

receptors in relieve of anxiety (Salas et al., 2003). In a few

other former investigations, it was demonstrated that

increased smoking during stressful conditions induces

anxiety reduction (Nesbitt, 1973). It is suggested that

nicotine reduces body weight by at least two mechanisms

(Grunberg et al., 1984). It can reduce appetite and increase

the metabolic rate. Nicotine induces serotonin release,

which causes weight loss. These evidences suggest that

stopping nicotine intake results in weight gain by decreased

metabolism and increased eating. A few experimental

systems demonstrated that smokers feel that smoking

helps them to concentrate (Warburton and Walters, 1989).

It was shown that increasing the plasma nicotine level of

non-deprived smokers with nicotine gum improved speed

and accuracy on a number of psychometric investigations

(Hidmarch et al., 1990). Non-smokers given the same

procedure did not show any significant effect of the drug.

In contrast to human studies, animal studies showed stronger

evidence of facilitation of performance, learning, and

memory. Smoking has been shown to be associated with

the occurrence of many fatal diseases. However, the

possibility exists that nicotine also could be used in

protection against a number of diseases with relatively low

frequencies. It has been demonstrated that in previous studies

that smokers develop Parkinson’s disease with relatively low

frequencies (Reavill, 1990). Another disorder, Tourette’s

syndrome appears to be nicotine sensitive (Devor and

Isenberg, 1989). It has been shown that nicotine potentiates

the effects of haloperidol in tourette’s patients (Sanberg et al.,

1989). Another disease that is suggested to be sensitive to

nicotine is ulcerative collitis (Losher et al., 1990).

2. Conclusion

Research on nicotine has been going on for about two

centuries. Since then a substantial amount of work has been

carried out by several researchers on different aspects of
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nicotine. The extensive studies on nicotine metabolism have

almost clarified the pathways taken by nicotine and the

enzymes involved in these pathways. However, all of the

enzymes involved in nicotine metabolism have not yet been

completely identified and characterized therefore more

research will be needed in this direction. Investigation of

genetic polymorphism in nicotine metabolism revealed the

characteristics of interindividual differences in nicotine

response such as nicotine intake, addiction and induction of

lung cancer. Now it seems that the rate of nicotine intake

and the individual response to nicotine intake is largely

determined by the nature and the activity of nicotine

metabolizing enzymes. Association of CYP2A6 gene

deletion with low risk of cancer may explain a mechanism

by which tobacco smoke and nicotine can cause cancer in

smoking individuals. Inhibition of apoptosis that largely

eliminates nascent cancer cells and stimulation of cell

proliferation in some experimental systems by nicotine

may also contribute to the nicotine induced carcinogenesis.

However, in order to be able to have an in depth look at the

exact mechanism by which nicotine induces cancer more

research related to its metabolism, cell proliferation, and

apoptosis will be needed. Since its discovery nicotine has

been found to be implicated in several biological processes in

most of which displaying a dual effect and therefore making

the elucidation of its exact role more difficult. Investigations

explaining the controversial actions of nicotine exist and are

continuing to accumulate especially in areas such as

oxidative stress, apoptosis, and cell proliferation. Induction

of oxidative stress by nicotine generally occurs at higher

concentrations whereas at lower concentrations it seems to

inhibit oxidative stress. Less frequency occurrence of

Parkinson’s diseases, which is characterized by enhanced

oxidative stress in smoking people, may thus be attributed to

nicotine’s inhibitory effect on oxidative stress. More studies

will still be needed to clarify the biological effects of nicotine

in different experimental systems.

References

Abood, L.G., Grassi, S., Noggle, H.D., 1985. Comparison of the

binding of optically pure (2)- and (þ)-nicotine to rat brain

membranes. Neurochem. Res. 10, 259–265.

al’Absi, M., Amunrud, T., Wittmers, L.E., 2002. Psycho physio-

logical effects of nicotine abstinence and behavioral challenges

in habitual smokers. Pharmacol. Biochem. Behav. 72(3),

707–716.

Anna, G., Jarmilla, K., Viliam, B., Jan, G., 1987. Effects of smoking

on lipid content of the heart muscle. Vintr. Lek. 33, 671–674.

Aoshiba, K., Nagai, A., Yasui, S., Konno, K., 1996. Nicotine

prolongs neutrophil survival by suppressing apoptosis. J. Lab.

Clin. Med. 127, 186–194.

Ariyoshi, N., Miyamoto, M., Umetsu, Y., Kunitoh, H., Dosaka-

Akita, H., Sawamura, Y., Yokota, J., Nemoto, N., Sato, K.,

Kamataki, T., 2002. Genetic polymorphism of CYP2A6 gene

and tobacco-induced lung cancer risk in male smokers. Cancer

Epidemiol. Biomarkers Prev. 11(9), 890–894.

Armitage, A.K., 1974. Blood levels of nicotine attained during

smoking. The Workshop on Nicotine, 11–13.

Ashakumary, L., Vijayammal, P.L., 1991. Lipid peroxidation in

nicotine treated rats. J. Ecotoxicol. Environ. Monit. 1, 283–290.

Ashakumary, L., Vijayammal, P.L., 1996. Additive effects of

alcohol and nicotine on lipid peroxidation and antioxidant

defense mechanisms in rats. J. Appl. Toxicol. 16, 305–308.

Balabanova, S., Buhler, G., Schneider, E., Boschek, H.J.,

Schneitler, H., 1992. Nicotine excretion by the apocrine and

eccrine sweat in smokers and passive smokers. Hautarzt. 43(2),

73–76.

Barlow, R.B., Hamilton, J.T., 1965. The stereospecifity of nicotine.

Brit. J. Pharmacol. 25, 206–212.

Barzelleca, J.F., 1963. Drug movement from the isolated urinary

bladder of the rabbit. Fedn. Proc. 22(2 Pt 1), 1–661.

Becket, A.H., Rowland, M., Triggs, E.J., 1965. Significance of

smoking in investigation of urinary excretion rates of amines in

man. Nature 207, 200–201.

Benowitz, N.L., Jacob, P., 1985. Nicotine renal excretion rate

influences nicotine intake during cigarette smoking.

J. Pharmacol. Exp. Ther. 234(1), 153–155.

Benowitz, N.L., 1988. Nicotine and smokeless tobacco. CAA

Cancer J. Clin. 38, 244–247.

Benowitz, N.L., Jacob, P. III, Sachs, D.P., 1995. Deficient C-

oxidation of nicotine. Clin. Pharmacol. Ther. 57(5), 590–594.

Benowitz, N.L., Jacob, P., 2000. Effects of cigarette smoking and

carbon monoxide on nicotine and cotinine metabolism. Clin.

Pharmacol. Ther. 67(6), 653–659.

Bolozovski, D., Dumery, V., 1987. Development of amygdaloid

cholinergic mediation of passive avoidance learning in rats II

nicotine mechanisms. Exp. Brain Res. 67, 70–76.

Booth, J., Boyland, E., 1971. Enzymic oxidation of (2)-nicotine

by guienea pig tissues in vitro. Biochem. Pharmacol. 20,

407–415.

Bowman, E.R., McKennis, H., 1962. Studies on the metabolism of

cotinine in the human. J. Pharmacol. Exp. Ther. 135, 306–311.

Brunneman, K.D., Prokopczyk, B., Djordjevic, M.V., Hoffman, D.,

1996. Formation and analysis of tobacco specific N-nitrosa-

mines. Crit. Rev. Toxicol. 26, 121–137.

Byrd, G.D., Chang, K.M., Greene, J.M., deBethizy, J.D., 1992.

Evidence for urinary excretion of glucuronide conjugates of

nicotine, cotinine, and trans-30-hydroxycotinine in smokers.

Drug Metab. Dispos. 20(2), 192–197.

Caldwell, W.S., Greene, J.M., Byrd, G.D., Chang, K.M., Uhrig,

M.S., deBethizy, J.D., Crooks, P.A., Bhatti, B.S., Riggs, R.M.,

1992. Characterization of the glucuronide conjugate of cotinine:

a previously unidentified major metabolite of nicotine in

smokers’ urine. Chem. Res. Toxicol. 5(2), 280–285.

Cashman, J.R., Park, S.B., Yang, Z.C., Wrighton, S.A., Jacob, P.,

Benowitz, N.L., 1992. Metabolism of nicotine by human liver

microsomes: stereoselective formation of trans-nicotine

N0-oxide. Chem. Res. Toxicol. 5, 639–646.

Chang, Y.C., Hsieh, Y.S., Lii, C.K., Huang, F.M., Tai, K.W., Chou,

M.Y., 2003. Induction of c-fos expression by nicotine in human

periodontal ligament fibroblasts is related to cellular thiol levels.

J. Periodontal Res. 38(1), 44–50.

Clarke, P.B.S., 1991. Themozolimbic dopamine system as a target

for nicotine. Effects of nicotine on biological systems,

Birkhauser, Basel, Switzerland, pp. 285–294.

D. Yildiz / Toxicon 43 (2004) 619–632628



Crooks, P.A., Godin, C.S., 1988. N-methylation of nicotine enantio-

mers by human liver cytosol. J. Pharm. Pharmacol. 40, 153–154.

Crowley-Weber, C.L., Dvorakova, K., Crowley, C., Bernstein, H.,

Bernstein, C., Garewal, H., Payne, C.M., 2003. Nicotine

increases oxidative stress, activates NF-kappaB and GRP78,

induces apoptosis and sensitizes cells to genotoxic/xenobiotic

stresses by a multiple stress inducer, deoxycholate: relevance to

colon carcinogenesis. Chem. Biol. Interact. 145(1), 53–66.

Cundy, K.C., Godin, K.S., Crooks, P.A., 1984. Evidence of

stereospecifity in the in vivo methylation of nicotine in the

guinea pig. Drug Metab. Dispos. 12, 755–759.

Damani, L.A., Pool, W.F., Crooks, P.A., Kaderlik, R.K., Ziegler,

D.M., 1988. Stereoselectivity in the N0-oxidation of nicotine

isomers by flavin-containing monooxygenase. Mol. Pharmacol.

33(6), 702–705.

Dani, J.A., Heinemann, S., 1996. Molecular and cellular aspects of

nicotine abuse. Neuron 16, 905–908.

Dave, S., Gerade, C., Russel, M.A.H., Gray, J.A., 1995. Nicotine

intake in smokers increases following a single dose of

haloperidol. Psychopharmacology 117, 110–115.

Dawson, E.B., Evans, D.R., Harris, W.A., McGanity, W.J., 1999.

The effect of ascorbic acid supplementation on the nicotine

metabolism of smokers. Prev Med. (6 Pt 1), 451–454.

Devor, E.J., Isenberg, K.E., 1989. Nicotine and Tourettes syndrome.

Lancet 28, 1046–1053.

Doolittle, D.J., Winegar, R., Lee, J.K., Caldwell, W.S., Wallace, A.,

Hayes, J., Bethizy, J.D., 1995. The genotoxic potential of

nicotine and its major metabolites. Mutat. Res. 344, 95–102.

Everitt, B.J., Hokfeit, T., 1989. Neuroendocrine anatomy of the

hypothalamus, Neuroendocrinology, Blackwell Scientific,

Oxford, pp. 5–31.

Fishman, S.S., 1963. Studies on the excretion and distribution of

radioactive nicotine and some evidence on the urinary

metabolites. Arch. Int. Pharmacodyn. Ther. 145, 123–136.

Fluharty, S.J., Snyder, G.L., Zigmand, M.J., Stricker, E.M., 1985.

Tyrosine hydroxylase activity and catecholamine biosynthesis

in the adrenal medulla of rats during stress. J. Pharmacol. Exp.

Ther. 233, 32–38.

Fuxe, K., Anderson, K., Eneroth, P., Harfstrand, A., Aganti, L.F.,

1989. Neuroendocrine actions of nicotine and of exposure to

cigarette smoke: medical implications. Psychoneuroendocrinol-

ogy 14, 19–41.

Gerner, E.W., Schneider, M.J., 1975. Induced thermal resistance in

HeLa cells. Nature 256, 500–502.

Gillespie, M.N., Owasoya, J.O., Kojima, S., Jay, M., 1987.

Enhanced chemotaxis and superoxide anion production by

polymorphonuclear leukocytes from nicotine treated and smoke

exposed rats. Toxicology 45, 45–52.

Godin, C.S., Crooks, P.A., 1986. In vivo depletion of S-adenosyl-L-

homocysteine and S-adenosyl-L-methionine in guinea pig lung

after chronic S-(2)-nicotine administration. Toxicol. Lett. 31,

23–29.

Goodman, F.R., 1974. Effect of nicotine on distribution and release

of norepinephrine and dopamine in rat brain striatum and

hypothalamus slices. Neuropharmacology 13, 1025–1032.

Gorrod, J.W., Schepers, G. Analytical determination of nicotine and

related compounds and their metabolites. Gorrod, J.W., Jacob,

P., III. Elsevier, Amsterdam, pp. 45–67.

Gray, R., Rajan, A.S., Radcliffe, K.A., Yakehino, M., Dani, J.A.,

1996. Hippocampal synaptic transmission enhanced by low

concentrations of nicotine. Nature 383, 713–716.

Greenhoff, J., Jones, G.A., Suensson, T.H., 1986. Nicotinic effects

on the fringe patterns of mid brain dopamine neurons. Acta

Physiologica. Scand. 128, 351–358.

Grunberg, N.E., Bowen, D.J., Morse, D.E., 1984. Effects of nicotine

on body weight and food consumption in rats. Psychopharma-

cology 83, 93–98.

Guan, Z.Z., Yu, W.F., Nordberg, A., 2003. Dual effects of nicotine

on oxidative stress and neuroprotection in PC12 cells.

Neurochem. Int. 43(3), 243–249.

Gumustekin, K., Altinkaynak, K., Timur, H., Taysi, S., Oztasan, N.,

Polat, M.F., Akcay, F., Suleyman, H., Dane, S., Gul, M., 2003.

Vitamin E but not Hippophea rhamnoides L. prevented nicotine-

induced oxidative stress in rat brain. Hum. Exp. Toxicol. (8),

425–431.

Hahn, G.M., Shiu, E.C., Auger, E.A., 1991. Mammalian stress

proteins HSP70 and HSP28 coinduced by nicotine and either

ethanol or heat. Mol. Cell Biol. 11, 6034–6040.

Halliwell, H., Guttridge, J.M.C., 1988. Free radicals and antioxidant

protection: mechanisms and significance in toxicology and

disease. Hum. Toxicol. 7, 7–13.

Halliwell, B., Guttridge, J.M.C., 1984. Oxygen toxicity, oxygen

radicals, transition metal ions and disease. Biochem. J. 219,

1–14.

Hansson, E.H., Hoffmann, P.C., Schmiterlow, C.G., 1964. Metab-

olism of nicotine in mouse tissue slices. Acta. Physiol. Scand.

61, 380–392.

Hansson, E., Schmiterloew, C.G., 1962. Physiological disposition

and fate of nicotine in mice and rats. J. Pharmacol. Exp. Ther.

137, 91–102.

Heisheman, S.C., Taylor, R.C., Henningfield, J.E., 1994. Nicotine

and smoking: a review of effects on human performance. Exp.

Clin. Pharmacol. 2, 345–395.

Helen, A., Krishnakumar, K., Vijayammal, P.L., Augusti, K.T.,

2003. A comparative study of antioxidants S-allyl cysteine

sulfoxide and vitamin E on the damages induced by nicotine in

rats. Pharmacology 67(3), 113–117.

Heusch, W.L., Maneckjee, R., 1998. Signaling pathways involved

in nicotine regulation of apoptosis of human lung cancer cells.

Carcinogenesis 19, 551–556.

Hicks, C.S., Mackay, M.E., Sinclair, D.A., 1947. Comperative

pharmacology of the nornicotines. Aust. J. Exp. Biol. Med. Sci.

25, 363–372.

Hidmarch, I., Kerr, J.S., Sherwood, N., 1990. Effects of nicotine

gum on psychomotor performance in smokers and non-smokers.

Psychopharmacology 100, 535–541.

Hiremagular, B., Nankova, B., Nitahara, J., Zeman, R., Sabban,

E.L., 1993. Nicotine increases expression of thyrosine hydroxyl-

ase gene. J. Biol. Chem. 268, 23704–23711.

Hucker, H.B., Gilette, J.R., Brodie, B.B., 1960. Enzymatic pathway

for the formation of cotinine, a major metabolite of nicotine in

rabbit liver. J. Pharmacol. Exp. Ther. 129, 94–100.

Hughes, J.R., Hatsukami, D., 1986. Signs and symptoms of tobacco

withdrawal. Arch. Gen. Psychiatr. 43, 289–294.

Jarvik, M.E., 1991. Beneficial effects of nicotine. Br. J. Addict. 86,

571–575.

Kelly, G., 2003. The interaction of cigarette smoking and

antioxidants. Part III. Ascorbic acid. Altern. Med. Rev. 8(1),

43–54.

Konno, S., Oronsky, B.T., Semproni, A.R., Wu, J.M., 1991. The

effect of nicotine on cell proliferation and synthesis of secreted

proteins in BALB/C 3T3 cells. Biochem. Int. 25, 7–17.

D. Yildiz / Toxicon 43 (2004) 619–632 629



Konno, J., Chiao, W., Wu, J.M., 1986. Effects of nicotine on cellular

proliferation, cell cycle phase disturbation, and macromolecular

synthesis in human promyelocytic HL-60 leukemia cells.

Cancer Lett. 33, 91–97.

Kyerematen, G.A., Morgan, M., Warner, G., Martin, L.F., Vessel,

E.S., 1990. Metabolism of nicotine by hepatocytes. Biochem.

Pharm. 40, 1747–1756.

Lindquist, S., Graig, E.A., 1988. The heat shock proteins. Annu.

Rev. Genet. 22, 631–677.

Losher, B.A., Hanouer, S.B., Silverstain, M.D., 1990. Testing

nicotine gum for ulserative colitis patients, experience with

single patients trial. Digest. Dis. Sci. 35, 827–832.

Luck, W., Nau, H., 1985. Nicotine and cotinine concentrations

in serum and urine of infants exposed via passive smoking

or milk from smoking mothers. J. Pediatr. 107(5),

816–820.

Mai, H., May, W.S., Gao, F., Jin, Z., Deng, X., 2003. A functional

role for nicotine in Bcl2 phosphorylation and suppression of

apoptosis. J. Biol. Chem. 278(3), 1886–1891.

Maneckjee, R., Minna, J.D., 1994. Opioids induce while nicotine

suppresses apoptosis in human lung cancer cells. Cell Growth

Differ. 5, 1033–1040.

Mansvelder, H.D., McGehee, D.S., 2002. Cellular and synaptic

mechanisms of nicotine addiction. J. Neurobiol. 53(4),

606–617.

Martin, B.R., Tripathi, H.L., Aceto, M.D., May, E.L., 1983.

Reletionship of the biodisposition of the stereoisomers of

nicotine in the central nervous system to their pharmacological

actions. J. Pharmacol. Exp. Ther. 226, 157–165.

McKennis, J.H., Turnbull, L.B., Bowmann, E.R., 1957. (3-Pyridyl)-

methylamino butyric acid as a urinary metabolite of nicotine.

J. Am. Chem. Soc. 79, 6342–6343.

McKennis, H., Bowman, E.R., Turnbull, L.B., 1960. The isolation

and the structure of a ketoamide arising from the metabolism of

nicotine. J. Am. Chem. Soc. 82, 3974–3976.

McKennis, H., Bowman, E.R., Turnbull, L.B., 1961. Mammalian

degredation of nicotine to 3-pyridyl acetic acid and other

compounds. Proc. Soc. Exp. Biol. Med. 107, 145–148.

McKennis, H., Schwartz, S.L., Bowman, E.R., 1964. Alternate

routes in the metabolic degredation of the pyyrolidine ring of

nicotine. J. Biol. Chem. 239, 3990–3996.

McKennis, H., Turnbull, L.B., Brownmann, E.B., 1963. N-

methylation of nicotine and cotinine in vivo. J. Biol. Chem.

238, 719–723.

Messina, E.S., Tyndale, R.F., Sellers, E.M., 1997. A major role for

CYP2A6 in nicotine C-oxidation by human liver microsomes.

J. Pharmacol. Exp. Ther. 282(3), 1608–1614.

Millane, K.M., Read, N., Salmon, J.A., Moneada, S., 1984.

Role of leukocytes in acute myocardial infraction in

anesthesized dogs: relationship to myocardial salvage by

anti-inflammatory drugs. J. Pharmacol. Exp. Ther. 228,

510–521.

Monser, R., Matilla, M.J., 1975. Nicotine induced tremor and

antidiuresin and brain nicotine levels in the rat. Med. Biol. 53,

169–176.

Morel, D.W., Hasler, J.R., Clistom, G.M., 1963. Low density

lipoprotein cytotoxicity induced by free radicals peroxidation of

lipid. J. Lipid Res. 24, 1970–1976.

Murphy, P.J., 1973. Enzymatic oxidation of nicotine to nicotine

iminium ion. J. Biol. Chem. 248, 2796–2800.

Nakajima, M., Yamamoto, T., Nunoya, K., Yokoi, T., Nagashima,

K., Inoue, K., Funae, Y., Shimada, N., Kamataki, T.,

Kuroiwa, Y., 1996. Role of human cytochrome P4502A6 in

C-oxidation of nicotine. Drug Metab. Dispos. 24(11),

1212–1217.

Nakajima, M., Iwata, K., Yoshida, T., Yamamoto, T.,

Kuroiwa, Y., 1998. Diastereospecific kinetics of nicotine

N0-oxidation in rat liver microsomes. Xenobiotica 28(2),

127–135.

Nakajima, M., Kwon, J.T., Tanaka, N., Zenta, T., Yamamoto, Y.,

Yamamoto, H., Yamazaki, H., Yamamoto, T., Kuroiwa, Y.,

Yokoi, T., 2001. Relationship between interindividual

differences in nicotine metabolism and CYP2A6 genetic

polymorphism in humans. Clin. Pharmacol. Ther. 69(1),

72–78.

Nakajima, M., Tanaka, E., Kwon, J.T., Yokoi, T., 2002.

Characterization of nicotine and cotinine N-glucuronidations

in human liver microsomes. Drug Metab. Dispos. 30(12),

1484–1490.

Nakayama, H., 1988. Nicotine metabolism in mammals. Drug

Metabol. Drug Interact. 6, 97–123.

Nesbitt, P.D., 1973. Smoking, phsiological arousal and emotional

responses. J. Pers. Soc. Physiol. 25, 137–145.

Neurath, G.B., 1994. Aspects of the oxidative metabolism of

nicotine. Clin. Invest. 72, 190–195.

Nyugen, T.L., Dagne, E., Gruenke, L., Bharguva, H., Castagnoli,

N., 1981. The tautomeric structure of 5-hydroxy-cotinine, a

secondary mammalian metabolite of nicotine. J. Org. Chem. 46,

758–760.

Nwosu, C.G., Crooks, P.A., 1988. Species variation and stereo-

lselectivity in the metabolism of nicotine enantiomers. Xeno-

biotica 18, 1361–1372.

Olausson, P., Jentsch, J.D., Taylor, J.R., 2003. Repeated nicotine

exposure enhances reward-related learning in the rat. Neurop-

sychopharmacology 28(7), 1264–1271.

Papdopulos, N.M., 1964a. Nicotine-1-oxide. Arch. Biochem.

Biophys. 106, 182–185.

Papadopulos, N.M., 1964b. Formation of nornicotine and other

metabolites from nicotine in vitro and in vivo. Can. J. Biochem.

Physiol. 42, 435–442.

Perlman, H.H., Dannenberg, A.M., Bokolof, N., 1942. The

excretion of nicotine in breast milk and urine from cigarette

smoking its effect on location and the nursling. J. Am. Med.

Assoc. 120, 1003–1009.

Peyton, J., Benowitz, N.L., Shulgin, A.T., 1988. Recent studies of

nicotine metabolism in humans. Pharmacol. Biochem. Behav.

30, 249–253.

Pickworth, W.B., Font, R.V., 1998. Endocrine effects of nicotine

administration, tobacco and other drug withdrawal in humans.

Psychoneuroendocrinology 23, 131–141.

Pictet, A., Crepieux, P., 1895. Uber phenyl-und pyridylpyrrole und

die konstitution des nicotins. Ber. 28, 1904–1910.

Pictet, A., Rotschy, A., 1904. Synthese des nicotins. Ber. Dtsch.

Ges. 37, 1225–1235.

Pre, J., Floch, A.L., Vassay, R., Lenoble, C., 1989. Increased plasma

level of fluorescent lipid peroxidation products in cigarette

smokers. Med. Sci. Res. 17, 1029–1030.

Rakowicz, E.M., David, S., McIntosh, G., Smith, M., 1994. Growth

factor mediated mechanisms of nicotine-dependent carcinogen-

esis. Carcinogenesis 15, 1839–1846.

D. Yildiz / Toxicon 43 (2004) 619–632630



Reavill, C., 1990. Action of nicotine on dopamine pathways and

implications for Parkinson’s disease, Nicotine Psychopharma-

cology: Molecular, Cellular and Behavioral Aspects, Oxford

University Press, Oxford.

Romson, J.L., Hook, B.G., Kunkel, S.L., Abrams, G.D., Schork,

M.A., Lucchesi, B.R., 1983. Reduction of the extent of ischemic

myocardial injury by neutrophil depletion in the dog. Circula-

tion 67, 1016–1023.

Russel, M.A., Raw, M., Jarvis, M.J., 1980. Clinical use of nicotine

chewing gum. Br. Med. J. 280, 1599–1602.

Salas, R., Pieri, F., Fung, B., Dani, J.A., De Biasi, M., 2003. Altered

anxiety-related responses in mutant mice lacking the beta4

subunit of the nicotinic receptor. J. Neurosci. 23(15),

6255–6263.

Sanberg, P.R., McConville, B.J., Fogelson, H.M., Manderscheid,

P.Z., Parker, K.W., Blythe, M.M., Klykylo, W.M., Norman,

A.B., 1989. Nicotine potentiates the effects of haloperidol in

animals and in patients with Tourettes syndrome. Biomed.

Pharmcol. 43, 19–23.

Schevelbein, H., 1982. Nicotine, resorption and fate. Pharm. Ther.

18, 233–248.

Schevelbein, H., 1962. Nicotin Rauchen und organismus-Beitr.

Tabakforsch, 199–274.

Schevelbein, H., Eberhardt, R., Loeschenkohl, K., Rahlfs, J., Bedall,

J.K., 1973. Absorbtion of nicotine through the oral mucosa-I-

measurement of nicotine concentration in the blood after

application of nicotine and total particulate matter. Agents and

actions 3/4, 259–264.

Schevelbein, H., 1972. Nicotine. Encyclc. Occup. Health Safety 2,

933–934.see also pp. 945, Armitage (1974).

Seaton, M.J., Kyerematen, G.A., Vesell, E.S., 1993. Rates of

excretion of cotinine, nicotine glucuronide, and 3-hydroxyco-

tinine glucuronide in rat bile. Drug Metab. Dispos. 21(5),

927–932.

Seyler, L.E., Fertig, J.B., Pomerlau, O.F., Hunt, D., Parker, K.,

1984. The effects of smoking on ACTH and cortisol secretion.

Life Sci. 34, 57–65.

Slotkin, T.A., McCock, E.C., Seidler, F.J., 1997. Cryptic brain cell

injury caused by fetal nicotine exposure is associated with

persistent elevations of c-fos protooncogene expression. Brain

Res. 750, 180–188.

Snyder, M.J., Hsu, E., Feyereisen, R., 1993. Induction of

cytochrome P-450 activities by nicotine in the tobacco horn

worm, manduca sexta. J. Chem. Ecol. 19, 2903–2910.

Soto-Otero, R., Mendez-Alvarez, E., Hermida-Ameijeiras, A.,

Lopez-Real, A.M., Labandeira-Garcia, J.L., 2002. Effects of

(2)-nicotine and (2)-cotinine on 6-hydroxydopamine-induced

oxidative stress and neurotoxicity: relevance for Parkinson’s

disease. Biochem. Pharmacol. 64(1), 125–135.

Stalhandsko, T., 1970. The metabolism of nicotine and cotinine

by a mouse liver preparation. Acta Physiol. Scand. 78,

236–248.

Sugano, N., Minegishi, T., Kawamoto, K., Ito, K., 2001. Nicotine

inhibits the UV-induced activation of the apoptotic pathway.

Toxicol. Lett. 125(1–3), 61–65.

Tan, W., Chen, G.F., Xing, D.Y., Song, C.Y., Kadlubar, F.F., Lin,

D.X., 2001. Frequency of CYP2A6 gene deletion and its relation

to risk of lung and esophageal cancer in the Chinese population.

Int. J. Cancer 95(2), 96–101.

Sun, B., Sterling, C.R., Tank, A.W., 2003. Chronic nicotine

treatment leads to sustained stimulation of tyrosine hydroxylase

gene transcription rate in rat adrenal medulla. J. Pharmacol.

Exp. Ther. 304(2), 575–588.

Travel, J., 1940. The influence of the hydrogen ion concentration on

the abstraction of alkaloids from the stomac. J. Pharmacol. Exp.

Ther. 69, 21–23.

Tricker, A.R., 2003. Nicotine metabolism, human drug metabolism

polymorphisms, and smoking behaviour. Toxicology 183(1–3),

151–173.

Tipton, D.A., Dabbous, M.K., 1995. Effects of nicotine on

proliferation and extracellular matrix production of human

gingival fibroblasts in vitro. J. Peridontal. 66, 1056–1064.

Tripathi, H.L., Martin, B.R., Aceto, M.D., 1982. Nicotine-induced

antinociception in rats and mice correlation with nicotine brain

levels. J. Pharmacol. Exp. Ther. 221, 91–96.

Trivedi, A.H., Dave, B.J., Adhvaryu, S.G., 1990. Assesment of

genotoxicity of nicotine employing in vitro mammalian test

systems. Cancer Lett. 54, 89–94.

Trivedi, A.H., Dave, B.J., Adhvaryu, S.C., 1993. Genotoxic effects

of nicotine in combination with arecoline and CHO cells.

Cancer Lett. 74, 105–110.

Tsai, M.C., Gorrod, J.W., 1999. Evidence for the biosynthesis of A

glucuronide conjugate of (S)-(2)-nicotine, but not (S)-(2)-

cotinine or (þ /2 )-trans-30-hydroxycotinine by marmoset

hepatic microsomes. Drug Metabol. Drug Interact. 15(4),

223–237.

Turner, D.M., 1969. The metabolism of nicotine in the cat.

Biochem. J. 115, 889–896.

Vezina, P., Herve, D., Glownski, J., Tassin, J.P., 1991. The effect of

acute and repeated nicotine administration on brain dopamine

activation: comparison with morphine and amphatamine.

Effects of nicotine on biological systems, Birkhauser, Basel,

Switzerland, pp. 351–353.

Vidal, C., 1996. Nicotine receptors in the brain. Mol. Chem.

Neuropathol. 28, 3–11.

Wada, E., Wada, K., Boulter, J., Deneris, E., Heinemann, S.,

Patrick, J., Swanson, L.W., 1989. Distribution of neuronal

nicotinic receptor subunit mRNAs in the central nervous

system: a hybridization histochemical study in the rat.

J. Comp. Neurol. 284, 314–335.

Waldum, H.L., Nilsen, O.G., Nelsen, T., Rorvik, H., Syversen, U.,

Sandvik, A.K., Hagues, O.A., Torp, S.H., Brenna, E.,

1996. Long term effects of inhaled nicotine. Life Sci. 16,

1339–1346.

Warburton, D.M., Walters, A., 1989. Attentional processing,

smoking and human behaviour, Wiley, New York.

Wetscher, G.J., Bagchi, M., Bagchi, D., Perdikis, G., Hinder, P.R.,

Glaser, K., Hunder, R.A., 1995. Free radical production in

nicotine treated pancreatic tissue. Free Radic. Biol. Med. 18,

877–882.

Wilbert, J., 1987. Tobacco and shamanizm in South America.

New Haven, Yale University Press.

Woggner, S.E., Wang, X., 1994. Effects of nicotine on proliferation

of normal, malignant, and human papillomavirus-transformed

human cervical cells. Gynecol. Oncol. 55, 91–95.

Wu, Y.P., Kita, K., Suzuki, N., 2002. Involvement of heat shock

protein 90 alpha in nicotine induced apoptosis. Int. J. Cancer

100(1), 37–42.

Yamashita, H., Nakamura, S., 1996. Nicotine rescues PC12 cells

from death induced by nerve growth factor deprivation.

Neurosci. Lett. 213, 145–147.

D. Yildiz / Toxicon 43 (2004) 619–632 631



Yildiz, D., Ercal, N., Armstrong, D.W., 1988. Nicotine enantiomers

and oxidative stress. Toxicology 130, 155–165.

Yoshida, K., Kato, Y., Imura, H., 1980. Nicotine induced release of

noradrenaline from hypotalamic Synaptomas. Brain Res. 182,

361–368.

Yoshida, R., Nakajima, M., Watanabe, Y., Kwon, J.T., Yokoi, T.,

2002. Genetic polymorphisms in human CYP2A6 gene causing

impaired nicotine metabolism. Br. J. Clin. Pharmacol. 54(5),

511–517.

Yoshida, R., Nakajima, M., Nishimura, K., Tokudome, S., Kwon,

J.T., Yokoi, T., 2003. Effects of polymorphism in promoter

region of human CYP2A6 gene (CYP2A6 p9) on expression

level of messenger ribonucleic acid and enzymatic activity in

vivo and in vitro. Clin. Pharmacol. Ther. 74(1), 69–76.

D. Yildiz / Toxicon 43 (2004) 619–632632


	Nicotine, its metabolism and an overview of its biological effects
	Introduction
	Chemical properties of nicotine
	Absorption of nicotine
	Metabolism of nicotine
	Nicotine excretion
	The biological effects of nicotine
	Differential actions of nicotine enantiomers
	Nicotine and addiction
	Beneficial effects of nicotine

	Conclusion
	References


