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ORIGINAL ARTICLE
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Abstract

Keywords

Context: Nicotine is an abundant and most significant component of cigarette smoke.
Epidemiological evidence strongly suggests an association between cigarette smoking and
pancreatic injury, although effects of smoking on endocrine pancreas are still controversial.
Objective: We examined the impact and underlying mechanisms of action of folic acid and
vitamin B, on nicotine-induced damage in pancreatic islets of rats.

Materials and methods: Male Wistar rats were treated with nicotine (3 mg/kg body weight/d,
intraperitonealy) with or without folic acid (36 ug/kg body weight/d, orally) and vitamin B,
(0.63 ng/kg body weight/d, orally) for 21 d. Fasting blood glucose, oral glucose tolerance test,
HBA,, insulin, oxidative stress parameters, proinflammatory cytokines, and CRP level were
measured. Histological evaluation, TUNEL assay, and immunohistochemical staining of NF-kB
and caspase-3 were also performed.

Results: Folic acid and vitamin B;, blunted the nicotine-induced impairment in fasting
blood glucose (51-56% recovery), HbA;. (64-76% recovery), oral glucose tolerance, insulin level
(23-40% recovery), and islet cell counts (26-74% recovery) in rats. Moreover, folic acid in
combination with vitamin B;, also attenuated the nicotine-induced changes in markers of
oxidative stress (17-88% recovery), TNF-a (40-99% recovery), and IL-6 level (47-65% recovery),
CRP level (59-73% recovery), expression of NF-kB and caspase-3, and apoptosis in pancreatic
islet cells.

Discussion and conclusion: The present study shows that folic acid and vitamin B;;
supplementation can reduce nicotine-induced impairment in glucose homeostasis and
apoptosis and damage of pancreatic islet cells by modulating oxidative stress, levels of
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proinflammatory cytokines, and expression of NF-kB.

Introduction

Nicotine, a major component of tobacco and cigarette smoke,
is an addictive agent and has been characterized as a drug of
abuse by the US Surgeon General (Momi et al., 2012).
Approximately, 430000 people die of causes related to
smoking cigarettes and nearly 30% of those deaths are due
to some form of cancer (Okuyemi, 2001). The economic
burden due to abuse of this drug is substantial because of
the well-documented pathophysiological effects of nicotine
on organs in the cardiovascular, respiratory, hepatic, renal,
and nervous systems.

Diabetes mellitus and lesser forms of glucose intolerance,
particularly impaired glucose tolerance, can now be found in
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almost every population in the world and epidemiological
evidence suggests that, without effective prevention and
control programs, diabetes will likely continue to increase
globally. On the other hand, by the year 2020, tobacco will
become the single leading cause of death, causing one out of
every eight deaths (Gupta, 2001). The alkaloid nicotine is
currently available in various formulations, such as chewing
gum, topical patches, and nasal spray to stop the smoking
habit (Balfour et al., 2000; Valenca et al., 2008). So, a
combination of nicotine and diabetes poses a serious threat to
human mankind. There are several reports suggesting that
smoking may increase the risk of type 2 diabetes
(Radzeviciene & Ostrauskas, 2009; Yeh et al., 2010). The
exact mechanism behind the association between smoking
and diabetes and its complications is not clear. Although
smoking can stimulate the release of counter-regulatory
hormones and cause an elevation in plasma glucose levels,
the effects of smoking on insulin secretion and insulin
resistance are, however, controversial. There are reports
suggesting a decrease in fasting insulin level in smokers
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while other reports showed an unimpaired or somewhat over
stimulated insulin secretion in smokers (Attvall et al., 1993;
Facchini et al., 1992). These inconsistent clinical results are
not well understood. The study by Daniel and Cargo (2004)
on aboriginal people who have a high prevalence of smoking
and diabetes indicates that the toxic effect of smoking on
pancreatic cells may be somehow variable in different
conditions. In addition, there was an in vitro study with
rat and human islets showing acute or 48h exposure to
nicotine might moderately inhibit the insulin release
(Yoshikawa et al., 2005).

On the contrary, increasing evidence suggests an acute
effect of smoking on impairing insulin action and hence
induction of an insulin resistant state in both diabetic and
non-diabetic subjects (Attvall et al., 1993). Although the
effects are reported to be only acute and are reversible,
repeated increases in insulin resistance and plasma glucose
due to habitual smoking might increase smokers’ vulnerabil-
ity to develop frank diabetes (Daniel & Cargo, 2004).

Nicotine has been recognized to result in oxidative stress
by inducing the generation of reactive oxygen species (ROS)
(Mahapatra et al., 2010). These ROS in turn are capable of
initiating and promoting oxidative damage in the form of lipid
peroxidation; protein oxidation, and DNA damage (Das et al.,
2009). Lipid peroxidation is known to cause cellular injury by
inactivation of membrane enzymes and receptors, depoly-
merization of polysaccharide, as well as protein cross-linking
and fragmentation (Lugman & Rizvi, 2006). The immune
cells use ROS for carrying out their normal functions, but an
excess amount of ROS can attack cellular components that
lead to cell damage. Previous reports have shown that nicotine
administration results in the imbalance of prooxidant/antioxi-
dant status in different tissues of Wister rats (Muthukumaran
et al., 2008; Neogy et al., 2008).

Pancreatic islet cells are highly susceptible to the toxic
effects of reactive oxygen intermediates (ROIs) and NO,
activation of poly (ADP-ribose) polymerase (PARP), and
cellular NAD depletion to induce the death of several cell
types, including the loss of insulin-producing islet cells in
type I diabetes (Mukherjee et al., 2006). Furthermore, islets
appear to be more vulnerable to oxidative injury than other
tissues because they express low levels of antioxidant
enzymes, including superoxide dismutase (SOD), which
converts superoxide radicals to H,O,, and catalase (CAT)
and cellular glutathione peroxidase (Gpx-1), which detoxify
H,0, (Mysore et al., 2005). Over expression of a combination
of antioxidant enzymes in islets may provide the most
effective protection from ROS-mediated injury (Lortz &
Tiedge, 2003).

Biological compounds with antioxidant properties contrib-
ute to the protection to cells and tissues against deleterious
effects of ROS and other free radicals (Liu et al., 2013). Folic
acid is a vitamin of the B group and is converted in vivo
through a series of enzymatic transformations into N5, N10-
dimethylene-5,6,7,8-tetrahydrofolate, which is a coenzyme
(Joshi et al., 2001). It has been shown that folic acid can
protect bioconstituents from free radical damage at least by
competition, which otherwise can lead to oxidative stress
(Khan, 2002). In spite of being a water-soluble molecule, folic
acid can inhibit lipid peroxidation also. The scavenging
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and repair of thiyl radicals by folic acid make it a potential
vitamin to be called as an antioxidant (Khan, 2002). Cigarette
smoking is known to be associated with raised homocysteine
levels (Reis et al., 2000). Smokers also tend to have lower
levels of folic acid and vitamin B, (McCarty, 2000; Pagan
et al., 2001), all of which affect homocysteine levels by acting
as co-enzyme, i.e., vitamins B, or co-substrate, i.e., folic acid
for the enzymes -controlling homocysteine metabolism
(Muzawar & Patil, 2011). Several cross-sectional studies
(Hermann et al., 2004; Nervo et al., 2011; Pflipsen et al.,
2009) and case reports (Bell, 2010; Liu et al., 2006) have
documented an increased frequency of vitamin B, deficiency
among type 2 DM (T2DM) patients. There are no guidelines
to address how often patients with TIDM and T2DM should
be supplemented with vitamin B;,. The optimal supplemen-
tation dose of vitamin By, is also unknown.

So the goal of this study was to investigate the extent of
nicotine-induced oxidative stress-mediated islet cell damage
in rats and, further, to examine whether the supplementation
with folic acid and vitamin B, may be an effective and viable
strategy for reducing nicotine-induced oxidative stress and
preventing pancreatic islet cell damaging effects on exposure
to nicotine.

Materials and methods
Animal model

All animal experiments were performed according to the
ethical guidelines suggested by the Institutional Animal
Ethics Committee (IAEC). Male Wistar albino rats weighing
110-125 g were used in all the experiments. Animals were
maintained in an environmentally controlled animal house
(temperature 24 + 3 °C) and in a 12 h light/dark schedule with
free access to water supply.

Experimental design

For experiments, rats were randomly divided into four groups
consisting of five rats in each: Group A, control; Group B,
nicotine-treated; Group C, nicotine + folic acid; Group D,
nicotine + folic acid + vitamin B;, supplemented. The ani-
mals of all groups were provided with a control diet composed
of 71% carbohydrate, 18% protein, 7% fat, and 4% salt
mixture (Mukherjee et al., 2006). The dose and the admin-
istration route of nicotine were used as reported earlier
(Chattopadhyay & Chattopadhyay, 2008). Animals in Groups
B, C, and D received intraperitoneal injection of nicotine
tartrate (dissolved in 0.9% physiological saline) at a dose of
3.0 mg/kg body weight daily for 21d at 16:00h every day to
avoid diurnal variation. The dilution was done in such a way
that 1 ml of physiological saline contained the required dose
of nicotine. Simultaneously, animals in the control subgroup
received intraperitoneal injection of 1 ml physiological saline.
In addition, animals of Groups C and D, respectively, were
orally treated with folic acid (36 pg/kg body weight/d for
21d) only or folic acid and vitamin B, (0.63 pg/kg body
weight/d for 21d) simultaneously one after another
(Mukherjee et al., 2006). To overcome the impact of any
altered food intake, animals of Group A were pair-fed with
experimental groups B, C, and D.
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Determination of fasting blood glucose and OGTT

After the experimental period was over (21d), the animals
were kept in overnight fasting. In the next morning, blood
samples were collected from retro-orbital veins. After
collection of blood, the animals of both groups were orally
administered with 1 g of glucose/kg body weight. Thereafter,
blood samples were collected at every 30 min interval for 2h
and 30 min. Glucose oxidase enzyme kit (E. Merck, Mumbai,
India) was used for the estimation of blood glucose from all
samples.

Determination of HbA,

Blood samples collected were mixed with EDTA (as per
specification of the kit) and were used for estimation of
glycated hemoglobin (HBA,.) following the ion-exchange
resin-based method.

Serum and plasma preparation

After the collection of blood for fasting blood glucose,
HBA,., and OGTT, all the rats were anesthetized with
pentobarbitone sodium (60 mg/kg body weight) and sacrificed
by cervical dislocation. Blood samples were drawn from heart
in two separate test tubes: one with anticoagulant and another
without anticoagulant. Serum and plasma were separated for
the C-reactive protein (CRP) and insulin assay, respectively.

Determination of insulin

Plasma insulin was measured by enzyme-linked imunosorbent
assay (ELISA) using the kit (Cayman Chemicals, Ann Arbor,
MI). The intra assay variation was 4.9%. As the samples were
run at a time, there was no inter-assay variation. The level of
insulin in plasma was expressed in pIU/ml.

Preparation of pancreatic tissue extract

The abdomen was opened, and the pancreas was quickly
removed. For the estimation of NO, MDA, and SOD,
pancreatic tissue extract was prepared in ice-cold Tris-Hcl
buffer (pH 7.4) (Mukherjee et al., 2006). For CAT and GSH
estimations, the tissues were homogenized in ice-cold isotonic
phosphate buffer (pH 7.0 and pH 8.0, respectively).

Estimation of nitric oxide production and lipid
peroxidation

The role of nitric oxide synthase (NOS) was indirectly
assessed by estimating the amount of NO production. Nitric
oxide decomposes rapidly in aerated solutions to form stable
nitrite/nitrate products. Nitrite accumulation was estimated by
Griess reaction (Raso et al., 1999) and was used as an index of
NO production in this study. The amount of nitrite in the
sample (micromolar unit) was calculated from a sodium
nitrite standard curve.

The role of lipid peroxidase was assessed by studying the
level of formation of malondialdehyde (MDA), an indicator of
lipid peroxidation. Quantitative measurement of lipid perox-
idation was performed following the thiobarbituric acid
(TBA) test (Wills, 1987). The amount of MDA formed
was quantitated with TBA and used as an index of
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lipid peroxidation. The results were expressed as nanomoles
of MDA per milligram of protein using the molar extinction
coefficient (1.56 x 10° cm*’/mM).

Estimation of superoxide dismutase

The nitroblue tetrazolium (NBT) method based on the
inhibition of NBT reduction by SOD was used for the
determination of SOD activities (Sun et al., 1988).
The relative absorbance was then converted into unit of
SOD activity per mg protein, where one unit of SOD activity
was equivalent to the quantity of SOD that caused a 50%
reduction in the background rate of NBT reduction.

Estimation of catalase

Catalase activity was determined according to the method of
Aebi (1984) by following the decomposition of H,O, at
240 nm. The difference in absorbance per unit time was used
as a measure of CAT activity. The values were expressed as
U/mg protein.

Estimation of glutathione level

GSH level was assayed using 5,5'-dithiobis-2-nitrobenzoic
acid (DTNB). The absorbance of reduced chromogen was
followed spectrophotometrically at 412nm. GSH level was
determined from a standard curve and expressed as mM/mg
protein (Sedlak & Lindsay, 1968).

Estimation of tissue protein content

Tissue protein content was determined according to the
method developed by Lowry et al. (1961) using bovine serum
albumin as a standard.

Preparation of permanent slides for histological and
immunocytochemical studies

Permanent slides of the pancreas were prepared and stained
with eosin—hematoxylin for histopathological evaluation.
Pancreatic tissue from all groups of animals was selectively
taken from the gastro-spleenic portion and was Bouin’s fixed.
Paraffin blocks were prepared, and 4—5 pm thin sections were
cut with a rotary microtome, and routine microscopic slides
were prepared. Hematoxylin and eosin-stained slides were
microscopically (Primostar model, Carl Zeiss Meditec Group,
Dublin, CA) examined by light for size and total number of
cells present per islet by using Zeiss Axiovision LE imaging
software (Carl Zeiss Meditec Group, Dublin, CA). The mean
diameter of islet represents the mean of maximum diameter
and a diameter at right angle to it (Mukherjee et al., 2004).

Determination of cytokine and CRP level

TNF-oo and IL-6 levels in pancreatic tissue extract were
estimated by using the ELISA kit obtained from Raybiotech
(Norcross, GA). All samples were assayed in duplicate. The
intra-assay variation was 6.7% and 5.5%, respectively, for
TNF-o and IL-6. The Serum CRP level was also measured by
using Rat CRP ELISA kit obtained from Raybiotech
(Norcross, GA). The intra-assay variation was 3.4%. To
avoid inter-assay variation, all samples were run at one time.
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Immunohistochemistry

Pancreas sections of 5-pum thickness were deparaffinized,
rehydrated in descending alcohol concentrations, and boiled
in 10mM sodium citrate (pH 6.0) for 30 min. Then, slides
were maintained at sub-boiling temperature for 10 min and
then reached to room temperature. They were then washed
with distilled water for 5 min and incubated in 3% hydrogen
peroxide for 10 min. Sections were incubated with PBS and
then with blocking solution, normal goat serum in dilution 1/5
for 1h. Sections without washing were incubated with the
cleaved caspase-3 (Asp 175) antibody (Cell Signaling
Technology Inc, Danvers, MA) at a dilution of 1/200 or
NF-kB p65 antibody at a dilution of 1/1000 (Cell Signaling
Technology Inc, Danvers, MA) overnight at 48 °C. Next day
sections were washed thoroughly and incubated with the
secondary antibody, goat anti-rabbit biotin conjugated
(Sigma-Aldrich, St. Louis, MO), at a dilution of 1/300 for
30min at room temperature. Sections were then incubated
with extrAvidin peroxidase conjugate (Sigma, St. Louis, MO)
for 30 min at room temperature at a dilution of 1/300 and
stained with DAB tablets (Sigma, St. Louis, MO). After
washing, sections were dehydrated in ascending alcohol
concentrations, mounted, and examined under a light
microscope.

Tunel assay

Apoptosis was estimated by the TUNEL assay, which relies
on the incorporation of labeled dUTP at sites of DNA
fragments. Sections of 5-pum thickness were deparaffinized
and rehydrated in descending alcohol concentrations.
Apoptotic cells in pancreatic tissue were detected using
Apo-BrdU-IHC In situ DNA fragmentation assay kit obtained
from BioVision, Milpitas, CA.

Statistics

Data were expressed as mean+ SE. Kruskal-Wallis non-
parametric ANOVA test was performed to find whether or not
scores of different groups differ significantly. To test
intergroup significant difference, the Mann—Whitney U
multiple comparison test was performed. Differences were
considered significant if p <0.05.

Results

To investigate the effects of nicotine on in vivo pancreatic
islet function, the changes in fasting blood glucose, HbA ¢
level, and plasma insulin level in nicotine exposed rats were
monitored. Chronic exposure to nicotine elevated fasting
blood glucose level by 102.04% (p<0.001). In the groups,
where folic acid and folic acid with vitamin B, were given
orally along with nicotine injections, changes in fasting blood
glucose was reversed (p <0.05) and the values were signifi-
cantly different from those of the only nicotine treated
animals (Figure 1). There was a significant decrease of 37.8%
(»<0.01) in the levels of insulin in nicotine-treated group
which was insignificantly increased in the folic acid supple-
mented group by 23.36% (p>0.05). The insulin level was
almost the same in folic acid with vitamin B,-treated group
(»p<0.05) (Figure 2A). The HbA,c level (Figure 2B), an

Pharm Biol, 2015; 54(3): 433444

180 - i
160 -
140 - .
120 -
100 - o

80 -

60 -

20 -
0 i [ = tF =
Control Nicotine

Fasting blood glucose (mg/fdL) I

e =
Nicotine+folic Nicotine+folic

acid acid+vitamin
B12

Figure 1. Effect of folic acid (36 ng/kg body weight/d for 21 d) and folic
acid + vitamin By, (0.63 pg/kg body weight/d for 21d) on nicotine
(3mg/kg body weight/d for 21d)-induced changes in fasting blood
glucose level. Data are expressed as mean + SE. Significance level based
on the Kruskal-Wallis test (p<0.01)##. Control versus nicotine,
p<0.01**; nicotine versus nicotine + folic acid, p<0.05%; nicotine
versus folic acid + vitamin Bj,, p<0.05%.

objective index of chronic glycemia, was found to be
increased significantly by 44.01% (p<0.01) in nicotine-
treated group compared with the control group.
Supplementation of folic acid with or without vitamin B,
in other nicotine exposed rats reversed significantly the
nicotine-induced changes in HbA ¢ level (p <0.01).

Further, to confirm that exposure to nicotine can cause
islet damage resulting in blood glucose dysregulation, the oral
glucose tolerance test (OGTT) was used. It was found that
glucose tolerance was normal in control rats as indicated by
the return of blood glucose level to nearly pre-glucose load
level at 120 min after the glucose load (Figure 3). In nicotine-
treated rats, blood glucose attained peak at 30min after
glucose load (from 147.61mg/dl to 257.94mg/dl) but at
150 min, it returned only to 181.08mg/dl (p<0.05).
Supplementation of folic acid alone or in combination with
vitamin B, was able to restore blood glucose by 71.62%
(p<0.01) and 84.63% (p <0.01) at 150 min compared with its
peak level at 30 min in nicotine-treated animals.

To further explore the involvement of oxidative stress
damage in the mechanism underlying the toxicological effects
induced by nicotine in the islets of rat, nitric oxide production,
lipid peroxidation, glutathione content, and catalase and
superoxide dismutase activity in pancreatic tissue homogen-
ates were analyzed. Results revealed that MDA and NO
levels, hallmarks of lipid peroxidation and inflammatory
response, were markedly increased (Table 1) in the nicotine-
treated group. The levels of MDA and NO were increased by
40.71% (p<0.01) and 63.08% (p<0.01), respectively, in
pancreatic tissue extract of the nicotine-treated group as
compared with the control group. Folic acid alone or in
combination with vitamin Bj, treatment in other nicotine
groups caused a marked decrease in both MDA level
(p<0.01) and NO production (p <0.01).

Also, chronic nicotine administration caused significant
decrease (p <0.01) in the tissue GSH levels of the pancreas as
compared with the control group (Table 1). However, the
nicotine-induced decrease in tissue GSH levels of pancreas
were reversed by supplementation of folic acid only (p <0.05)
or folic acid with vitamin B, (p<0.01). In addition, after
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Figure 2. Effect of folic acid (36 pg/kg body weight/d for 21 d) and folic acid 4+ vitamin B, (0.63 pg/kg body weight/d for 21 d) on nicotine (3 mg/kg
body weight/d for 21d)-induced changes in [A] insulin level and [B] glycated hemoglobin level (HbA;c). Data are expressed as mean + SE.
Significance level based on the Kruskal-Wallis test (p <0.01##, p <0.001###). Control versus nicotine, p <0.01**; nicotine versus nicotine + folic
acid, p<0.01** (insulin), p <0.05* (HbA,¢); nicotine versus folic acid + vitamin By,, p <0.01** (insulin), p <0.05* (HbAc).
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Figure 3. Effect of folic acid (36 pg/kg body weight/d for 21 d) and folic
acid + vitamin B, (0.63 pg/kg body weight/d for 21d) on nicotine
(3mg/kg body weight/d for 21d)-induced changes in oral glucose
tolerance. Data are expressed as mean + SE.

being intoxicated with nicotine, a decline in the activity of
CAT (56.19%, p<0.01) was observed in the nicotine-treated
group when compared with the control group (Table 1). The
CAT activity was restored to normal in folic acid and folic
acid with vitamin Bj,-treated groups by 55.88% (p <0.05),
and 88.23% (p<0.01), respectively. Furthermore, the SOD
activity was compromised significantly (p <0.01) by 29.16%
in the nicotine-injected group while folic acid or folic acid
with vitamin Bj, supplementation in other nicotine-treated
groups recovered by 78.54% (p <0.01) and 83.27% (p <0.01),
respectively (Table 1).

Cytokines are low-molecular-weight proteins released
during the activation of the inflammatory cascade, which
after binding to specific receptors affected immune cell
differentiation, proliferation, and activity. Pro-inflammatory
cytokines including TNF-o and IL-6 were quantified in this
study. Compared with control, pancreatic TNF-o (Figure 4A)
was increased significantly in the nicotine-treated group,
which was significantly ameliorated by folic acid supplemen-
tation (p<0.01). Further supplementation of folic acid in
combination with vitamin By, also blunted the nicotine-
induced changes in TNF-a production by 99.16% (p <0.01).

Similarly, pancreatic tissue IL-6 (Figure 4B) was also
increased significantly (37.33%, p<0.01) in nicotine-treated
rats as compared with control. Accordingly, folic acid alone
or in combination with vitamin B, blunted the nicotine-
induced increase in IL-6 in pancreatic tissue extract (by
47.25% and 65.15%, respectively, p<0.01). C-reactive pro-
tein (CRP), a circulating marker of systemic inflammation,
was found to be significantly higher (p <0.01) in the nicotine-
exposed rat which was normalized to control level by both
folic acid alone (p<0.01) or folic acid and vitamin B,
(p<0.01) (Figure 5).

The light microscopic evaluation of the pancreas in the
nicotine group showed degeneration of islets with vacuoliza-
tion (Figure 6). Figure 7 shows the effects of folic acid or folic
acid with vitamin B, supplementation on nicotine-induced
changes in the population of islet cells of the rat pancreas.
Results revealed that compared with control, in per unit
diameter (um) of islets, the number of islet cells in the
nicotine-treated group was markedly low. Such reduction in
islet cell counts was prevented by supplementation of folic
acid alone or in combination with vitamin B 5.

Activated NF-xkB was assessed by immunocytochemistry
by using activation-specific monoclonal antibodies to NF-kB
p65 subunit, the epitope of which binds only after IxB
dissociation. In control, the numbers of positively stained
cells were low, whereas in the nicotine-treated group, NF-kB
positive cells were readily observable (Figure 8).
Supplementation with only folic acid or folic acid and
vitamin B, in combination in nicotine-treated rats recovered
nicotine-induced changes in NF-kB activation as evidenced
by a decrease in the number of immunostained cells (Figure
8). Similar patterns of results were also obtained in case of
activated caspase 3 (Figure 9). To investigate whether
nicotine induced dysfunction of pancreatic islets via an
apoptotic mechanism, terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) was performed. Results of
our study revealed that there were higher numbers of TUNEL
positive cells in nicotine-exposed rats (Figure 10), while
supplementation of folic acid alone or in combination with
vitamin B;, was able to reduce the number of TUNEL
positive cells in nicotine exposed rats.
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g 2 ﬁo NS causes of injury and apoptosis in pancreatic islets of rats
2 & © exposed to nicotine.
S e Earlier studies reported that nicotine need not act on
] 2 surface nicotinic receptors (Borowitz & Isom, 2008) and that
ﬁ Em 33333 it is lipid soluble enough to penetrate into cells. Being an
E 28 VAVAVAVAY alkaloid, it is basic and would tend to collect in the relatively
e & SRARARA acidic intracellular environment. Also, intracellular organelles
i like endoplasmic reticulum or secretory granules have a pH of
E about 4, so nicotine would concentrate further inside these
éb 'é’ == compartments. In addition, they also speculate that nicotine
2 8 ‘T>> §§§g§ inhibits the release of insulin from isolated islets. Earlier,

St . .
© R \é \é \é \A \é results support the hypothesis that smoking, and more
2 2 specifically nicotine, leads to a persistent increase in blood
8 glucose levels and as well as in HbA ¢ level (Clair et al.,
= + 2011). The present study provides evidence that nicotine
_% k=R induces pancreatic tissue oxidative stress in rats as compared
= § Cg 2| 8B5S with control animals, thus exacerbating islet cell damage,
— 2 | o= — O O . . .
3 S s E HHH A hyperglycemia, and impaired oral glucose tolerance test. In
2 By EQ| @ § =3 this study, a significant increase in fasting blood glucose and a
= £ QGO = ; R . R
2 £F3| S0 ¥ decrease in plasma insulin levels in rats treated with nicotine

o . .
i é § (3 mg/kg body weight/d for 21d i.p.) were observed. So, the
3 results of higher blood glucose level and lower insulin level in
o nicotine-treated rats are consistent with the findings based on
io 2.5 gy the human study (Borowitz & Isom, 2008; Clair et al., 2011).
2 “E £ i FaaS S The oral glucose tolerance test is a widely used procedure in
S5 9 & ) %l gl c:\' ;I £ the diagnosis of diabetes and intermediate stages of hyper-
a = o I A R B ; . L
A R RN glycemia (U.rlt.a et .al., 2006). Results 1nd1caFe that aft.er oral
é z = - - glucose administration, there was a marked difference in peak
g blood glucose level and blood glucose level at 2.30h in
7 E = control and nicotine-treated rats.
S — <] ., . . e . . . .

= ° £ i RS R In addition, significantly higher HbA;c in nicotine-

15} . .o g .
; Z =Y T35 = exposed rats as compared with control rats was observed.
E ‘; g Cj [REHAE E This hyperglycemic effect might be related to the decreased
g3 2 S| R&SETH 5 islet cell count in nicotine exposed rats as evidenced by
S8 g the results of histological evaluation of hematoxylin—
— S . . . .
o= g eosin-stained slides (Figure 6) of the pancreas. Islet cell
ﬁ = Fls8esS ; count (Figure 7) was also found to be lower in nicotine-treated
25 s i 0 a— o — £ rats compared with control rats which might be accountable
) 5 HHHHH 5 T :
) 54l ggogg = for lower insulin level and higher blood glucose and HBA
ig © Elsgg—g| .2 2 level in rats treated with nicotine. On the basis of these
§ 2 - =R results, it can be suggested that nicotine may be conscientious
Fas 53@ for the disturbance in blood glucose homeostasis; although
%3.‘3 = 851 the detailed mechanisms of this disturbance still require future
€3 £2 :'E § investigation.
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= 2 % DQEE £ g g oo On one hand, earlier, increased free radical production and
= o 8 = . .. . . . . -
: = éoé 2 £l s s cooperative lipid peroxidation levels in various tissues of rats
g % s % & en o 2 oo incubated with nicotine have been reported (Yildiz et al.,
s - = £5 §§ §§ % 1999). On the other hand, oxidative stress is considered to
k3% =2 . . . . . .
B0 EEZZE| Eo play a role in the pathogenesis of different diseases, including
= S BEEES| 228 . . .
“{ £ 5| 2 E 227 | 8 § s cancer, diabetes, and cardiovascular diseases (Gul et al.,
-39 gl g = SR2| g EE 2000). Thus, it may be hypothesized that nicotine-induced
—%é = g g 835% 255 oxidative stress ma lay an important role in the
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Figure 4. Effect of folic acid (36 pg/kg body weight/d for 21 d) and folic acid + vitamin B, (0.63 pg/kg body weight/d for 21 d) on nicotine (3 mg/kg
body weight/d for 21 d)-induced changes in [A] pancreatic tissue TNF-o [B] pancreatic tissue IL-6 level. Data are expressed as mean + SE. Significance
level based on the Kruskal-Wallis test (p <0.001)###. Control versus nicotine, p <0.01*%; nicotine versus nicotine + folic acid, p <0.01**; nicotine

versus folic acid + vitamin By, p<0.01%*.
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Figure 5. Effect of folic acid (36 pg/kg body weight/d for 21 d) and folic
acid + vitamin B, (0.63 pg/kg body weight/d for 21d) on nicotine
(3 mg/kg body weight/d for 21 d)-induced changes in serum CRP level.
Data are expressed as mean=+ SE. Significance level based on the
Kruskal-Wallis test (p <0.001)###. Control versus nicotine, p <0.01**;
nicotine versus nicotine + folic acid, p <0.01**; nicotine versus folic
acid + vitamin By,, p<0.01%%*,

development of hyperglycemia and impaired glucose toler-
ance in smokers. To test this hypothesis, different oxidative
stress parameters in pancreatic tissue of nicotine-exposed rats
were measured. In the present study, marked elevation of lipid
peroxidation and nitric oxide (NO) production in pancreatic
tissue extract of nicotine-exposed rats indicates the enhanced
generation of ROS (Table 1). Secondary lipid peroxidation
products such as MDA may exert similar toxic effects, which
can prolong and potentiate the primary free radical-initiated
damage (Kalpana & Menon, 2004).

Since results of the present study demonstrated that
oxidative stress takes part in the pathogenesis of nicotine-
induced impairments in pancreatic islet cell functions, free
radical ablation with the antioxidant agents seems to be
beneficial for preventing the oxidant-induced tissue damage.
Folic acid has been well defined as an effective free-radical
scavenger and reported to inhibit lipid peroxidation (Blundell
et al., 1996). Moreover, the anti-inflammatory effect of folic

acid is manifested by a decrease in the levels of interleukin
and C-reactive proteins. Folic acid deficiency lowers the
concentrations of methyl tetrahydrofolate, the main methyl
donor for methylation of homocysteine to methionine.
Failures in remethylation also elevate the concentration of
homocysteine (McDowell, 1989), which is reported to be high
in smokers. Further, it has been reported that vitamin B, and
folic acid are required for methylation of homocysteine to
methionine and vitamin B, acts as methionine synthase
enzyme to add the methyl group in the methylation process. In
addition, antioxidant activity was reported to be more
efficient when antioxidants were used in combination
(Sahin et al., 2003).

In the study, supplementation of folic acid with vitamin
B, to nicotine-treated rats was found to be successful in
reversing the nicotine-induced impairment in blood glucose
homeostasis. These results were associated with increased
islet beta cell mass and preserved islet architecture in
nicotine-treated rats supplemented with folic acid alone or
in combination with vitamin B;,. Furthermore, in the present
study, folic acid as a powerful antioxidant in combination with
vitamin By, inhibited NO production and MDA levels and
potentiated SOD and CAT activities in pancreatic tissue
extract of nicotine-exposed rats implicating that tissue
integrity is maintained by inhibiting the breakdown of
membrane phospholipids by lipid peroxidation (Table 1).
These results are also well in line with earlier reports that
oxidative stress plays a crucial role in inducing pancreatic
islet B-cell injuries and the pathogenesis of diabetes mellitus,
probably as a result of excessive levels of mitochondrial ROS
production and the presence of fewer antioxidants enzymes in
pancreatic B-cells (Drews et al., 2010; Rains & Jain, 2011).

Earlier reports have indicated that nicotine-induced tox-
icity is coupled with GSH depletion, which is one of the
essential compounds for maintaining cellular integrity (EI-
Sokkary et al., 2007). In the present study, on one hand,
nicotine exposure significantly depleted GSH stores in
pancreatic tissue, indicating that GSH was used as an
antioxidant for the detoxification of toxic oxygen metabolites,
enhancing the susceptibility of the pancreatic islets to
oxidative injury. On the other hand, folic acid and vitamin
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Figure 6. Representative photomicrograph of hematoxylin and eosin-stained section (x400) showing morphology and population of cells in pancreatic
islet of [A] control, [B] nicotine (3 mg/kg body weight/d for 21d), [C] folic acid (36 pg/kg body weight/d for 21 d), and [D] folic acid + vitamin B,
(0.63 ng/kg body weight/d for 21d) supplemented rat. In [A], no pathological changes were seen. Normal architecture of pancreatic islet and
surrounding acini was vivid. Islet size and cell population were normal. [B] Nicotine treated: typical characteristic of islet cell injury was present
(marked by black arrow). Islet was shrunken; cell numbers were reduced. [C and D] Marked recovery of these cell injury changes by folic acid alone or

in combination with vitamin B,.
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Figure 7. Effect of folic acid (36 pg/kg body weight/d for 21 d) and folic
acid + vitamin B, (0.63 pg/kg body weight/d for 21d) on nicotine
(3 mg/kg body weight/d for 21 d)-induced changes in islet cell count (no.
per unit diameter). Significance level based on the Kruskal-Wallis test
(p<0.001)###. Control versus nicotine, p<0.01**; nicotine versus
nicotine + folic acid, p <0.01**; nicotine versus folic acid + vitamin B,,
p<0.01%*,

By, reduced nicotine-induced oxidative injury with a con-
comitant maintenance of GSH stores in the pancreas,
implicating its antioxidant action in improving the tissue
functions. Overall, the findings on oxidant and antioxidant
parameters suggest that nicotine-induced cytotoxicity on
pancreatic islets is due to the generation of oxidative stress,

which was ameliorated by the supplementation of folic acid in
combination with vitamin B,.

In recent years, there has been a large number of studies,
some of which are conflicting, in which, serum CRP
concentrations have been measured in parallel to smoking
status because of the possible link between smoking and the
induction of inflammatory pathways (Yanbaeva et al., 2007).
Earlier reports revealed that the CRP level was found to be
significantly higher in male and female smokers compared
with non-smokers, which could be considered reflecting an
inflammatory episode (Lowe & Pepys, 2006). Also, baseline
levels of C-reactive protein and interleukin-6 were signifi-
cantly higher among those who subsequently developed
diabetes compared with those who did not (Pradhan &
Manson, 2001). In the present study, increased CRP level in
nicotine-exposed rats signifies inflammatory state and islet
cell destruction, which was counteracted by supplementation
of folic acid and vitamin B{,. The findings are well in line
with the earlier finding based on the human study (Dietricha
et al., 2007).

Several candidate inflammatory cytokines and factors such
as IL-1B (interleukin 1), INF-y (interferon y), TNF-o (tumor
necrosis factor), oxygen-free radicals, and NO (nitric oxide)
are implicated in promoting B-cell death with some syner-
gistic effect (Mandrup-Poulsen, 2003). On the contrary,
nicotine has been shown to increase the production of
inflammatory mediators and being associated with
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Figure 8. NF-kB immunohistochemistry. Representative photomicrograph of pancreas section (x400) showing NF-kB expression in pancreatic islet of
[A] control, [B] nicotine (3 mg/kg body weight/d for 21 d), [C] folic acid (36 pg/kg body weight/d for 21 d), and [D] folic acid + vitamin B, (0.63 pg/kg
body weight/d for 21 d) supplemented rat. Black arrow represents NF-kB positive cells.

Figure 9. Caspase immunohistochemistry. Representative photomicrograph of pancreas section (x400) showing activated caspase expression in
pancreatic islet of [A] control, [B] nicotine (3 mg/kg body weight/d for 21d), [C] folic acid (36 pg/kg body weight/d for 21d), and [D] folic
acid + vitamin By, (0.63 pg/kg body weight/d for 21 d)-supplemented rat. Black arrow represents caspase positive cells.
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Figure 10. TUNEL assay. Representative photomicrograph of pancreas section (x400) showing tunel-positive cells in pancreatic islet of [A] control,
[B] nicotine (3 mg/kg body weight/d for 21d), [C] folic acid (36 pg/kg body weight/d for 21d), and [D] folic acid + vitamin By, (0.63 pg/kg body
weight/d for 21 d)-supplemented rat. Black arrow represents tunnel positive cells.

pathogenesis of diseases by promoting proinflammatory
mediators (Cooper & Magwere, 2008). In addition, it has
been evidenced that smokers have a compromised antioxidant
status and elevated concentrations of the TNF-o and IL-6 as a
consequence of smoking, although nicotine has often
implicated to be anti-inflammatory (Tappia et al., 1995).
Therefore, in the present study, the effect of nicotine on
cytokine production and the activation of NF-kB in pancreatic
islets of rats were examined. It was found that nicotine can
trigger the production of TNF-o and IL-6. Results revealed
that nicotine-induced free radical generation and oxidative
damage in pancreatic islets were associated with increased
proinflammatory cytokine productions; which were amelio-
rated by combined supplementation of folic acid and vitamin
B, through decreased free radical generation. So, it is
revealed that anti-inflammatory therapeutic approaches by
folic acid and vitamin B, perhaps directly or indirectly
protect cells from the adverse effect of nicotine-induced
oxidative damage in pancreatic islet cells.

IL-6 and IL-8 are important in the recruitment and the
activation of inflammatory cells. The induction of these
proinflammatory mediators is regulated by the activation of
redox-sensitive transcription factor NF-kB (Rahman et al.,
2003). NF-xB is a transcription factor which can be activated
by oxidants and other stresses. Once activated, NF-kB
translocates to the nucleus and binds to DNA and upregulates
the expression of several genes such as iNOS and TNF-o.
These target proteins initiate and propagate the immune/
inflammatory response resulting in the invasion of immune
cells into the pancreas that produces and amplifies the free

radical production and destroys the beta cells ultimately (Ho
et al., 2000). This may be the plausible explanation for
nicotine-induced NF-xB activation and islet cell damage in
our study. Combined supplementation of folic acid and
vitamin B, in nicotine-treated rats possibly inhibits the NF-
kB activation by influencing the redox cycle state of the cell
and reduces the severity of nicotine-induced pancreatic islet
damage and impaired glucose homeostasis.

The apoptotic cysteine protease, caspase-3, is normally
expressed as a 32-kDa precursor, but following apoptosome
formation by cytochrome c, the protein is cleaved, first into
p20 and pl2 fragments and then the p20 subunit is further
proteolyzed to form the mature 17-kDa fragment (Han et al.,
1997). The active form of caspase-3 is classified as an
‘‘executioner’’ caspase and is responsible for the majority of
cellular apoptotic events (Zimmermann et al., 2001). Hence,
active caspase-3 was selected as a representative protein for
the localization of apoptotic signaling within the pancreas on
exposure to nicotine. Immunopositive staining of the active
executioner caspase in nicotine-treated animals suggest
apoptosis induction in islet cells. Results suggest that folic
acid in combination with vitamin B;, has an ameliorating
influence to help prevent the nicotine-induced apoptosis in
pancreatic islet cell.

Conclusion

In conclusion, supplementation with folic acid and vitamin
B, was found to reduce hyperglycemia and pancreatic islet
cell damage by modulating oxidative stress, cytokine
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production, and apoptosis in nicotine-treated rats. One
mechanism may be through its scavenging ability to protect
the pancreatic islets from free radicals-damage induced by
nicotine in vivo.

The findings suggest that folic acid and vitamin B, can be
used as a nutritional supplement, especially by people who
smoke, in order to prevent nicotine-induced toxicity in
pancreatic islets.
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