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Epidemiological evidence strongly suggests an assoclation be-
tween cigarette smoking and pancreatic diseases. It is well rec-
ognized that nicotine, a major component in cigarette smoke, is
an addictive agent and, therefore, reinforces smoking behavior.
The current review update focuses on the genetics of nicotine
dependence and its role on the development of pancreatic dis-
eases. The role of smoking and nicotine in pancreatitis and
Pancreatic cancer development is also discussed. Exposure of
laboratory animals to nicotine clearly supports the notion that
nicotine can induce pancreatic injury. The mechanism by which
nicotine induces such effects is perhaps mediated via signal
transduction pathways in the pancreatic acinar cell, leading to
enhanced levels of intracellular calcium release, resulting in
Cytotoxicity and eventual cell death. The induction of pancreatic
injury by nicotine may also involve activation and expression of
Protooncogene, H-ras, which can increase cytosolic calcium via
Second messenger pathways. Development of pancreatic car-
cinoma In cigarette smokers as observed in human populations
may be the result of activation and mutation of the H-ras gene.
A possible pathogenetic mechanism of nicotine in the pancreas
activating multiple signal transduction pathways is schemati-
cally summarized in Figure 1.
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ological effects of nicotine on the pancreas (1). Because

the deleterious effects of nicotine as they relate to the
use of tobacco are continuously being documented, the pur-
pose of this communication is to provide updated informa-
tion on nicotine and its effects on the pancreas. In addition,
we have added information on the genetics of nicotine de-
pendence and have summarized the possible mechanisms
by which nicotine may act in the etiology of pancreatic
disorders.

Nicotine, a major component of tobacco and cigarette
smoke, is an addictive agent and has been characterized as
a drug of abuse by the U.S. Surgeon General (2-4). Ap-
proximately 430,000 persons die of causes related to smok-
ing cigarettes and approximately 30% of those deaths are
due to some form of cancer (5, 6). In France, pancreatic
carcinoma is a major health concern, as it kills more than
6000 people each year (7). Cigarette smoking is the major
risk factor in the cause of this disease. These phenomena are
a worldwide tragedy because according to research studies,
a significant number of patients cease to smoke when ad-
vised to do so by a physician (8, 9). The economic burden
due to abuse of this drug is substantial because of the well-
documented pathophysiological effects of nicotine on or-
gans in the cardiovascular, respiratory, hepatic, renal, and
nervous systems (4).

The association of nicotine exposure through cigarette
smoking with the increased incidence of pancreatitis and
pancreatic cancer has been reported (10-24). A survey on
the association between cigarette smoking and pancreatic
cancer showed that cigarette smokers had a significantly
higher risk (70%) of developing pancreatic cancer in com-
parison with non-smokers (14-22). When compared with
non-smokers, subjects who smoke filtered cigarettes had a

In 1998, we published a mini-review on the pathophysi-
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50% elevated risk. The proportion of pancreatic cancer at-
tributable to cigarette smoking was 29% in blacks and 26%
in whites (16). Most of the data linking cigarette smoke/
nicotine to pancreatic diseases were gathered in humans.
Studies conducted with animals have shown that nicotine or
its metabolites could induce pathological and functional
changes in the pancreas (25-31). The current review will
present an update and discuss our current understandings of
the pathophysiology of the exocrine pancreas induced by
nicotine. A possible mechanism of action of nicotine on the
induction of pancreatic pathology will be discussed. Before
we describe the action of nicotine on pancreas, it appears
justifiable to review nicotine dependency and the genetics
behind this dependency.

The Genetics of Nicotine Dependence

The use of tobacco products, both cigarettes as well as
smokeless tobacco, continues to be a major health problem
in the United States. An individual’s risk of becoming de-
pendent on nicotine may rely on a complex mix of pharma-
cological, psychological, and socioeconomic factors. How-
ever, recent evidence indicates that genetics may be an im-
portant factor in the risk of becoming addicted to nicotine.
Studies of tobacco product use among twins (32-34), fami-
lies, and adopted siblings indicate that tobacco use is influ-
enced by heredity (35-37). The influence of an individual’s
genetic makeup on their risk of nicotine addiction has only
recently been explored.

Genes that are involved in nicotine metabolism, and
therefore nicotine tolerance, may influence an individual’s
risk of becoming nicotine dependent. Individuals who are
more efficient metabolizers of nicotine may be less likely to
have adverse reactions, such as light-headedness and nau-
sea, upon initial exposure and are therefore more likely to
continue using tobacco products. Candidate genes involved
in tobacco addiction include CYP2A6 and CYP2D6, which
are involved in the metabolism of nicotine to cotinine. Pi-
anezza et al. (38) found an under-representation of individu-
als with low-activity alleles for CYP2A6 among a tobacco-
dependent group, indicating that individuals with low
CYP2A6 activity were less likely to become dependent on
nicotine. They also found that smokers with low activity
CYP2A6 alleles smoked significantly fewer cigarettes per
week, indicating that lower CYP2AG6 activity may be related
to lower tolerance to nicotine. More recent studies by Oscarson
et al. (39-41) and Zabetian et al. (42) have cast some doubt
concerning these results. Using different genotype methods,
these groups have found much lower allele frequencies for low
activity CYP2A6 among various populations, which may
limit the power of studies using genotypes for CYP2A6.

In addition to a direct effect through activation of to-
bacco-specific nitrosamines such as 4-(N-methyl-N-
nitrosamino)1-(3-pyridyl)-1-butanone (NNK), CYP2D6
may play a role in lifetime tobacco exposure because it also
metabolizes nicotine to cotinine and thereby could increase
tolerance to nicotine. Although Ayesh et al. (43) reported an

association between efficient metabolizers of debrisoquin
(catalyzed by CYP2D6) and lung cancer risk, subsequent
studies have been inconsistent in identifying an association
between CYP2D6, smoking, and lung cancer risk (44). This
could be due to the complexity of CYP2D6 metabolism of
tobacco products. A recent CYP2D6 genotyping study
seems to support earlier reports by identifying an associa-
tion between efficient metabolizers, lung cancer, and mod-
erate smoking exposure (45).

Polymorphic alleles in the D2 dopamine receptor gene
affect the availability of dopamine and have been implicated
in individual vulnerability to nicotine dependence among
tobacco smokers. Nicotine and other drugs such as alcohol
and cocaine induce euphoria in users that is thought to be
the result of activation of the mesolimbic dopaminergic re-
ward system of the brain (46, 47). Nicotine activates nico-
tinic receptors that in turn enhance dopamine release in
areas of the brain that are thought to be involved in reward
(48-50). The involvement of the dopaminergic system in
the reinforcement activity of nicotine may be related to the
highly addictive properties of the drug. The human dopa-
mine receptor is polymorphic, with two minor alleles
termed the TagqlA allele (A, and A,) and the TagIB allele
(B, and B,). The functional significance of these polymor-
phic alleles has been determined using labeled D2 dopamine
receptor ligands in vitro (51) and in vivo (52). These ex-
periments show reduced numbers of D2 dopamine receptors
in the brains of individuals who were homozygous or het-
erozygous for the A allele (A;A, or A|A,) compared with
those who were homozygous for the more common allele
(A,A,) at this locus. Because the dopamine receptor D2
(DRD2) is an integral part of the dopaminergic reward sys-
tem, subjects with reduced numbers of dopamine receptors
may compensate for this deficiency by using nicotine to
increase brain dopamine levels.

Spitz et al. (53), in a case control study of lung cancer
patients, found that the BB, genotype was more common
in chronic smokers compared with non-smokers, whether
they were cases or controls. Smokers with the least common
A, or B, alleles tended to be younger when they started
smoking and attempted to quit smoking fewer times com-
pared with smokers with the more common DRD?2 alleles.
Noble et al. (37) determined that allele frequencies for the
A, allele were higher in current and former smokers (45.6%
and 40.0%, respectively) compared with non-smokers
(28.0%). In a similar study, Comings et al. (54) found that
smokers who were unsuccessful in quitting had an allele
frequency of 48.7% for the DRD2 A, allele compared with
18.2% for non-smokers. In addition, light smokers had a
37.5% allele frequency for A, versus-52.2% for heavy
smokers. Taken together, these data suggest that the poly-
morphic alleles of the DRD2 may be predictive markers for
individuals who are at risk of becoming addicted to nicotine.

A functional polymorphism in the promoter region of
the serotonin transporter gene (5-hydroxytryptamine trans-
porter or 5-HTT) consists.of a 44-bp deletion/insertion that
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corresponds to short (s) and long (1) versions of the pro-
moter. The short promoter variant reduces the transcrip-
tional activity of the gene and results in decreased 5-HTT
expression (55). Evidence for the function of this polymor-
phism includes transfection of lymphoblastoid cells with
reporter vectors containing the long and short forms of the
5-HTT promoter polymorphism. It was found that the basal
and induced activity of the 1 form was twice that of the s
form. In addition, the expression of the native 5-HTT gene
in lymphoblastoid cell lines from subjects with different
5-HTT genotypes was found to vary. Cells from ! form
homozygotes produced 1.4 to 1.7 times as much 5-HTT
mMRNA compared with homozygotes with the s form of the
gene. In addition, [*H]5-HT uptake in cells that were ho-
- mozygous for the 1 form of 5-HTT was 1.9-2.2 times that of
cells with either the heterozygous or the homozygous s form
of the gene. Taken together, these data demonstrate that the
s form of the 5-HTT promoter polymorphism is responsible
for lower production of 5-HTT and would be expected to
produce lower levels of serotonin reuptake in individuals
with this form of the gene.

Deficiency in serotonin reuptake may increase the risk
of impulsive/aggressive behavior as well as the risk of de-
pression. Neuroticism is a set of personality traits that in-

clude anxiety, depression, impulsiveness, and vulnerability -

factors that have been implicated in the risk of becoming a
Smoker as well as becoming dependent on nicotine. These
traits have also been associated with difficulty in quitting
smoking. There is evidence that the 5-HTT promoter poly-
morphism is related to smoking behavior and to nicotine
dependence. Hu e al. (56) determined the S-HTT promoter
Polymorphism genotype for 759 current, former, and life-
long smokers and found a relationship between smoking
behavior, neuroticism, and 5-HTT genotype. Lerman et al.
(57) also found that smokers who were heterozygous or
homozygous for the s allele for 5-HTT were more likely to
be dependent on nicotine compared with those who were
homozygous for the 1 allele.

The action of dopamine is terminated by the catabolic
action of the enzymes catecholamine-O-methyltransferase
(COMT) and monoamine oxidase (MAO). Both of these
€nzymes are polymorphic, and allelic variants of these en-
Zymes that confer different activity on their respective en-
Zymes may contribute to individual differences in suscep-
tibility to substance abuse, including nicotine. A common

single nucleotide polymorphism in the COMT gene results in *

an amino acid change of valine to methionine at residue 108 or
158 in soluble and membrane-bound COMT, respectively.
1€ variants exhibit a 3- to 4-fold variation in COMT activity,
W}th the methionine containing variant having low activity.
Higher activity of COMT and/ or MAO could be responsible
for lower dopamine levels, and individuals with lower do-
Pamine levels may compensate by using nicotine products.
Future studies designed to explore interindividual dif-
ferences in nicotine and dopamine metabolism will be use-
ful in identifying individuals who are at increased risk of

becoming dependent on nicotine. The results of these stud-
ies will also facilitate the development of smoking cessation
strategies that are targeted to individual differences in nico-
tine and dopamine metabolism. Before we discuss the effect
of nicotine on the pancreas, a brief description of the
anatomy of the pancreas is given below.

Anatomy of the Pancreas

" The human pancreas weights about 80 g and has two
major sections. The endocrine section makes up approxi-
mately 2% of the gland, whereas the exocrine section is
about 85% of its total mass (58). Nerves, blood vessels, and
other tissues make up the remaining portion of the pancreas.
There are four major regions of the pancreas: head, tail,
body, and neck; these are named according to their anatomi-
cal position in the gland. The fine structures of the pancreas
are designated as: (a) acinar units, these cells contain zy-
mogen granules that store pancreatic enzymes; (b) ductle
units, these cells store water and bicarbonate; (¢) basal
lamina, is that portion of the pancreas that interfaces be-
tween connective tissue and epithelial cells and is composed
of laminin, collagen and fibronectin; and, (d) islet cells. The
endocrine pancreas has at least four types of cells: A cells
secrete glucagon, B cells secrete insulin, D cells secrete
somatostatin, and PP cells secrete pancreatic polypeptide
(59). Each of these hormones is involved in the regulation of
metabolism. The exocrine pancreas is affected mostly by
smoking and probably by alcohol abuse.

Pancreatitis And Pancreatic Cancer: Associa-
tion with Smoking. An estimated 3 million deaths occur
worldwide due to tobacco use (60, 61), and it was shown
that the number of deaths from pancreatic cancer was 2.5
times higher in women than in men (60). Besides the de-
mographic factors, cigarette smoking has been suggested as
the single most important factor for the development of
these diseases (62-65). Several studies showed that patients
with chronic pancreatitis had an increased risk of develop-
ing pancreatic cancer (66-68). An evaluation of 37,450 pa-
tients with unspecified, acute, recurrent, and chronic pan-
creatitis showed an increased risk of pancreatic cancer de-
velopment in all sub-cohorts (69). Very few animal models
of pancreatitis and pancreatic cancer are available to study
the etiology of these diseases; however, studies reported in
the hamster model showed recurrent pancreatitis resulting in
large number and size of pancreatic tumors (70). More re-
cently, mouse models of exocrine pancreatic cancer have
been described (71). These models attempted to address the
interaction between a genetic change and the tissue, organ,
and whole-animal homeostatic mechanisms that tend to re-
strict unregulated tissue growth, Evidence from these mod-
els suggests that ductal neoplasia may be an important com-
ponent of exocrine pancreatic cancer progression (71).

Metabolism of Nicotine and Its Effects on the
Structural and Functional Changes of the Exocrine
Pancreas. Cotinine and nornicotine are natural metabo-
lites of nicotine. Many of the pharmacological effects of
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tobacco smoking are due to nicotine (72). Nitrosoamine
derivatives of nicotine and other metabolites have been re-
ported to be carcinogenic (73, 74). About 80%-90% of the
dose of nicotine consumed can be accounted in human uri-
nary metabolites. It has been reported that nicotine is bio-
transformed to highly reactive chemicals that covalently
modify proteins and DNA (75-77). In rodents, hepatic nico-
tine metabolism is found to involve cytochrome p450s that
catalyze the first step of this pathway (78, 79, 81). Major
defective CYP2A6 alleles were recently found in cigarette
smokers (80, 40-42).

It has been demonstrated that pancreatitis could be in-
duced in mice fed on a caerulein- and choline-deficient
ethionine (CDE) supplemented diet (82-87). The major his-
topathological changes noted in these animals included cy-
toplasmic vacuolation, cellular interstitial edema, and cel-
lular necrosis with pyknotic nuclei and karyorrhexis. The
appearance of cytoplasmic vacuoles in the exocrine pan-
creas was considered an early pathological marker of pan-
creatic injury (87). The vacuoles were found to contain
digestive and lysosomal enzymes (88-90), and upon acti-
vation, they promote degenerative changes in the pancreas
(90, 91). Exposure of animals to nicotine has been shown to
induce morphological changes in the pancreas similar to
those induced by caerulein and CDE diets (25, 26, 29-31).
However, it is not clear whether the changes induced by
nicotine also involve activation of proenzymes to active
enzymes leading to further tissue destruction.

The precise pathological effects of nicotine and its me-
tabolites on the exocrine pancreas are still obscure. Tobacco
smoking, diabetes mellitus, cholelithiasis, and pancreatitis
increase the risk of pancreatic cancer (92). Hedberg and
colleagues (93) found that a disturbed regulation of pancre-
atic enzyme secretion, or a regulatory dysfunction of the
pancreatic gland, could contribute to the development of
pancreatic carcinoma in patients after partial gastrectomy.
Their studies suggest that the hormone CCK, which was
shown to induce experimental neoplasia, is not involved in
this phenomenon. In 30 patients with chronic pancreatitis, it
has been reported that postprandial levels of CCK were
increased above those found in normal patients (94). There
was no difference in basal levels of CCK and in basal and
postprandial levels of somatostatin between normal and dis-
eased patients.

We have shown that rats given nicotine in their water
ate approximately 10% less food than controls given only
water (95). In a separated group of rats given 10% less food
than other rats that were allowed to eat food ad libitum, rats
on less food in each study showed loss of body weight and
impaired pancreatic enzyme secretion (96). In a study with
humans, Winter and colleagues (97) showed that severe
undernourishment resulted in primary gastric and pancreatic
secretory dysfunction. In these studies, pancreatic injury
was not assessed; however, the studies do suggest that nico-
tine, by reducing food intake, may play a role in panereatic
injury in humans.

Effects of Nicotine on Gastrointestinal Func-
tion. Gastrointestinal secretions in man are affected by
cigarette smoking (99). Evidence suggests that nicotine has
a direct effect on pancreatic secretions (26-30, 99-102). It
has been shown that when rabbits were exposed to nicotine,
there was a significant decrease in secretion of duodenal
bicarbonate (102). A decreased responsiveness to secreta-
gogues in the pancreas was also found in rats exposed to
nicotine (25, 26, 30, 31). Exposure of isolated pancreatic
acini to nicotine in vitro enhanced secretion of hydrolases
and newly synthesized proteins (29). These studies suggest
that nicotine and its metabolites have a definitive effect on
exocrine pancreatic secretions.

In a study with 207 patients, Heilkius and colleagues
(103) concluded that levels of pancreatic enzymes are el-
evated in a significant proportion of patients with inflam-
matory bowel disease and with more extensive and active
disease. In addition, sclerosing cholangitis also seemed to
be associated with increases in pancreatic enzymes. In these
patients, urinary amylase levels were higher in smokers than
in non-smokers and ex-smokers. Brown (98), in a study
with 14 patients, has shown that the smoking of only one
cigarette can result in decreased volume and bicarbonate
output by the pancreas. He concludes that this effect of
nicotine may play a role in the formation of duodenal ulcers
in humans.

The studies reported in humans and in our animal stud-
ies are consistent in the fact that in both instances, the total
content of pancreatic enzymes are elevated in the pancreas
with either smoking or nicotine. However, responsiveness
of pancreatic enzyme secretion by CCK from isolated acinar
cells from animals exposed to nicotine was significantly
decreased. The reduced secretion and increase in enzyme
content in the pancreas may be a trigger for induced patho-
genesis. The dose-response and time course effect of
nicotine-induced pathology (e.g., edematous, vacuolar, and
pyknotic changes, as well as alterations in mitochondria
and other organelles) need to be further examined and
characterized.

Chronic cigarette smoking has been directly linked to
pulmonary emphysema with correlated reduction in endog-
enous antiproteases (104). It has been shown that changes in
the basal serum levels of the gastrointestinal hormones CCK
(105-108), or serum enzymes such as amylase and lipase
(109-112), were associated with pancreatic injury (110-
113). It is of interest to note that when subjected to a single
injection of secretin, there were a significantly higher serum
concentrations of pancreatic digestive enzymes in smokers
than in non-smoking controls (114), suggesting some form
of pancreatic injury occurred in smokers.

Possible Mechanism of Action of Nicotine on
the Exocrine Pancreas. Gastrointestinal hormones such
as CCK, carbachol, and secretin are ligands for pancreatic
receptors and act through specific receptor pathways, me-
diating complex signal transduction events, resulting in exo-
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cytosis of pancreatic enzymes from zymogen granules of
the acinar cells (107-109, 115).

A pancreatic acinar cell model as described earlier by
many investigators (109, 115-120) demonstrates the
mechanism- of underlying pathologic changes induced by
nicotine (Fig. 1). Acinar cells are programmed to respond to
a given stimulus with a coordinated release of secretory
granule content. This response indicates the existence of
intracellular messengers that in turn transduce the external
signal for an increased rate of vesicle membrane fusion and
secretory action. The intracellular messengers play a regu-
latory role in exocytotic secretion and are the key factors in
signal transduction pathways (109, 115, 117, 121). Two
major classes of receptors were identified in acinar cells
based on their response to different agonists: those coupled
to mobilization of cellular calcium (CCK, bombesin, and cat-
bachol) and those coupled to activation of adenylate cyclase
(secretin and vasoactive intestinal peptide) (115, 121, 122).

A schematic diagram describing the multiple signal
transduction pathways in an acinar cell is shown in Figure 1.
Preliminary data obtained in our own laboratory suggest
that these pathways are directly or indirectly involved in the
inhibition of nicotine-induced exocrine pancreatic secretion
and retention of enzymes (25-27, 31, 122). As shown in

Figure 1 (pathway 1), the binding of CCK and cholinergic-

agents to their respective receptors results in the release of
inositol phosphate and 1, 2-diacylglycerol. In turn, inositol
Phosphate induces calcium mobilization and activates cal-
modulin-dependent protein kinases. 1, 2-Diacyl glycerol ac-
tivates and translocates protein kinase C from the cytosolic
to membranous site. Both protein kinase C activation and
calcium mobilization are important intermediary steps for
Pathways of exocrine pancreatic secretion (115, 121).

Data from our investigations suggested that, at least in
rats, nicotine induced an inhibition of amylase release, as
demonstrated by their responsiveness to CCK and carbachol
(31). This observation was associated with an increase in the
total cellular amylase content. Furthermore, CCK receptor
binding capacity measured in isolated membranes showed
no difference between control and nicotine-treated acini
(31). These results suggest that postreceptor mechanisms
are involved in this altered stimulus-secretion coupling. (A
second possible pathway as shown in Figure 1, pathway 2.)

Nicotine is an agonist of the nicotine cholinergic recep-
tor (nAchR) in the central nervous system {CNS) (123). It is
widely accepted that it exerts pharmacological effects as a
result of interactions with these receptors (123-126). Sig-
nificant evidence exist in the literature that suggests that
nAChRs is the primary site of nicotine action in the CNS
(123-126). Several laboratories have demonstrated that pro-
longed exposure of mice and rats to nicotine and other nico-
tinic agonists produces a significant increase in the number
of agonist binding sites in many brain regions, including
cortex, striatum, thalamus, hippocampus, and hypothalamus
(125-128). There is also evidence from human post mortem
studies indicating that cigarette smokers have increased
[*H]nicotine binding sites in the brain when compared with
non-smokers (129).

It has also been shown that nicotinic receptor activation
would result in calcium entry through the open nAChR
channels (130, 131), increased calcium influx through volt-
age-dependent calcium channels (132-134), and increased .
release of intracellular calcium (135, 136). In bovine adre-
nal chromaffin cells, it has also been demonstrated that there
were two distinct calcium pools that summate within the
cell leading to a greater calcium signal (135-137). Com-

Pancreatic Acinar Cell Model:
Ca?* Regulated Signal Transduction Pathways
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petitive radioligand binding studies conducted with *H-
nicotine in isolated rat pancreatic acinar cells in our labo-
ratory showed no or little binding of nicotine to surface
receptors (122). A significant amount of *H-nicotine re-
mained bound inside the cytoplasmic compartment of the
acinar cell (122). Further studies show that CCK and car-
bachol, which mobilize intracellular calcium, facilitated the
increased accumulation of nicotine in isolated pancreatic
acinar cells (123), suggesting the involvement of intra- and
extracellular calcium as major mediators of nicotine entry
into the acinar cells and inducing altered exocrine pancre-
atic secretion.

Various investigators have also demonstrated that nico-
tine stimulation of adrenal chromaffin cells led to an in-
crease in the concentration of inositol trisphosphate (InsP3)
(138), InsP4, and InsP5 (139), as well as enhanced translo-
cation of protein kinase C (140) from the cytosol to the
membranes. These effects are calcium dependent and can be
mimicked by stimulation of the cells with a depolarizing
concentration of potassium. Indeed, increases in intracellu-
lar calcium, promoting cytotoxicity due to nicotine, IP;, and
other agonists in various cellular systems including pancre-
atic acinar cells, have been reported (141, 142).

It appears important to examine the relationship be-
tween nicotine, intra- and extracellular calcium pools, and
intracellular signaling paths. Data from our laboratory sug-
gest that the entry of nicotine into the acinar cell is perhaps
regulated by Ca®* receptor pathways (122). Intracellular
signals such as inositol phosphates, protein kinases, diacyl
glycerol, and activation of G proteins can lead to calcium
release and mobilization. Therefore, future studies may be
directed to ascertain whether nicotine affects these path-
ways (see pathways 1, 2, and 3 in Fig. 1). (A third possible
pathway of altered exocrine pancreatic pathology may be
due to overexpression of oncogenes by nicotine as shown in
pathway 3, Fig. 1.)

Regulatory genes can be used to study the various sig-
nals for tissue specificity and differential expression of the
gene products (143-145). The pattern of pancreatic gene
expression is extensively modified during pancreatitis (146,
147). The proto-oncogenes are overexpressed in embryonic
tissues (148-150), in the pancreas during carcinogenesis,
after induction of growth by mitogens, and during regen-
eration following pancreatectomy (151). Studies in rats ex-
posed to nicotine via inhalation for 21 days showed the
enhancement of expression of a mutant ras p21 protein
and activation of the H-ras gene in the acinar cells of the
pancreas (152). '

Mutations in the ras gene alter the normal function of
the ras gene product, p21 protein, which functions as a
signal switch molecule. Altered p21 protein also affects the
GTPase-activating protein, which mediates the signal trans-
ducing effect of p21 (153-155), thereby inactivating the
signaling switch. Thus, the H-ras gene-mediated signal
transduction pathway might be one of the mechanistic,sites
by which nicotine induces pancreatic injury. Activation of

the ras gene product triggers the release of inositol phos-
phates through receptor-mediated G-protein coupling (153,
154), and also stimulates phospholipase C (PLC) generating
“second messengers” such as DAG and IP;. Consequently,
IP; stimulates the release of intracellular calcium from en-
doplasmic reticulum (ER), elevating intracellular Ca*? and
predisposes cellular injury (156, 157). Thus, the effects of
calcium mobilization via H-ras and IP; in response to nico-
tine may play an important role in enhancing cell damage in
the acinar cells (138, 156, 158).

The proteins encoded by the ras gene are essential for
the transduction of diverse extracellular signals to intracel-
lular targets (159-162). The ras proteins bind guanine
nucleotides with high affinity, and cycle between an active
GTP-bound state and an inactive guanosine diphosphate
(GDP)-bound state (163, 164). The ras proteins regulate a
key point in signal transduction pathways between the mi-
togenic growth factors and ultimately the nuclear transcrip-
tion factors that regulate cell division (165-168).

Thus, the activation of these multiple signal transduc-
tion pathways due to nicotine exposure results in high levels
of intracellular calcium release and may be responsible for
cell cytotoxicity and cell injury. Future studies to explore
the relationship of nicotine on gene expression and muta-
tion and with cancer development in the pancreas are also
warranted.
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