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Prenatal and postnatal exposure to nicotine have been shown
to affect developing tissues in growing animals. Rat pups were
exposed to nicotine prenatally and/or postnatally for 10 days by
feeding pregnant and lactating rat dams water containing 0, 54,
or 108 J.IM of nicotine. Nicotine exposure did not affect either
litter sizes or body weights at birth and at 10 days of age. Ex-
posure to 108 pM of nicotine prenatally increased significantly
the Incidence of focal necrosis at birth, and the liver damage
was still evident at 10 days of age even after the pups were
allowed to suckle dams not exposed to any nicotine during the
study period. Continuation of nicotine exposure postnatally In-
creased the Incidence and severity of focal and confluent ne-
crosis. Postnatal exposure to 108 J.lM of nicotine to pups not
previously exposed also increased the Incidence of mild focal
and confluent necrosis, although not significantly. Exposure to
nicotine prenatally did not affect liver malondlaldehyde (MOA)
levels at birth. However, liver MOA was significantly lower In rat
pups exposed to nicotine prenatally whIm they were 10 days
of age Irrespective of whether there were further exposure
to nicotine postnatally. Reasons for the late onset of the low
MDA levels need further investigation. Postnatal nicotine expo-
sure to either 54 or 108 J.lM of nicotine to pups not previously
exposed falls to affect liver MDA at 10 days of age. The signifi-
cant decrease in hepatic superoxide dlsmutase (SOD) levels
reflects those of hepatic injury, Indicating the possibility of a
nicotine-induced downregulatlon of SOD enzyme production.
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Prenatal and postnatal exposure to cigarette smoke and
nicotine have been shown to affect pregnancy out-
come (1, 2) and to have detrimental effects on the

development of fetuses and neonates (3, 4). Nicotine expo-
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sure is also associated with a variety of organ damage (5-7).
The effects of nicotine include modulation of enzyme ac-
tivities in the lung, kidney, and liver (5, 8).

There is increasing evidence that cellular damage that
occurs with nicotine exposure is associated with an imbal-
ance in the cellular oxidant-antioxidant system (9-11).
Nicotine administration induces ischemia in gastric mucosal
damage by the production of superoxide free radicals (12)
and the pathogenesis of atherosclerosis in rats by increased
lipid peroxidation (9). Lipid peroxidation is also a cause of
oxidative stress when pancreatic tissue or esophageal mu-
cosa is incubated with nicotine (10, 11). Defenses against
these oxygen free radicals are several antioxidant enzymes,
including superoxide dismutase (SOD), SOD, an oxygen
free radical scavenging enzyme, has been shown to be a
cellular protective enzyme in bowel ischemia and gastric
lesion formation (13, 14), and in studies using pancreatic
tissues or esophageal mucosa incubated with nicotine
(10, 11). .

Previous studies have indicated that nicotine is poten-
tially hepatotoxic, as shown by the histomorphological
changes in the liver in nulliparous female rats and in preg-
nant rats (15). However, no data are available on the hep-
atotoxic effects of nicotine on the fetus or newborn when
nicotine is administered to the mothers during pregnancy or
lactation. We expect nicotine to have an effect on the off-
spring, as it has been shown that prenatal and postnatal
exposure to cigarette smoke in rats increases the levels of
microsomal aryl hydroxycarbon hydroxylase in the perina-
tal livers (8). Therefore, we postulate that prenatal and post-
natal exposure to nicotine increases the incidence of hepa-
totoxicity in the fetus and neonates; that nicotine exposure
reduces liver SOD level, thus decreasing the ability of the
liver to handle oxidative stress; and that nicotine exposure
increases oxidative stress as manifested by an increase in
lipid peroxidation, that is, increase in malondialdehyde
(MDA) level. Our objectives, therefore, are to evaluate,
from changes in liver histomorphology, the hepatotoxicity
in rat pups exposed to nicotine via placental transfer and/or
via transfer from milk, and to identify the role of SOD and
MDA in the production of liver damage,



Materials and Methods
Experimental Design. Twenty-seven 3-month-old,

nongravid, female Sprague-Dawley rats (Laboratory Ani-
mal Unit, The University of Hong Kong) were housed in-
dividually in polycarbonate cages in a room on a 12:12-hr
dark:light cycle and the temperature was controlled at 22° ±
1°C. They had free access to standard rat chow (PMI Feeds,
Inc., St. Louis, MO) and to water containing one of three
doses of dissolved nicotine hydrogen tartrate (Sigma, St.
Louis, MO) 10 days prior to their timed conception and
through to 10 days postpartum. The concentrations of nico-
tine salt in tap water were 0, 54, and 108 IJ.M for groups C,
LN, and HN, respectively. Nine rats were randomly as-
signed to each group. Addition of nicotine salts to drinking
water will reduce significantly consumption of these fluids
by 14% for those drinking the 54 IJ.M solution and 28% for
those drinking thelO8 IJ.M solution, resulting in their re-
spective nicotine intake of 2.6 ± 0.1 mglkg/day and 4.3 ±
0.3 mglkg/day (16). Body weights were recorded three
times weekly. On the day of birth, litter sizes and birth
weights of pups were recorded. Nine pups from each litter
were kept for another 10 days for further study and the
remaining pups were studied for their liver damage at birth.

To study the effects of prenatal exposure to nicotine
only, both prenatal and postnatal exposure to nicotine, or
postnatal exposure to nicotine of pups not previously ex-
posed to nicotine prenatally, the nine surviving pups from
each litter were randomly regrouped into three groups such
that three pups from each litter were reassigned to lactating
dams of the three different groups. In this way, each lactat-
ing dam had three pups from her own litter and three pups
from each of the other two litters to nurse. Identification of
pups was achieved by marking their tails. Body weights of
the lactating dams and pups were recorded three times
weekly. At 10 days of age, the pups were studied for liver
damage. The protocol was approved by the Committee on
the Use of Live Animals for Teaching and Research of the
University of Hong Kong.

Study of Liver Damage. On the day of study, rat
pups were anesthetized with pentobarbital sodium i.p. (30
rug/kg body wt). The liver was removed rapidly, and a
portion was dissected and frozen in liquid nitrogen and was
then stored in a freezer at -70°C until analysis of SOD and
MDA. An aliquot from another portion of the liver from
only one pup from each litter was preserved in 10% buff-
ered formaldehyde for histologic examination of liver dam-
age. Only pups in group C and group HN were evaluated
histologically for liver damage.

Histological evaluation. After tissue fixation, the
liver samples were embedded in paraffin wax and four mi-
crosections were prepared and stained with hematoxylin and
eosin solution. The samples were coded to avoid bias and
were evaluated and graded. Two parameters, focal necrosis
and confluent necrosis, were selected as indicators of liver
injury (15), Focal necrosis was considered to be present in

the liver sample when individual or small groups of cells
were shown to undergo necrosis. The cytoplasm of cells
undergoing necrosis became intensely eosinophilic and the
nucleus underwent pyknotic changes or fragmentations, re-
sulting in the formation of acidophil bodies. These foci were
usually accompanied by an infiltration of intense inflamma-
tion. Confluent necrosis was present when either large
groups of cells or a confluent area of cells underwent ne-
crosis. To quantify the extensiveness of the morphological
changes, liver sections were graded for each of the criteria
using an arbitrary scale of 0, I, 2, and 3, for no injury, mild,
moderate, and severe, respectively (15).

Measurement of SOD actiVity. Hepatic SOD was
determined by spectrophotometry (17). The liver sample
was homogenized in a ratio of one part of tissue to nine
parts of 0.05 M potassium phosphate buffer, and was cen-
trifuged at 27,000g for 20 min to remove particulate matter.
The SOD activity was determined using the nitroblue tet-
razolium (NBT) reaction. The reaction was stopped by the
addition of CuClz solution. Inhibition of NBT reduction was
determined spectrophotometrically at 560 nm. Activity of
SOD was expressed as per unit weight of protein deter-
mined by the Lowry method (18).

Measurement of MDA levels. Hepatic MDA level
was determined by the method of Ohkawa et al. (19).
Briefly, an aliquot of the liver samples from each pup was
homogenized in 1.15 M KCI solution for 30 sec. To 0.1 ml
of the homogenized liver, 200 IJ.I of 8.1% thiobarbituric acid
and 0.7 ml of distilled water were added. The resultant
mixture was boiled at 9'5°C for I hr. After cooling, the
mixture was centrifuged at 2450g for 10 min. The absor-
bance of the red supernatant was measured at 532 nm using
a reagent blank, and the MDA concentrations were calcu-
lated from a standard curve with known tetramethoxypro-
pane concentrations. Concentration of MDA was expressed
as per unit weight of protein determined by the Lowry
method (18).

Data Analysis. Except for histological evaluation,
data from pups within each litter at birth were pooled and
averaged, and the mean was considered as n = 1. For
analysis of data at 10 days of age, data from the three pups
per litter from each prenatal exposure group were pooled
and averaged, and the mean was considered as n = 1.
Therefore, in all statistical analysis, n equals the number of
litters from each prenatal exposure group. One-way analysis
of variance (ANDYA) was used to detect differences among
groups. When significant differences were detected, a pair-
wise comparison analysis using Student-Newman-Keuls
test was done. Data were presented as mean ± SEM. To test
for the effects of nicotine on changes in liver histomorphol-
ogy, data on mild, moderate, and severe histological dam-
ages were grouped together for analysis of statistical differ-
ences with those from group C (0 IJ.M) using the Fisher
exact test. All analyses were performed with SigmaStat sta-
tistical software (SigmaStat, Version 1.0, Jandel Scientific,
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San Rafael, CA). All differences were considered signifi-
cant when P < 0.05.

Results
There were no differences in the mean maternal body

weights among groups throughout the whole study period.
Body weights for the three groups of female rats ranged
from 264 ± 3 g to 275 ± 5 g at the start of the study, 429 ±
13 g to 435 ± 10 g immediately after birth, and 335 ± 15 g
to 341 ± II g at 10 days postpartum. There were also no
differences among groups in their weight gain during the 20
days of pregnancy (ranging from 156 ± 16 g to 160 ± 12 g).
Similarly, no differences in mean pup weights were detected
among groups at birth and at 10 days of age. Body weights
for the three groups of pups ranged from 7.0 ± 0.1 g to 7.2
± 0.1 g at birth and 24.8 ± 0.9 g to 26.8 ± 1.4 g at 10 days
of age. There were also no differences in the mean litter
sizes among groups (14.6 ± 0.6 to 15.0 ± 0.6 pupsllitter).

Histological changes in the liver of pups showed that
prenatal exposure to 108 J..l.M of nicotine (group HN) in-
creased significantly the incidence of focal necrosis, but not
confluent necrosis, at birth (Table I). Focal necrosis in-
curred ill utero was still evident at 10 days of age even after
the pups were allowed to suckle dams not exposed to any
nicotine (group HN, 0 J..l.M) during the study period (Table
II). However, continuation of exposure of pups in group HN
to nicotine by letting them suckle dams drinking 108 J..l.M
nicotine (group HN, 108 J..l.M) increased significantly the
severity and incidence of focal necrosis (Table II and Fig.
lA). Incidence and severity of confluent necrosis increased
also, but not significantly (Table II and Fig. IB). Postnatal
exposure to 108 J..l.M of nicotine to pups not previously
exposed to nicotine (group C, 108 J..l.M) also increased the
incidence of mild focal and confluent necrosis, although the
increase was not significant.

Prenatal exposure to nicotine (groups LN and HN) de-
creased liver SOD levels at birth, although only those in
group LN were significant (P < 0.05), and those in group
HN were not (P = 0.07; Table I). After 10 days of nonex-
posure to nicotine, there were no differences in liver SOD

levels among groups, irrespective of whether there were
previous exposure to nicotine ill utero (Table III). Postnatal
exposure of 54 J..l.M did not affect liver SOD levels for all
three groups. However, postnatal exposure to the higher
nicotine levels of 108 J..l.M caused a significant decrease (P
< 0.05) in liver SOD levels in group HN when compared
with that of group C (0 J..l.M). Hepatic SOD levels were
reduced, but not significantly (P = 0.06), in group C (l08
J..l.M) and group LN (l08 J..l.M) when compared with that of
group C (0 J..l.M).

There were no differences in hepatic MDA levels
among groups at birth (Table I). However at 10 days of age,
pups in groups LN (0 J..l.M) and HN (0 J..l.M), which were not
exposed to any nicotine after birth, had lower hepatic MDA
levels than those of group C (0 J..l.M) at 10 days of age, but
only those of group HN (0 J..l.M) were significantly different
(Table III). Continuation of nicotine exposure of either 54 or
108 J..l.M did not change the MDA levels in group HN, but
did further decrease the MDA levels of pups in group LN so
that the levels were significantly lower than those in group
C (0 J..l.M).

Discussion

Our study shows that litter sizes, litter weights at birth,
and weight gain after birth were not affected by maternal
exposure to nicotine during the pregnancy and lactation pe-
riod. These results contrasted with those of Shacka and
coworkers in rats .(I) and those in infants born to smokers
(2). Both of these studies have shown poor pregnancy out-
come and decreased weight gain after birth. One possible
explanation for our differences with the human study is that
the nutritional status of our rat dams was not affected, as
there were no differences among groups in their pre-
pregnancy weights, weight gain during pregnancy, and
weight changes during lactation. In humans, smokers have
significantly lower pre-pregnancy weight (2, 20) and lower
body mass index (2) compared with nonsmokers. Pre-
pregnancy weight, body mass index, and pregnancy weight
gain all independently affect birth weight (2, 20). Even after

Table I. Histological Changes, Hepatic Superoxide Oismutase (SOD), and Malondialdehyde (MOA) Levels of
Rat Pups at Birth

Groups
Prenatal nicotine

exposure

Histological changes"

FN CN

o 11 21 0 11 21

SOD
(U/mg protein)

MDA
(nmol/mg protein)

GpC O~M 8b 1101 9 1001 18.5±1.3 11.1 ±0.9
Gp LN 54 ~M 15.1 ± o.s- 10.9 ± 0.8
Gp HN 108 ~M 4 15 Ol:t: 9 10 01 15.9 ± 0.6 11.1 ± 0.8

Note. Gp C, Gp LN, and Gp HN denote dams drinking the respective nicotine solution, 0, 54. and 1081JM. Data for SOD and MDA are means
± SEM; n = 9 litters/exposure group (see data analysis for description).
a Histological changes: FN, focal necrosis; eN, confluent necrosis. Severity of liver damage: 0, nil; 1, mild; 2, moderate (see Materials and
Methods for description).
b Number of pups exhibiting pathology of the liver. Pups with liver damage were grouped together for analysis of differences with those of
Group C (see "Data analysis" for description).
C Significantly different from Group C; P < 0.05.
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Table II. Histological Changes in Livers of Rat Pups Exposed to Nicotine Prenatally and/or Postnatally

Groups

Gp C
Gp HN

Postnatal exposure for 10 days

Prenatal nicotine OIJM 108 IJM
exposure FNB CN FN CN

0 11 21 0 11 21 0 /1 21 0 11 21

OIJM gb 10 01 g 10 01 5 13 01 6 /2 01
108IJM 3 16 Olc 8 11 01 0 16 31c 6 12 11

Note. Gp C, Gp LN, and Gp HN denote dams drinking the respective nicotine solution, 0, 54, and 108 IJM.
B FN, focal necrosis; CN, confluent necrosis. Severity of liver damage: 0, nil; 1, mild; 2, moderate (see "Materials and Methods" for description).
b Number of pups exhibiting pathology of the liver. Pups with liver damage were grouped together for analysis of differences with those of
Group C (see "Data analysis" for description).
C Significantly different from Group C (0 IJM); P < 0.05.

Figure 1. (A) Grade I focal necrosis in 10-day-old rat pups after
exposure to nicotine throughout the gestation period and suckling
dams drinking 108 IJM nicotine solution. Hematoxylin and eosin
stain. (8) Grade II confluent necrosis in 10-day-old rat pups after
exposure to nicotine throughout the gestation period and suckling
dams drinking 108 IJM nicotine solution. Hematoxylin and eosin
stain.

adjusting for maternal nutritional status, the negative influ-
ence of smoking on birth weight still exists (2).

We cannot explain the differences between our findings
with those of chronic smokers and rats in Shacka's studies
(I), as the differences cannot be attributed to lower plasma
levels of nicotine attained by our rat dams and a lower

exposure of fetuses to nicotine. Although plasma nicotine
levels were not measured in the present study, previous
studies in our laboratory have shown that plasma nicotine
levels of adult female rats were 27.1 ± 1.3 ng/ml for those
drinking the 54 J..l.M nicotine solution, and 36.1 ± 3.7 ng/ml
for those drinking the 108 J..l.M nicotine solution (D. Wong
and CoHo Cho). Plasma nicotine levels achieved by our rats
drinking the higher nicotine solution are comparable to the
level of 38 ng/ml as reported by Shacka and coworkers (I),
and are equivalent to levels found in chronic smokers who
smoke two packs of cigarettes a day (I).

Although birth weights and litter sizes are not affected
by prenatal exposure to nicotine, our study shows that ma-
ternal exposure to 108 J..l.M of nicotine causes a significant
increase in the incidence of mild focal necrosis in the pups
at birth. This indicates injury of some liver cells at birth.
Incidence of focal necrosis persists after postnatal with-
drawal from nicotine exposure for 10 days. Postnatal nico-
tine exposure for 10 days to pups not exposed prenatally
causes a slight increase, although not significantly, in the
incidence of mild liver damage, as observed by the occur-
rence of mild focal necrosis and mild confluent necrosis. It
is of interest that the extent of damage in our pups caused by
either prenatal or postnatal exposure to nicotine was less
severe than those in nonpregnant and pregnant rats who
drank a solution containing 108 J..l.M of nicotine for 10 days
(15). The less severe liver damage can be explained by a
lower plasma concentration of nicotine in the rat pups com-
pared with the adults. Although it is well established that
fetuses acquire nicotine via placental transfer, the amount of
fetal exposure to nicotine is expected to be less than that of
their mothers. Fetal acquisition and accumulation of nico-
tine have been studied by analysis of hair samples from
newborn infants of mothers who smoke during the prenatal
period (21). These investigators have found a lower nicotine
level (0.15-11.80 ng/mg) in hair samples from the neonates
when compared with that of their mothers (0.37-63.50 ng!
mg), indicating a lower exposure or accumulation of nico-
tine by the fetus. Similarly, although nicotine is secreted
into breast milk, we expect the exposure of the rat pups to
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Table III. Hepatic SOD and MDA Levels of Rat Pups at 10 Days of Age

SOD (Ulmg protein) MDA (nmol/mg protein)

Groups
Prenatal nicotine

Postnatal nicotine exposure for 10 daysexposure
OIJM 54IJM 108 ~M o IJM 54IJM 108IJM

I

GpC
c

OIJM 24.6 ± 1.4 25.6 ± 1.4 19.7± 1.8 9.2 ± 0.6 9.4 ± 0.7 9.7 ±0.9
Gp LN 54IJM 23.2 ± 1.0 25.4 ± 1.3 19.8 ± 1.8 7.8 ± 0.7 7.3 ±0.7b 7.4 ± 0.6b

Gp HN 108IJM 22.5 ± 1.1 20.3 ± 1.38 19.2 ± 2.18 7.0 ± 0.7b 7.4 ±O.6 b 7.5 ±O.5b

Note. Gp C, Gp LN, and Gp HN denote dams drinking the respective nicotine solution, 0, 54, and 108 J.lM. Data are means ± SEM; n =9
litters/exposure group (see "Data analysis" for description).
a Significantly different from Gp C (0 J.lM) for SOD; P < 0.05.
b Significantly different from Gp C (0 J.lM) for MDA; P < 0.05.

nicotine to be much less than that of their mothers, as the
oral bioavailability of nicotine has been reported to be less
than 20% (22). As expected, our study shows that the high-
est incidence of liver damage, as shown by the marked
increase in the incidence and severity of focal necrosis,
occurred in pups exposed to nicotine both prenatally and
postnatally. Studies in adult female rats have shown that
even though moderate degrees of focal necrosis and conflu-
ent necrosis were present after 10 days of exposure to 108
J-LM nicotine, no significant changes in their serum glu-
tamic-pyruvic transaminase (SGPT) can be detected (15).
Therefore, it is reasonable to assume that the'~ functions of
the liver in our rat pups are not compromised greatly, even
though a certain degree of hepatic injury has occurred.

Contrary to our expectation, hepatic injury in our rat
pups was not associated with a parallel increase in hepatic
MDA levels, an indicator of lipid peroxidation. Increase in
lipid peroxidation has been reported in nicotine-administered
rats (9) and in pancreatic tissue (10), esophageal mucosa
(11), and Chinese hamster ovary cells (23) when incubated
with nicotine. In our study, prenatal exposure to either the
lower or higher dose of nicotine did not affect the hepatic
MDA levels of pups, although a significant increase in in-
cidence of mild focal necrosis occurred in pups exposed to
the higher level of nicotine. This result is similar to those of
Gogo and coworkers (16), who reported no change in he-
patic MDA levels in fetuses of dams drinking either 54 or
108 IJ.-M of nicotine for 10 days. These investigators also
reported no change in hepatic MDA levels in their mothers
(16), although those drinking the higher concentration of
nicotine showed occurrence of moderate focal necrosis and
mild confluent necrosis (15).

That hepatic MDA levels do not reflect mild focal and
confluent necrosis is also seen in the lO-day-old pups. At 10
days of age, pups that were exposed to either the low dose
or the high dose of nicotine both prenatally and postnatally
had significantly lower hepatic MDA levels than those in
group C, although pups exposed to the high dose of nicotine
had a significant increase in the incidence and severity of
focal necrosis and ,an increase, although not significantly, in
the incidence and severity of confluent necrosis. The de-
crease in hepatic MDA level in the presence of mild focal
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necrosis is also seen in the study of nonpregnant rats (15,
16). In nonpregnant rats, a biphasic response, which is dose
dependent, has been found in hepatic MDA levels (16). Rats
exposed to 54 fJ-M nicotine had a decrease in hepatic MDA
levels and an increase in mild focal necrosis, although not
significantly. However, those exposed to 108 IJ.-M nicotine
had an increase in hepatic MDA levels (16) and, concur-
rently, a moderate degree of liver damage was noted (15).
Interestingly, although there were no differences in hepatic
MDA levels among groups at birth, pups that were exposed
prenatally to either the low or high dose of nicotine have
lower MDA levels when they were 10 days old when com-
pared with those in group C even though there was no
further exposure of the pups to the alkaloid after birth. We
cannot explain the reason why hepatic necrosis did not
cause an increase in MDA level in our rat pups. We suspect
that since our liver homogenates contain both necrotic and
non-necrotic hepatocytes, the increase in mild focal necrosis
at birth may not be severe enough to cause a measurable
increase in MDA levels. We also suspect that at 10 days of
age, the lower hepatic MDA levels in pups exposed to nico-
tine in utero may be a consequence of a relatively more
chronic damage rather than acute damage to the liver. In-
deed, it has been shown that cigarette smoking can acutely
increase MDA level but decline thereafter even though ciga-
rette smoking continues (24), indicating that MDA in-
creases only in acute damage but decreases in chronic
injury.

Unlike MDA levels, decrease in SOD activities in our
pups reflects those of histological changes. This suggests
that an imbalance in oxidant-antioxidant mechanism is in-
volved in the liver damage observed. Various chemicals,
including nicotine, have been shown to cause cellular dam-
age by affecting the cellular antioxidant defense systems (9,
25, 26). Pathogenesis of atherosclerosis in nicotine-
administered rats is associated with a decrease in SOD ac-
tivity (9). Addition of SOD enzyme to nicotine-treated tis-
sues in vitro has been shown to dampen the effects of lipid
peroxidation (10, 11,23). Our data showed that SOD levels
in all our rat pups were depressed during nicotine exposure.
Interestingly, when rat pups that were exposed to nicotine in
utero discontinued their nicotine exposure after birth, their



SOD levels at 10 days of age were similar to those of
control pups not exposed to any nicotine throughout the
study. This finding supports our speculation that the oxida-
tive stress-induced hepatic damage caused by nicotine is a
result of depressed SOD levels.

In conclusion, nicotine-induced hepatic focal necrosis
in utero is still evident at 10 days of age, even after with-
drawal from the nicotine exposure at birth. Incidence and
severity of focal necrosis increases with further postnatal
exposure. Postnatal exposure to nicotine for 10 days induces
only mild focal and confluent necrosis, but not significantly.
Oxidative stress is implicated in the nicotine-induced he-
patic necrosis. This study shows that the cause of the oxi-
dative stress is the result of a decrease in SOD activity. The
role of lipid peroxidation in nicotine-induced liver damage
is not as clear.

I. Shacka .Il, Fennell OB, Robinson SE. Prenatal nicotine sex-de-
pendently alters agonist-induced locomotion and stereotypy. Neuro-
toxicol Teratol 19:467-476. 1997.

2. Zaren B. Cnattingius S. Lindmark G. Fetal growth impairment from
smoking: Is it influenced by maternal anthropometry? Acta Obstet
Gynecol Scand 165(Suppl):30-34. 1997.

3. Cnattingius S. Nordstrom ML. Maternal smoking and feto-infant mor-
tality: Biological pathways and public health significance. Acta Pae-
diatr 85:1400-1402. 1996.

4. Rowell PP, Clark MJ. The effect of chronic oral nicotine administra-
tion on fetal weight and placental amino acid accumulation in mice.
Toxicol Appl Pharmacol 66:30-38. 1982.

5. Maritz GS, Burger B. The influence of maternal nicotine exposure on
neonatal lung carbohydrate metabolism. Cell Bioi Int Rep 16:1229-
1236. 1992.

6. Cutz E. Perrin DG. Hackman R, Czegledy-Nagy EN. Maternal smok-
ing and pulmonary neuroendocrine cells in sudden infant death syn-
drome. Pediatrics 98:668-672. 1996.

7. von-Ziegler NI. Schlumpf M. Lichtensteiger W. Prenatal nicotine ex-
posure selectively affects perinatal forebrain aromatase activity and
fetal adrenal function in male rats. Brain Res Dev Brain Res 62:23-31.
1991.

8. Bilimoria MH, Ecobichon DJ. Subacute inhalation of cigarette smoke
to pregnant and lactating rodents: AHH changes in perinatal tissues. J
Biochem ToxicoI4:139-146, 1989.

9. Ashakumary L. Vijayammal PL. Additive effect of alcohol and nico-
tine on lipid peroxidation and antioxidant defence mechanism in rats.
J Appl Toxicol 16:305-308. 1996.

10. Wetscher GJ. Bagchi M. Bagchi D, Perdikis G. Hinder PRo Glaser K.

Hinder RA. Free radical production in nicotine treated pancreatic tis-
sue. Free Radic Bioi Med 18:877-882. 1995.

II. Wetscher GJ. Bagchi D. Perdikis G, Bagchi M. Redmond EJ, Hinder
PR, Glaser K. Hinder RA. In vitro free radical production in rat esoph-
ageal mucosa induced by nicotine. Dig Dis Sci 40:853-858. 1995.

12. Smith SM. Grisham MB. Manci EA. Granger DN. Kvietys PRo Gastric
mucosal injury in the rat: Role of iron and xanthine oxidase. Gastro-
enterology 92:950-956, 1987.

13. Parks DA. Bulkley GB.Granger DN. Role of oxygen-derived free
radicals in digestive tract diseases. Surgery 94:415-422. 1983.

14. Dalsing MC. Grosfeld JL. Schiffler MA. Vane DW, Hull M. Baehner
RL. Weber TR. Superoxide dismutase: A cellular protective enzyme in
bowel ischemia. J Surg Res 34:589-596. 1983.

15. Yuen ST, Gogo AR Jr. Luk IS, Cho CH. Ho JC, Loh TT. The effect
of nicotine and its interaction with carbon tetrachloride in the rat liver.
Pharmacol Toxicol 77:225-230. 1995.

16. Gogo AR Jr.• Cho CH. Yuen ST. Ho JCI. Luk SC. Loh TT. The
cytotoxic effect of nicotine on the liver and its modulation of the
hepatotoxicity induced by carbon tetrachloride in rats. Eur J Gastrol
HepatoI5:859-865. 1993.

17. Misra HP. Fridovich I. The role of superoxide anion in the autoxida-
tion of epinephrine and a simple assay for superoxide dismutase. J Bioi
Chern 247:3170-3175. 1972.

18. Lowry OH. Rosebrough NJ. Farr AL. Randall RJ. Protein measure-
ment with the folin phenol reagent. J Bioi Chern 193:265-257, 1951.

19. Ohkawa H. Ohishi N. Yagi K. Assay for lipid peroxides in animal
tissues by thiobarbituric acid reaction. Anal Biochem 95:351-358.
1978.

20. Muscati SK. Koski KG. Gray-Donald K. Increased energy intake in
pregnant smokers does not prevent human fetal growth retardation. J
Nutr 126:2984-2989. 1996.

21. Kintz P. Kieffer I, Messer J. Mangin P. Nicotine analysis in neonates'
hair for measuring gestational exposure to tobacco. J Forensic Sci
38:119-123. 1993.

22. Svensson CK. Clinical pharmacokinetics of nicotine. Clin Pharmaco-
kinet 12:30-40. 1987.

23. Yildiz D. Ercal N. Armstrong DW. Nicotine enantiomers and oxida-
tive stress. Toxicology 130:155-165. 1998.

24. Durak I. Bingol NK. Avci A, Cimen MY. Kacmaz M, Karaca L.
Ozturk HS. Acute effects of smoking of cigarettes with different tar
content on plasma oxidant/antioxidant status. Inhalation Toxicol
12:641-647.2000.

25. Devi BG. Chan AW. Cocaine-induced peroxidative stress in rat liver:
Antioxidant enzymes and mitochondria. J Pharmaco1 Exp Ther
279:359-366. 1996.

26. Polavarapu R. Spitz DR. Sim JE. Follansbee MH, Oberley LW, Ra-
hemtulla A, Nanju AA. Increased lipid peroxidation and impaired
antioxidant enzyme function is associated with pathological liver in-
jury in experimental alcoholic liver disease in rats fed diets high in
corn oil and fish oil. Hepatology 27:1317-1323. 1998.

HEPATOTOXICITY OF NICOTINE IN RAT PUPS 939


