Life Sciences 232 (2019) 116575

Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Cigarette smoke during lactation in rat female progeny: Late effects on
endocannabinoid and dopaminergic systems

Check for
updates

P.N. Soares™', R.A. Miranda™', T.C. Peixoto®, F.A.H. Caramez®, D.S. Guarda®, A.C. Manhaes”,
E. de Oliveira®, E.G. de Moura®, P.C. Lisboa™"

@ Endocrine Physiology Laboratory, Department of Physiological Sciences, State University of Rio de Janeiro, 20550-030 Rio de Janeiro, RJ, Brazil
Y Neurophysiology Laboratory, Department of Physiological Sciences, State University of Rio de Janeiro, 20550-030 Rio de Janeiro, RJ, Brazil

ARTICLE INFO ABSTRACT

Keywords: Aims: Maternal smoking is considered a risk factor for childhood obesity. In a rat model of tobacco exposure
Cigarette smoke during breastfeeding, we previously reported hyperphagia, overweight, increased visceral fat and hyperlepti-
Endocannabinoids

nemia in adult female offspring. Obesity and eating disorders are associated with impairment in the en-
docannabinoid (EC) and dopaminergic (DA) systems. Considering that women are prone to eating disorders, we
hypothesize that adult female Wistar rats that were exposed to cigarette smoke (CS) during the suckling period
would develop EC and DA systems deregulation, possibly explaining the eating disorder in this model.
Material and methods: To mimic maternal smoking, from postnatal day 3 to 21, dams and offspring were exposed
to a smoking machine, 4 x /day/1 h (CS group). Control animals were exposed to ambient air. Offspring were
evaluated at 26 weeks of age.

Key findings: Concerning the EC system, the CS group had increased expression of diacylglycerol lipase (DAGL)
in the lateral hypothalamus (LH) and decreased in the liver. In the visceral adipose tissue, the EC receptor (CB1r)
was decreased. Regarding the DA system, the CS group showed higher dopamine transporter (DAT) protein
expression in the prefrontal cortex (PFC) and lower DA receptor (D2r) in the arcuate nucleus (ARC). We also
assessed the hypothalamic leptin signaling, which was shown to be unchanged. CS offspring showed decreased
plasma 17B-estradiol.

Significance: Neonatal CS exposure induces changes in some biomarkers of the EC and DA systems, which can
partially explain the hyperphagia observed in female rats.

Dopaminergic pathway
Metabolic programming
Breastfeeding

1. Introduction that were exposed to cigarette smoke exclusively during lactation were

programmed for hyperphagia, overweight, increased visceral fat, hy-

Smoking is a risk factor for the onset of several diseases and is re-
sponsible for approximately 6 million annual deaths worldwide [1].
Tobacco is still the drug most commonly used by women during ge-
station and lactation, which are critical periods for fetus development,
and it is known that cigarette components are transferred through
placenta and breast milk, leading to negative consequences for the
mother and possibly programming the baby's metabolism [2-4]. Me-
tabolic programming can be caused by nutritional and/or environ-
mental alterations during plasticity periods (pregnancy and breast-
feeding) that cause epigenetic changes, increasing the risk of
occurrence of diseases at adulthood, such as obesity [5,6]. In rodents,
studies have already demonstrated that adult offspring from both sexes

perleptinemia and dyslipidemia [7,8]. In this experimental model,
Pinheiro et al. (2015) observed an increase in the preference for a fat-
rich palatable diet in males, which was attributed to changes in the
dopaminergic system, such as lower dopamine production, conse-
quently decreasing the effects of reward mechanisms [9].
Hyperphagia, obesity and metabolic programming have been asso-
ciated with changes in the endocannabinoid (EC) system [10-12]. The
EC system directly controls the central and peripheral mechanisms in-
volved in energy homeostasis and food intake. EC action is mediated by
the specific receptors, CB1r and CB2r, and their endogenous ligands,
anandamide (AEA) and 2-aracdonoylglycerol (2-AG) [13-16]. The AEA
is synthesized by N-acylphosphatidylethanolamide-phospholipase D
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(NAPE-PLD) and is metabolized to arachidonic acid (AA) and ethano-
lamine by the enzyme fatty acid amide hydrolase (FAAH). The 2-AG is
mainly generated by diacylglycerol lipase (DAGL) and is metabolized to
AA and glycerol through the enzyme monoacylglycerol lipase (MAGL)
[14,16-21]. CBlr is expressed in the central nervous system (CNS),
adipose tissues, liver and reproductive tract [15,22-25]. In the lateral
hypothalamus (LH), the EC increases appetite through changes in
neuron excitability [26-29]. This effect is suppressed by leptin [30,31].
In white adipose tissue (WAT), the EC stimulates lipogenesis and adi-
pogenesis [32-34]. In the liver, EC is associated with the development
of steatosis, inflammation and fibrosis [24,35-37]. The EC system also
interacts with female reproductive tract inhibiting folliculogenesis,
oocyte maturation and ovarian hormone secretion [16].

Substances that cause addiction, such as nicotine, activate the me-
socorticolimbic dopaminergic (DA) system, which is composed of
neurons with cellular bodies in the ventral tegmental area (VTA), re-
leasing dopamine and activating its receptors (D1r and D2r) in the
dorsal striatum (DS), nucleus accumbens (NAc) and prefrontal cortex
(CPF) [38-40]. Adult male rats programmed by postnatal exposure to
tobacco smoke or nicotine alone have complex alterations that decrease
DA system actions [9,38]. In addition, these animals have higher serum
leptin and this hormone has already been associated with a reduction in
dopamine release from the VTA, and an increase in D2r levels in the
arcuate nucleus (ARC) [41,42].

Considering that (i) women are more susceptible to eating disorders
[43,44] and (ii) disturbances in appetite-regulating neural circuits in-
volve the impairment of EC signaling [45] and high level of AEA [46],
as well as deregulation of DA signaling, in different areas of the CNS
[47,48], the current study was designed to evaluate whether adult fe-
male rat offspring that were programmed by cigarette smoke during
breastfeeding (which show hyperphagia and abdominal fat accumula-
tion) develops central and peripheral EC system dysfunction accom-
panied by a disruption of DA pathway. Therefore, using tissues from a
previously published model [8], the EC system was evaluated in the LH,
visceral adipose tissue and liver. Furthermore, the DA system was
evaluated in the VTA, NAc, PFC, DS and ARC. Since leptin interacts
with both EC and DA systems, the JAK/STAT pathway was evaluated in
LH and ARC to provide some insight concerning leptin resistance in our
model.

2. Materials and methods
2.1. Ethical and experimental model

This experimental protocol was conducted under the institutional
approval from the Universidade do Estado do Rio de Janeiro (Number:
018/2014) and the experiment was carried out in accordance to the
Brazilian Law no. 11.794/2008.

Wistar rats were appropriately allocated in a temperature-controlled
room (23-24°C) with a light/dark cycle (7 a.m.—7 p.m.) and received
water and standard chow (Nuvilab, Sogorb, Sao Paulo, SP, Brazil) ad
libitum. Three-month-old virgin female rats were mated with male rats
in a 2:1 proportion for one week. After pregnancy confirmation, females
were placed in individual cages during the gestation and breastfeeding
periods. At birth, litters were adjusted to 6 pups (both sexes) per dam.
Three days after birth, rat dams and their offspring were randomly
assigned to each experimental group: Cigarette Smoke (CS) and Control
(C). In the CS group (n = 7 litters), dams and offspring were placed into
a smoking machine (TE-10, Teague Enterprises, CA, USA), 4 times per
day (1h for each exposure). In the C group (n = 7 litters), dams and
offspring were exposed to ambient air in a chamber that was similar to
the one used for tobacco smoke exposure. The tobacco smoke used was
obtained from burning one cigarette at a time. The 3R4F reference ci-
garettes (0.73mg nicotine) were obtained from the University of
Kentucky. The number of experimental cigarettes used are similar to
that used by moderate to heavy smokers. During the four weeks that
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preceded euthanasia, the estrous cycle of CS and C offspring was daily
evaluated; the two groups showed regular estrous cycles (4 to 5 days).
Only one female rat offspring per litter was randomly studied here; the
remaining animals of the same litter were used for another study.

The food intake and body mass were assessed every 4 days from
weaning (3 weeks of age) until 26 weeks of age. The amount of food
intake was estimated from the difference between the mass of food left
in the cage and the total mass initially placed in the cage 4 days before.

2.2. Euthanasia and tissue collection

At 26 weeks of age, the animals were weighed and euthanized with
a lethal dose of ketamine hydrochloride/xylazine hydrochloride (2:1).
Blood was obtained by cardiac puncture and collected in a heparin tube
and centrifuged (1.260 X g, 25 min, 4 °C). The plasma was collected and
stored at —20 °C for posterior analyses. Brain, visceral adipose tissue
and liver were collected and stored at —80 °C.

2.3. Hormone analyses

Plasma sex steroids were evaluated through specific radio-
immunoassay kits in accordance with the manufacturer's instructions
(MP Biomedicals, LLC, NY, EUA). Samples were analyzed in duplicate
and in a single assay. The sensitivities of the assays were: 0.15 ng/mL
for progesterone, 0.1 ng/mL for testosterone and 10 pg/mL for estra-
diol. The intra-assay coefficients of variation were: 1.8% for proges-
terone, 1.5% for testosterone and 1.6% for estradiol.

2.4. Punch technique

The whole brain was carefully collected and stored at —80 °C.
Coronal brain sections were cut using a cryostat (Hyrax C25, Zeiss,
Germany) and punches of the lateral hypothalamus (LH, bregma
2.04-3.60 mm), dorsal striatum (DS, bregma 2.16-0.96 mm), nucleus
accumbens (NAc, bregma 2.16-0.96 mm), arcuate nucleus of hypotha-
lamus (ARC, bregma 2.04-3.60 mm), prefrontal cortex (PFC, bregma
4.20-2.52mm) and ventral tegmental area (VTA, bregma
5.64-6.36 mm) were extracted from the brains according to Paxinos
and Watson (1998) stereotaxic coordinate atlas [49].

2.5. Western blotting

In the LH, adipose tissue and liver, we measured the following
biomarkers of EC system: DAGL, NAPE-PLD, MAGL, FAAH and CB1r. In
addition, the estrogen receptor alpha (ERa) was determined in these 3
tissues. Concerning the DA system, the following parameters were
measured: 1) Tyrosine hydroxylase (TH) in the VTA; 2) TH, dopamine
transporter (DAT) and dopamine receptors (D1r and D2r) in the NAc,
DS and PFC; and 3) D2r in the ARC. The following leptin signaling
parameters were in the ARC and LH: phosphorylated-janus kinase 2 (p-
JAK2), and phosphorylated-signal transducer and activator of tran-
scription 3 (pSTAT3). Different extract buffers were used depending on
each tissue. T-PER tissue protein extraction (Thermo Fisher Scientific
CA, USA), RIPA buffer [50 mM Tris-HCl (pH 7.4), 1% NP-40, 150 mM
NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM Na3V0O4, 1 mM NaF], for LH,
adipose tissue and liver, respectively. These buffers contained protease
inhibitor cocktail (F. Hoffmann-La Roche Ltda., Basel, CH). The pun-
ches were sonicated twice in an ultrasonic processor for 10s (15s in-
terval, 40% amplitude) with a RIPA buffer. The other samples were
centrifuged at 18,506 x g for 25 min. The protein concentrations of all
tissues were determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, CA, USA). Homogenates were analyzed by
SDS-PAGE using approximately 10-30pg of total protein content.
Proteins were then transferred from the gel to a polyvinylidene di-
fluoride membrane (Hybond ECL; Amersham Pharmacia Biotech,
London, UK) and incubated with Tris-buffered saline (TBS) containing
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Table 1
Antibodies used in the western blotting.
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Primary antibodies

Secondary antibodies

Antibody Distributed by Dilution Distributed by Dilution Specificity

DAGL-a Cell Signaling Technology MA, USA 1:500 Sigma-Aldrich MO, USA 1:20000 Anti-goat

NAPE-PLD Abcam, UK 1:1000 Sigma-Aldrich MO, USA 1:10000 Anti-mouse
MAGL Santa Cruz Biotechnology MA, USA 1:400 Sigma-Aldrich MO, USA 1:10000 Anti-rabbit
FAAH Sigma-Aldrich MO, USA 1:1000 Sigma-Aldrich MO, USA 1:10000 Anti-rabbit
CB1r Abcam, UK 1:100 Sigma-Aldrich MO, USA 1:7000 Anti-rabbit
ERa Millipore Corporation, Temecula, CA, SA 1:500 Sigma-Aldrich MO, USA 1:10000 Anti-mouse
TH Sigma-Aldrich MO, USA 1:1000 Sigma-Aldrich MO, USA 1:10000 Anti-mouse
DAT Millipore 1:500 Sigma-Aldrich MO, USA 1:10.000 Anti-rabbit
Dir Abcam 1:500 Sigma-Aldrich MO, USA 1:10.000 Anti-rabbit
D2r Millipore 1:500 Sigma-Aldrich MO, USA 1:7.000 Anti-rabbit
p-JAK2 Santa Cruz Biotechnology MA, USA 1:500 Sigma-Aldrich MO, USA 1:10.000 Anti-goat

p-STAT3 Santa Cruz Biotechnology MA, USA 1:500 Sigma-Aldrich MO, USA 1:10.000 Anti-rabbit
B-actin Santa Cruz Biotechnology MA, USA 1:1000 Sigma-Aldrich MO, USA 1:10000 Anti-rabbit
GAPDH Novus Biological Centennial, CO, USA 1:500 Sigma-Aldrich MO, USA 1:10000 Anti-mouse

DAGL-a: diacylglycerol lipase alpha; NAPE-PLD: N-arachidonoylphospatidylethanolamine phospholipase D; MAGL: monoacylglycerol lipase; FAAH: fatty acid amide
hydrolase; CB1r: cannabinoid type-1 receptor; ERa: estrogen receptor alpha; TH: tyrosine hydroxylase; DAT: dopamine transporter; D1r and D2r: types 1 and 2
dopaminergic receptors; p-JAK2: phosphorylated-Janus kinase 2; pSTAT3: phosphorylated-signal transducer and activator of transcription 3; GAPDH: glycer-

aldehyde-3-phosphate 5 dehydrogenase.

5% albumin for 1h. Membranes were then washed with tween-tris-
buffered saline (0.1%) and incubated overnight at 4 °C with a specific
primary antibody (Table 1). After this, membranes were washed three
times with TweenTBS (0.1%) and incubated for 1 h with appropriate
secondary antibody conjugated with biotin (Table 1) at room tem-
perature. Then, membranes were again washed three times with
Tween-TBS (0.1%) and incubated with streptavidin-conjugated horse-
radish peroxidase (Caltag Laboratories, Burlingame, CA, USA). The
protein bands were visualized by chemiluminescence kit (ClarityTM
Western ECL Substrate, Bio-Rad Laboratories Inc., USA) followed by
exposure in Image Quant LAS (GE Healthcare, Buckinghamshire, UK).
The area and density of the bands were quantified using the Image J
software (Wayne Rasband National Institute of Health, MA, USA) and
were normalized by f-actin or glyceraldehyde-3-phosphate 5 dehy-
drogenase (GAPDH). Results were expressed as percentages (%) of the
control group.

2.6. Statistical analysis

Results were expressed as mean * standard error of the mean
(SEM) and analyzed through the statistical program GraphPad Prism
6.0 (San Diego, CA, USA). Only one pup/litter was randomly used for
analysis. Student's t-tests were used and statistical difference was con-
sidered significant when p < 0.05.

3. Results

As previously reported [8], adult CS female offspring had a sig-
nificant increase food intake during life (~6%), were overweight
(~20%) and had greater visceral fat mass (~27%).

3.1. EC system biomarkers

In the lateral hypothalamus (LH, Fig. 1A), an increase in DAGL
protein levels (+54%, p = 0.031) in CS offspring was observed; no
changes in NAPE-PLD, MAGL, FAAH and CB1r protein contents were
found. In the visceral adipose tissue (VAT, Fig. 1B), a decrease in CB1r
protein levels (—52%, p = 0.033) was observed in CS offspring; DAGL,
NAPE-PLD, MAGL and FAAH protein contents were not significantly
altered. In the liver (Fig. 1C), the CS group showed lower DAGL levels
(—41%, p = 0.026); significant changes in NAPE-PLD, MAGL, FAAH
and CB1r protein contents were not observed in these animals.

3.2. DA system biomarkers

Dopaminergic pathway is depicted in Figs. 2 and 3. In the PFC, the
CS group showed an increase in DAT protein levels (+1.4 folds,
p = 0.033, Fig. 2C); no changes in TH, D1r and D2r were observed. No
alterations were found in the biomarkers of the DA system in the VTA
(Fig. 2A), NAc (Fig. 2B) and DS (Fig. 3A) in CS offspring. However, in
the ARC, D2r protein expression was decreased in the CS group (—35%,
p = 0.044, Fig. 3B).

3.3. Leptin signaling

The protein contents of p-JAK2 and p-STAT3 were not altered in the
ARC (Fig. 4A) or LH (Fig. 4B) of CS offspring.

3.4. Sex hormones and estrogen receptor (ERa)

A decrease in 17f-estradiol concentrations in CS group (—22%,
p < 0.05, Fig. 5A) was observed; no changes in progesterone and tes-
tosterone levels (Fig. 5B and C respectively) were found. Also, no sig-
nificant changes were detected in ERa in the LH, VAT or liver (Fig. 5D,
E and F respectively).

4. Discussion

As previously described by Lisboa et al., (2017), adult females
programmed by cigarette smoking during breastfeeding display hy-
perphagia, hyperleptinemia and increased fat accumulation [8]. Thus,
in the present study, we focused on understanding the female's hyper-
phagia phenotype in this experimental model by evaluating central and
peripheral EC and DA systems, as well as leptin signaling. Regarding the
EC system, CS females showed that DAGL was increased in the LH but
reduced in the liver, while reduced CB1r was observed in VAT. Con-
cerning the DA system, we observed increased DAT in the PFC and
reduced D2r in the ARC. Conversely, CS females had no differences in
the leptin pathway in both the ARC and LH. Additionally, we demon-
strated a reduction of plasma 17f-estradiol levels in the CS group,
which may have a role in the aforementioned dysfunctions.

The LH expresses orexigenic neuropeptides directly involved in the
increase of food intake via increased neurons excitability [26,50]. In the
CS female group, the increase in DAGL expression in the LH suggests an
augmented 2-AG synthesis, which could be related with their hyper-
phagic phenotype. Cristino et al., (2013) demonstrated that an increase
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Fig. 1. Effects of cigarette smoke during breastfeeding on central and peripheral endocannabinoid system of female rat offspring at 26 weeks of age. Lateral
hypothalamus (A), visceral adipose tissue (B) and liver (C). Diacylglycerol lipase (DAGL), N-acylphosphatidylethanolamine (NAPE-PLD), monoacylglycerol lipase
(MAGL), fatty acid amide hydrolase (FAAH) and type 1 cannabinoid receptor (CB1r). Control group (C); Cigarette Smoking group (CS). Representative western
blotting bands are shown. Student's unpaired t-tests were used and statistical difference was considered significant when p < 0.05; n = 5-7 rats/litter/group.

in 2-AG is intimately related with the hypothalamic orexigenic neurons
differentiation in rodents during pre- and post-gestational periods [51].
Besides that, injections of 2-AG and AEA in the hypothalamus and NAc
stimulate food ingestion in rats under satiety conditions [52,53].

It has been shown that the EC system acts on the adipose tissue
metabolism throughout CB1r, inducing adipocyte hypertrophy and fa-
cilitating triglyceride accumulation [54-56,58]. In a model of mice
lacking CB1r, Cota and colleagues (2003) observed a decrease in body
mass and fat pad accumulation, accompanied by hypophagia [57]. In
our study, the results regarding the EC system in the VAT were con-
troversial. The CS female group (which had increased fat pad storage
and hyperphagia) showed decreased CBlr in the VAT; the down-
regulation of this receptor possibly constitutes an attempt to reverse the
fat accumulation. In the women's adipose tissue, decreased CBlr ex-
pression has been demonstrated and was related to increased levels of
circulating EC as a negative feedback loop regulation [58]. The

counterregulation mechanism in the adipose tissue of the CS group is
speculative, mainly because we did not measure tissue and serum levels
of EC. Thus, one limitation of the current investigation was to have
failed to measure plasma and tissue levels of 2-AG and AEA in CS fe-
males. Notwithstanding, prolonged obesity cause altered CB1r expres-
sion, leading to hyperphagia [59].

Similarly, the EC system hyperactivation is related to liver dis-
orders, such as non-alcoholic fat liver disease and steatosis [60,61].
Rats and mice with steatosis induced by a high-fat-diet and treated with
a CB1r antagonist showed reversal of hepatic steatosis and dyslipidemia
[62-64]. Here, CS offspring showed reduced DAGL in the liver, sug-
gesting a decrease in 2-AG synthesis. Indeed, as already demonstrated
by our group, CS females did not show changes in cholesterol and tri-
glycerides content in the liver, as well as changes in hepatic morpho-
physiology [65]. Thus, the possible decrease in 2-AG levels caused by
lower DAGL in the liver protects this tissue against steatosis
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Fig. 2. Effects of cigarette smoke during breastfeeding on the dopaminergic system of female rat offspring at 26 weeks of age. Ventral tegmental area (A), nucleus
accumbens (B) and prefrontal cortex (C). Tyrosine hydroxylase (TH), dopamine transporter (DAT) and dopamine receptors (D1r and D2r). Control group (C);
Cigarette Smoking group (CS). Representative western blotting bands are shown (D and E). Student's unpaired t-tests were used and statistical difference was

considered significant when p < 0.05; n = 5-7 rats/litter/group.

development in the CS group.

Alterations in the reproductive system were also observed in re-
sponse to EC system dysfunction, affecting the hypothalamus-pituitary-
ovarian axis and hormones synthesis as well as secretion [16,66]. Ac-
cording to Brents (2016), cannabinoids disrupt GnRH in the hypotha-
lamus and consequently reduce estrogen levels [66]. Reduced estradiol
levels accompanied by increased progesterone levels are associated
with higher food intake [67-71]. It is well known that estrogens have
anorexigenic effects [72] and that hyperphagia is observed in an
ovariectomized rodent model of menopause [73]. Here, we observed
that CS females had reduced 17f-estradiol, in spite of the fact that no
variations in estrous cycle and/or progesterone and testosterone levels
were identified. Therefore, this hypoestrogenism could be related to
increased DAGL in the LH and possible higher 2-AG levels, helping to
explain the hyperphagic phenotype of the CS group.

As the changes in the EC system were discrete and did not totally
explain the mechanisms involved in hyperphagia in our model, we also
evaluated the DA system and the leptin signaling in some brain regions
that controls food intake. We demonstrated that DAT was increased in
the PFC and that D2r was reduced in the ARC, suggesting a reduction of
DA action in these nuclei. In fact, it was r previously reported, in adult
males programmed by CS (same experimental model), that the DA
system was also compromised, which was characterized by a reduced
TH in the VTA and NAc, accompanied by lower D2r and higher D1r in
the NAc [9]. Thus, postnatal tobacco smoke exposure reduces DA
system actions in both sexes by different mechanisms.

Although the hyperphagia and hyperleptinemia evidenced in CS
females is suggestive of the development of leptin resistance, these
animals did not show any alteration in the JAK2/STAT3 pathway in
both the ARC and LH. Despite the unchanged canonical leptin signaling,



P.N. Soares, et al.

2_:

140 4

704

Protein expression/ GAPDH
(% of control)

9]

(&

|
[

Dorsal striatum B)

C cCs D)
TH [ 6002

DAT | 80xDa

pir [ 75kDa

D2r _ 50kDa

GAPDH _ 37kDa

it is possible that other two events can be occurring in our model: 1) an

impairment of leptin transport through the blood-brain barrier (BBB),
and 2) a change in the alternative leptin pathway, involving the acti-
vation of PDE3B-PI3K and reduction of cAMP. A limitation of our study

Arcuatenucleus
A)
2 15,
R
-
% ‘E 1.0 1
a2
g 8
B e
g
-
£
E 0.0
p-J;&K2 p-S'l!ATS
€) ¢ CS

P-JAK? [ 128kDa
P-STAT3 [ 36-91kDa
GAPDH [l 37kDa

Arcuate nucleus

150 -
T =
o
E,;_ 100 1 .
<
o3 T
—
&° 50
QL
04
C Ccs
¢ CS

D2r [ 50kDa
GAPDH [ 37kDa

Life Sciences 232 (2019) 116575

Fig. 3. Effects of cigarette smoke
during breastfeeding on the dopami-
nergic system of female rat offspring at
26 weeks of age. Dorsal striatum (A)
and arcuate nucleus (B). Tyrosine hy-
droxylase (TH), dopamine transporter
(DAT) and dopamine receptors (D1r
and D2r). Control group (C); Cigarette
Smoking group (CS). Representative
western blotting bands are shown (C
and D). Student's unpaired t-tests were
used and statistical difference was
considered significant when p < 0.05;
n = 5-7 rats/litter/group.

was not to have measured this signaling pathway. In addition, the in-
tegration between the EC system and the leptin signaling regulates the
excitability of neurons in appetite-regulated circuits [30]. Our results
indicated that leptin resistance in the LH blocks the integration of both

Lateral hypothalamus
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Fig. 4. Effects of cigarette smoke during breastfeeding on leptin signaling of female rat offspring at 26 weeks of age. Arcuate nucleus (A) and lateral hypothalamus
(B). Phosphorylated-janus kinase 2 (p-JAK2), phosphorylated-signal transducer and activator of transcription 3 (pSTAT3). Control group (C); Cigarette Smoking
group (CS). Representative western blotting bands are shown (C and D). Student's unpaired t-tests were used and statistical difference was considered significant

when p < 0.05; n = 5-7 rats/litter/group.
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Fig. 5. Effects of cigarette smoke during breastfeeding on sex hormones and on central and peripheral estrogen receptor (ERa) expression of female rat offspring at
26 weeks of age. 17fB-estradiol (A), progesterone (B), testosterone (C), ERa in lateral hypothalamus (D), ERa in visceral adipose tissue (E) and ERa in liver (F).
Control group (C); Cigarette Smoking group (CS). Representative western blotting bands are shown. Student's unpaired t-tests were used and statistical difference was

considered significant when p < 0.05; n = 5-7 rats/litter/group.

pathways, allowing an EC synthesis increase, as demonstrated by the
higher DAGL expression in this nucleus. LH neurons in leptin deficient
mice (ob/ob) have larger voltage-gated calcium channels, indicating
upregulation of EC signaling, enhancing excitability, leading to hyper-
phagia [26].

5. Conclusion

In conclusion, early neonatal CS exposure induces changes in some
biomarkers of the EC and DA systems, which could be related to a
hyperleptinemic status and explain, at least in part, the hyperphagia of
the females. Considering that women are more susceptible to eating

disorders, smoking during critical stages of development could directly
or indirectly influence the disturbances in appetite-regulating path-
ways. It is possible that nicotine, the main addictive component of ci-
garette, plays an important role in these long-term effects of tobacco
smoke, which deserves further investigations.
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