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Abstract: In humans there is evidence that in utero exposure to cigarette smoke results in decreased fertility in female 
offspring. We have demonstrated in rats that fetal and neonatal exposure to nicotine alone results in impaired fertility and 
increased follicular atresia in the adult female offspring. In mammals, the insulin-like growth factor-I and -II (IGF-I and -II) 
and their binding proteins (IGFBPs) are considered stimulators and inhibitors of follicular growth and maturation. Therefore 
we hypothesized that dysregulation of the intra-ovarian IGF system could be implicated in the impaired fertility observed 
in nicotine-exposed offspring. Nulliparous female Wistar rats were exposed to nicotine (1 mg/kg/d) for 2 weeks prior to 
mating until weaning. Ovaries were collected on the morning of estrus from sexually mature saline- and nicotine-exposed 
offspring. Protein expression of IGF ligands and receptors (IGFR-I and IGFR-II) were quantifi ed by western blot and 
immunohistochemistry. The expression of IGF-I, IGF-II; IGFR-I, IGFR-II; and IGFBP1–6 mRNA in the ovary was deter-
mined by semi-quantitative reverse transcriptase-PCR. Results showed that nicotine exposure signifi cantly reduced IGF-I, 
IGF-II and IGFR-I protein expression (p � 0.01) relative to saline controls. Furthermore, nicotine-exposed offspring had 
signifi cantly reduced IGFR-II mRNA expression (p � 0.01) in the ovary. Data from this study suggest that the decreased 
fertility and increased follicular atresia in nicotine-exposed animals may be due, in part, to disruption of IGF regulation in 
the ovary.
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Introduction
It has been well documented that cigarette smoking is one of the most important and modifi able risk 
factors associated with impaired fertility in adult females.1 Cigarette smoking is thought to affect female 
fertility via a number of alterations in ovarian function, including abnormal steroidogenesis, depleted 
ovarian reserves and increased frequency of oocyte chromosomal abnormalities.2–6 However what is 
less well known is that fetal and neonatal exposure to cigarette smoke can lead to impaired fertility in 
the offspring. Indeed, population based studies have also revealed an association between fetal exposure 
to cigarette smoke and compromised fertility in adulthood.7,8 However, the precise mechanism by which 
this phenomenon occurs remains unknown.

Of the over 4000 chemicals contained in cigarette smoke,9 the compound(s) responsible for these 
adverse effects remains elusive, although animal studies suggest that nicotine, the major addictive 
component of cigarette smoke, may play an important role. Our laboratory has previously shown in a 
rat model that maternal exposure to nicotine during pregnancy and lactation results in reduced fertility, 
dysregulation of ovarian steroidogenesis, and altered follicle dynamics in the female offspring at six 
months of age compared to saline-exposed controls.10 Although the mechanism by which prenatal 
nicotine exposure can adversely impact postnatal ovarian function is unknown, the change in follicle 
dynamics and decline in follicle health suggests that growth factors in the ovary may be affected.

Within the ovary, follicle growth, follicle differentiation, follicle maturation, release of viable oocyte 
and the formation and regression of the corpus luteum are precisely controlled by the coordinated 
regulation and action of the gonadal steroid hormones as well as factors that stimulate cellular prolif-
eration and differentation and those that inhibit these processes. Among potential intra-ovarian regula-
tors, insulin-like growth factor has been widely studied and appears to serve as a central signal of a 
complete intra-ovarian growth factor system. The IGF family includes the IGF ligands (IGF-I and -II), 
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type 1 and 2 IGF receptors (IGFR-I, -II), at least 
6 high affi nity binding proteins (IGFBP1-6) and 
IGFBP-directed endopeptidases.11 These compo-
nents are critical for normal ovarian function and 
indeed studies have demonstrated that the loss of 
IGF-I in vivo in animal models is associated with 
impaired ovulation and sterility.12

Cigarette smoking in adults has been associated 
with decreased serum IGF-I levels13,14 and with 
decreased IGF-I levels in cord plasma of babies 
born to mothers who smoked.15 Furthermore, the 
results from animal studies have demonstrated that 
the IGF axis is sensitive to perturbations during 
fetal life as chemical insults and metabolic stress-
ors, including nicotine, have been shown to alter 
expression of key components of the IGF system 
in numerous organ systems postnatally.16–20 There-
fore the dysregulation of the intra-ovarian IGF 
system as a result of fetal and neonatal exposure 
to nicotine could have signifi cant implications on 
ovarian function postnatally. The goal of this study 
was 1) to determine whether the observed reduction 
in fertility in nicotine-exposed offspring can be 
explained by dysregulation of the intra-ovarian 
IGF system and 2) determine whether the ability 
of nicotine to alter the intra-ovarian IGF system is 
via the nicotinic acetylcholine (nAChR) receptors 
in the fetal and neonatal ovary.

Materials and Methods

Maintenance and treatment 
of animals
All animal experiments were approved by the Animal 
Research Ethics Board at McMaster University, in 
accordance with the guidelines of the Canadian 
Council for Animal Care. Nulliparous 200–250 g 
female Wistar rats (Harlan, Indianapolis, IN, U.S.A.) 
were maintained under controlled lighting (12:12 
L:D) and temperature (22 °C) with ad libitum access 
to food and water. Two weeks prior to mating the 
dams were randomly assigned to receive either saline 
(vehicle) or nicotine (n = 7 per group). Dams were 
injected subcutaneously with 1 mg/kg/day nicotine 
bitartrate (Sigma Aldrich, St. Louis, MO, U.S.A.) or 
saline for 14 d prior to mating, during pregnancy and 
post-partum until weaning. The dose of nicotine used 
in this study (1 mg/kg per day nicotine bitartrate) 
results in maternal serum cotinine concentrations of 
136 ng/ml,10 which is within the range of cotinine 

levels (80–163 ng/ml) reported in women who are 
considered as ‘moderate smokers.’21 In addition, this 
dose of nicotine resulted in serum cotinine concentra-
tions of 26 ng/ml in the nicotine-exposed offspring 
at birth,10 which is also within the range (5–30 ng/ml) 
observed in infants nursed by smoking mothers.22 
Litter size was culled to eight at birth (postnatal 
day 1; PND1) to assure uniformity of litter size 
between treated (nicotine) and control (saline) litters. 
After weaning (postnatal day 21; PND21), female 
offspring were selected randomly and caged as sib-
ling pairs. To examine whether nicotine could act 
directly at the fetal and neonatal ovary, ovaries were 
collected at PND1 and PND21, frozen in liquid 
nitrogen and analyzed by RT PCR to determine if 
nAChR subunits are present.

Beginning at 6 months of age, vaginal swabs 
were performed daily to determine the time of 
estrous. In the morning of estrus, animals were 
sacrifi ced by CO2 asphyxiation. Blood samples 
were collected, allowed to clot at 4 °C, centrifuged, 
and stored at −80 °C. Ovaries were excised; one 
frozen in liquid nitrogen and stored at −80 °C, the 
other fixed in 10% neutral buffered formalin, 
embedded in paraffi n and sectioned for immuno-
histochemistry.

RT PCR
Expression of nAChR subunits (α2, α3, α4, α5, α6, 
α7, β2, β3, β4) and components of the IGF system 
(IGFI, IGFII, IGFR-I, IGFR-II, IGFBP1-6) were 
determined by semi-quantitative RT-PCR using 
previously published primer sequences.23–25 Total 
RNA was extracted from the frozen ovarian tissue 
using RNeasy Mini Kit (Qiagen, Mississauga, ON, 
Canada) according to manufacturer’s instructions. 
RNA samples were demonstrated to have intact 18s 
and 28s RNA bands on ethidium bromide-stained 
agarose gels. RNA samples (n = 5 per group) were 
reverse-transcribed to cDNA in a 20 μL reaction 
mixture containing 1 μg of extracted RNA, 1 μl of 
random primers, 1 μl of dNTPs (10 mM), 4 μl of 
5X First-Strand Buffer, 1 μl of 0.1M DTT, 1 μl 
of RNase OUT,1 μl of Superscript III RT, and 
DNase/RNase free water (Invitrogen, Carlsbad, CA, 
U.S.A.), according to the standard protocol supplied 
with each product. The reaction was carried out in 
an iCycler thermal cycler (Bio-Rad, Hercules, CA, 
U.S.A.) using the following program: primer anneal-
ing for 5 min at 25 °C, RT for 60 min at 50 °C, and 
inactivation reaction for 15 min at 70 °C. The cDNA 
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was stored at −20 °C until use. cDNA was subjected 
to PCR with a total reaction volume of 50 μL using 
primers listed in Table 1. All amplifi cations were 
performed in the iCycler thermal cycler (Bio-Rad, 
Hercules, CA, U.S.A.) using 48 μL Platinum Blue 
PCR Supermix (Invitrogen, Carlsbad, CA, U.S.A.), 
1 μL of template cDNA, and 1 μL of primer mix 
(10 μM; MOBIX, McMaster University, Hamilton, 
ON, Canada). After initial denaturation/enzyme 
activation step at 94 °C for 2 minutes, 35 cycles 
of PCR were performed under the following 

conditions: denaturing at 94 °C for 30 sec, annealing 
at 55 °C for 30 sec, extension at 72 °C for 1 min/kb. 
Electrophoresis analysis was conducted on a 3% 
agarose gel stained with 1.875 μl ethidium bromide 
(EMD, Gibbstown, NJ, U.S.A.). PCR products were 
visualized with the Epi Chemi II Darkroom and 
Labworks software (UVP Inc., Upland, CA, U.S.A.), 
and with the use of a 100 bp DNA ladder specifi c 
gene products were confi rmed. The optical density 
of the samples was measured and after being 
normalized to a housekeeping gene (lamin or 

Table 1. Primer sequences for reverse transcriptase PCR.

Gene Forward 5′–3′ Reverse 5′–3′ Running 
weight (bp)

nAChR-α2 CTC CTG CAG CAT CGA TGT GAC 
CTT CTT

ATG CAC AGC GTG ATC TTC
TCT CCA C

362

nAChR-α3 GAA GTG ACT TGG ATC C GTG GGC ATG GTG TGT G 589
nAChR-α4 GCC ATC TAT AAG AGC TCC TGC 

AGC ATC
CTT CTC GCC AAA CTC TGA

AGG CAG ATA G
359

nAChR-α5 CGA ACG TCT GGT TGA AGC CAC CAT AAT GGA ATA GGG 706
nAChR-α6 TCT TAA GTA CGA TGG GGT GAT 

AAC
AAC ATG GTC TTC ACC CAC 

TTG
614

nAChR-α7 TTG CCA GTA TCT CCC TCC AG CTT CTC ATT CCT TTT GCC AG 213

nAChR-β2 GCT GAC GGC ATG TAC GAA G GGA GGT GGG AGG CAC 
AAT C

506

nAChR-β3 CTC ATT ATC CAC CTC CGT TT CTG TAT CAC TCT CCT TTC 
CAT CC

304

nAChR-β4 GGT TGC CTG ACA TCG TGT TG GCC AAT GAG CGG TAT GTC 556
IGF I TAT GGC TCC AGC ATT CGG A AGG CGA CGT TCG GAT GTT T 230
IGF II GGC ATT TGC TGA CCA TCC TCT ACA TAT GGC ATT CGA CGC G 207
IGFBP1 GGT TCT CAG CAT GAA GCG GCA TGA GGT GGA AGC TAT CCA 

GCA
103

IGFBP2 AAC TGT GAC AAT CAT GGC CTG TGG ATT GGC TCC CGG TAT T 110
IGFBP3 CCA TGG TGG TCT GGC AAT TAC A AAG CTG ACA GGC AGG CAG 

ATT
126

IGFBP4 GCA TCC CAA CAA CAG CTT CAA CCC CAC ACC CTT CAT CTT 
GCT

103

IGFBP5 CAA GAG AAA GCA GTG CAA GCC TGA AAG TCC CCA TCG ACG 
TAC

111

IGFBP6 AGG CCC ACT CCT GTT CAA GAT TGC TTG CGG TAG AAA CCT 
CTG

149

IGFR-I GCA TCT GAT CAT TGC TCT GC GCC CAA TCT GCT GTT ATT CC 103
IGFR-II GCA AGG GCA TAA AGG TGA A TGT AAG TCA CCC TGT GCA A 497
Lamin GCA GTA CAA GAA GGA GCT A CAG CAA TTC CTG GTC CTC A 300
β-actin TTG TAA CCA ACT GGG ACG ATA 

TGG
GAT CTT GAT CTT CAT GGT 

GCT AG
800
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β-actin), the mRNA expression of  the genes of  interest 
was compared between treatment groups.

Immunohistochemistry
Protein expression of IGF-I and IGF-II, in saline- 
and nicotine-exposed ovarian sections was deter-
mined using immunohistochemistry. Histological 
tissue sections (5 μm) were cut from paraffi n 
embedded sections using a rotary microtome. 
Briefl y, tissues were deparaffi nized and rehydrated 
and antigen retrieval was performed by immersion 
in 10 mM Citrate buffer (90 °C) for 12 minutes. 
After inhibition of endogenous peroxidase activ-
ity with 2% (vol/vol) hydrogen peroxide, tissues 
were blocked in 5% (wt/vol) bovine serum 
albumin in PBS for 10 minutes. Tissues were then 
incubated overnight at 4 °C in a humidified 
chamber with anti-IGF-I antibody (1:500 R&D 
Systems, Minneapolis, MN, U.S.A.) and anti-IGF-II 
antibody (1:600, R and D Systems, Minneapolis, 
MN, U.S.A.). Anti-sera was diluted in 0.01 M PBS 
(pH 7.5) containing 2% (wt/vol) BSA and 0.01% 
(wt/vol) sodium azide (100 μl/slide). All subse-
quent incubations were at room temperature. 
Biotinylated anti-rabbit, anti-mouse, or anti-goat 
IgGs (all 1:100 dilution; Sigma Aldrich, St. Louis, 
MO, U.S.A.) were diluted in the same buffer and 
incubated 1 hour. The slides were then washed in 
PBS and incubated with avidin and biotinylated 
horseradish peroxidase (1:30 dilution) (Extravi-
din, Sigma Chemical Co, St. Louis, MO, U.S.A). 
Peptide immunoreactivity was localized by incu-
bation in fresh diaminobenzidine tetrahydrochlo-
ride (DAB tablets, 10 mg, Sigma Aldrich, St. 
Louis, MO, U.S.A.) with 0.03% (vol/vol) hydro-
gen peroxide for 2 min. To determine antibody 
specifi city, primary antibody omission controls 
were included. For these controls were treated the 
same as experimental tissue, with the exception 
of incubation with antibody diluent in the 
place of primary antibody. Tissue sections were 
counterstained with Carazzi’s Hematoxylin for 
1 min. Tissues were dehydrated and placed under 
a coverslip with Permount (Fisher Scientific, 
Pittsburgh, PA, U.S.A). Stained slides were 
imaged using a brightfield microscope and 
immunostaining was quantified using image 
analysis software (Image Scope, Aperio, CA, 
U.S.A). This software allows for the detection of 
DAB-positive staining, indicative of specifi c anti-
body localization. Staining was quantifi ed as the 

percentage of immunopositive ovarian tissue in 6 
fi elds of view per section, with a minimum of 4 
animals per group.

Western blotting
IGFR-I, and IGFR-II protein expression was 
measured in whole ovary homogenates (n = 5 
per group) of nicotine and saline-exposed off-
spring. Protein was extracted from the frozen 
tissue using RIPA lysis buffer (15 mM Tris-HCL, 
1% (v/v) Triton X-100, 0.1% (w/v) SDS, 167 
mM NaCl, 0.5% (w/v) sodium deoxycholatic 
acid), with Complete Mini EDTA-free protease 
inhibitors (Roche Applied Science, Laval, QC, 
Canada). For Western Blots, 20 μg of protein 
plus 4X SDS-PAGE sample loading buffer 
(β-mercaptoethanol, (2%), Glycerol (29%), SDS 
(8%), Bromophenol Blue (0.25%), 0.5M Tris, 
pH 6.8 (42.75%)) was loaded into precast gels 
(Pierce, Rockford, IL, U.S.A.) and subjected to 
SDS-PAGE and then electro-transferred to PVDF 
blotting membrane (BioRad Laboratories, 
Hercules, CA, U.S.A). Membranes were blocked 
for 1 hour at room temperature and then overnight 
at 4 °C with 5% (wt/vol) skim milk in TTBS on a 
rocking platform. Membranes were then incubated 
for 1 h at room temperature in primary antibody 
on a rocking platform IGFR-I: 1:1000, R&D Sys-
tems, Inc., Minneapolis, MN, U.S.A.; IGFR-II: 
1:1000, BD Transduction Laboratories, San Jose, 
CA, U.S.A. After washing with TTBS (TBS, 0.5% 
(v/v) Tween 20), blots were incubated with 
peroxidase-conjugated secondary, anti-goat 
IGFR-I – 1:2000; Sigma Aldrich, St. Louis, MO, 
U.S.A. or anti-mouse IGFR-II – 1:2000; Amersham 
Biosciences, Piscataway, NJ, U.S.A. antibodies 
for 1 h at room temperature on a rocking platform. 
Blots were washed thoroughly in TTBS, followed 
by TBS after immunoblotting. Reactive protein 
was detected with ECL Plus chemiluminescence 
(Amersham Biosciences, Piscataway, NJ, U.S.A.) 
and Bioflex X-ray film (Clonex Corporation, 
Markham, ON, Canada). Densitometric analysis 
of immunoblots was performed using ImageJ 
1.27v software; all proteins were quantified 
relative to the loading control, α-tubulin (Abcam 
Inc. Cambridge, MA, U.S.A).

Statistical analysis
All statistical analyses were performed using 
Student’s t test (SigmaStat, v.2.03, SPSS, Chicago, 
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IL, U.S.A.). Data were tested for normality as well 
as equal variance, and when normality or variance 
tests failed, data were analyzed using the Mann-
Whitney rank sum test. Values are presented as 
mean ± SEM.

Results

Expression of nAChR subunits in neonatal 
ovarian tissue
At PND1 and PND21 all of the nAChR subunits 
except α5 were present in the ovary of both saline- 
and nicotine-exposed offspring (Fig. 1).

Protein expression of intra-ovarian 
IGF axis components
Fetal and neonatal exposure to nicotine caused 
signifi cant changes in components of the intra-
ovarian IGF system. Both IGF-I and II were 
expressed in ovarian stoma, theca and granulosa 
cell compartments (Fig. 2). The IGF ligands (IGF-I 
and IGF-I) were signifi cantly (p � 0.05) decreased 
in nicotine-exposed offspring (Fig. 2). Loss of 
expression of IGF-I and -II occurred in all ovarian 
cell compartments and the loss did not appear 
elevated or reduced in any compartment compared 
to the others. IGFR-I protein expression was 
signifi cantly decreased in the nicotine exposed 
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Figure 1. mRNA expression for nAChR subunits in a single representative saline control ovary at: A) PND1 and B) PND21. Lane: (1) 100 bp 
DNA ladder; (2) α2; (3) α3; (4) α4; (5) α5; (6) α6; (7) α7; (8) β2; (9) β3; (10) β4; (11) 100 bp DNA ladder. Ovaries from nicotine-exposed 
animals had the same pattern of nAChR subunit expression.
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ovaries (Fig. 3A, p � 0.05), whereas there was no 
effect of the nicotine exposure on the expression 
of IGFR-II (Fig. 3B).

mRNA expression of the intra-ovarian 
IGF axis components
Fetal and neonatal exposure to nicotine did not 
affect the gene expression of the two IGF ligands, 
nor did it affect the expression of any of the six 
IGF binding proteins. Fetal and neonatal exposure 
to nicotine did signifi cantly (p � 0.01) decrease 
IGFR-II mRNA but did not alter IGFR-I mRNA 
expression (Table 2).

Discussion
In the past few decades there has been an increased 
concern globally that fetal exposure to environmental 
chemicals is resulting in adverse health conse-
quences in offspring. These concerns have largely 
focused on reproductive disorders and infertility 
as chemical insults in utero have been shown to 
cause impaired postnatal fertility.26–30 The majority 
of previous research has focused on compounds 
with estrogenic activity including polychlorinated 
biphenyls, herbicides, chlorinated hydrocarbon 
pesticides and plasticizers. More recently there has 
been an increased interest in the reproductive 
health consequences to the offspring as a result of 
maternal lifestyle choices, such as smoking.8

Epidemiological studies have shown an association 
between maternal smoking and reduced fertility in 
the female offspring in adulthood although the 
mechanisms are unknown.7,31 Results from in vivo 
and in vitro studies have clearly shown that nicotine 
alone can have adverse effects on adult ovarian 
function, including an increased number of atretic 
follicles, reduced ovarian and uterine weights, and 
irregularities in the estrous cycle32,33 Nicotine has 
been shown to cross the placenta and accumulates 
in breast milk during lactation resulting in both 
fetal and neonatal exposure to nicotine34 We have 
previously demonstrated in our rat model that 
prenatal and lactational exposure to nicotine results 
in reduced fertility in the female offspring at 
6 months of age as well as altered follicle dynamics 
resulting in increased atresia of growing follicles10 
Because a loss of IGF-I in vivo has been associated 
with impaired ovulation and sterility and cigarette 
smoke has been associated with reduced IGF-I 
serum levels12–15 we hypothesized that the reduced 
fertility seen in the nicotine-exposed female off-
spring is due to alteration in the intra-ovarian IGF 
system.

In this study, we have shown that nicotine-
exposed animals have decreased expression of 
IGF-I and IGF-II, and the IGFR-I at the same age 
where we have previously observed decreased 
fertility and increased follicle atresia.10 In the 
ovary, IGF-I and to a lesser degree IGF-II bind 

A) B)

D)C)

IGF-I

IGF-II

Saline Nicotine Saline

Saline

Nicotine

Nicotine

Ab. Control

100

100

75

75

25

25

0

0

50

50

%
 Im

m
un

op
os

iti
ve

 C
el

ls
%

 Im
m

un
op

os
iti

ve
 C

el
ls

Figure 2. Immunohistochemical staining and semi-quantifi cation of IGF Ligands: B) IGF-I, D) IGF-II in saline—(white bars) and nicotine—
exposed (black bars) ovary at 26 weeks of age. A representative image for each ligand is presented in panel A) and C). Primary antibody 
omission controls demonstrate a lack of non-specifi c antibody localization. Data are presented as mean ± SEM. Values with an asterisk are 
signifi cantly different from the saline control (p � 0.05).
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to the IGFR-I to stimulate follicle growth and 
maturation. IGF-I activity has previously been 
detected in the granulosa cells of healthy follicles 
but, in contrast, expression of IGF-I mRNA is not 
observed in atretic follicles.35 In response to nicotine 

exposure, a decrease in IGFR-II was detected, while 
IGFR-I was unchanged, Conversely, at the protein 
level, IGFR-I was decreased while IGFR-II was 
not different. The reason for this discrepancy is not 
clear, but likely involves changes in transcriptional 
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Figure 3. Quantifi cation of protein expression of IGF receptors: A) IGFRI, B) IGFRII in saline—(white bars) and nicotine-exposed (black 
bars) ovary at 26 week of age (n = 5 per group). A representative Western blot for each receptor is presented in panel C). All protein expres-
sion was quantifi ed relative to α-tubulin loading controls. Data are presented as the mean ± SEM. Values with an asterisk are signifi cantly 
different from the saline control (P � 0.05).

Table 2. mRNA expression of components of the IGF system in the ovary at 26 weeks of age, as determined by 
semi-quantitative RT PCR.

Gene Nicotine Saline P value
IGF-I 0.64 ± 0.13 0.53 ± 0.07 p = 0.505
IGF-II 2.16 ± 0.32 2.02 ± 0.38 p = 0.785
IGFR-I 1.37 ± 0.31 1.37 ± 0.32 p = 0.715
IGFR-II 0.75 ± 0.17 1.43 ± 0.14 p = 0.008*
IGFBP1 0.64 ± 0.13 0.53 ± 0.07 p = 0.505
IGFBP2 1.58 ± 0.47 1.04 ± 0.19 p = 0.306
IGFBP3 1.07 ± 0.2 1.01 ± 0.07 p = 0.768
IGFBP4 1.59 ± 0.23 1.18 ± 0.10 p = 0.136
IGFBP5 1.61 ± 0.23 1.19 ± 0.1 p = 0.134
IGFBP6 1.17 ± 0.23 1.01 ± 0.1 p = 0.542

All gene expression was quantifi ed relative to a β-actin or lamin loading control. Data are presented as the mean ± SEM. Values with an 
asterisk are signifi cantly different from the saline control (p � 0.01).
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regulation of the IGF receptors, or changes in 
receptor mRNA stability. Nicotine has been shown 
to increase gene transcription of pro-enkephalin in 
bovine chromaffin cells36 and alters tyrosine 
hydroxylase mRNA stability in rodent vascular 
cells.37 Although the effects of nicotine on IGF 
gene transcription or mRNA stability have not been 
studied to date, it is likely that nicotine does alter 
gene and protein expression through these mecha-
nisms. Studies have also shown that IGFs not only 
stimulate ovarian cell growth, but are also are 
responsible for the attenuation of apoptotic cell 
death that occurs at various stages of follicle devel-
opment.12,38 In bovine ovaries, IGF availability and 
the expression of IGFBPs have been suggested to 
play a role in determining whether a follicle will 
progress to dominance and ovulate or succumb to 
atresia.38 A reduction in IGF signaling in the ovary 
of the nicotine-exposed females may therefore be 
suffi cient to explain the reduced number of growing 
follicles and impaired fertility we have previously 
reported.10 The IGFs have been shown to be 
involved in follicle selection, dominance, and 
ovulation and reduced IGF expression is associated 
with decreased ovulatory events.35,39 It is possible 
that nicotine, acting via the nAChR in the ovary 
directly initiated a change in key components of 
the intra-ovarian IGF axis. However, the mecha-
nism by which fetal and neonatal exposure to 
nicotine can permanently alter the ovarian IGF axis 
is currently unknown.

The consequence of a dysregulated intra-ovarian 
system may extend beyond altered follicle growth 
and dynamics, as the ovarian steroidogenic path-
way is modifi ed by a number of growth factors 
including IGF-I and IGF-II. IGF-I has been shown 
to stimulate basal and FSH-supported synthesis of 
progesterone, estrone and androgens by granulosa 
and theca cells.40–43 The stimulatory effects of IGFs 
on steroidogenic cells have been attributed to 
increased cAMP generation and enhanced uptake 
of lipoproteins.44 Moreover, it has been shown that 
IGF-I can also affect ovarian steroidogenesis by 
increasing the activity and expression of key ste-
roidogenic enzymes including steroid acute regu-
latory protein (StAR),42 cholesterol side-chain 
cleavage cytochrome P450 (CYP11A1),41,45 
3β-hydroxysteroid dehydrogenase (3β-HSD)41,46 
and aromatase (CYP19A1).47 Whether these key 
steroidogenic enzymes are altered in our animal 
model as a result of changes in the expression of 
the IGF system is currently under investigation.

One-fi fth of pregnant women smoke.48 Results 
from this study have shown that maternal nicotine 
use resulting in prenatal and lactational exposure to 
nicotine may cause alterations in the intra-ovarian 
IGF system, providing a potential mechanism behind 
the decreased fertility seen in the adult offspring. 
Increasingly, pregnant women who are unable to 
quit smoking are encouraged to use nicotine replace-
ment therapy (NRT), even though the safety of this 
practice has not been well studied. Although there 
are no reports of decreased fertility in NRT exposed 
children, evidence from this study raises concerns 
about the long-term health effects of NRT and nico-
tine product use during pregnancy.

Acknowledgements
We thank Jillian Hyslop, Lisa Kellenberger, and 
the staff of the Central Animal Facility of McMaster 
University for assistance with the animal work and 
Michelle Ross for technical assistance. The project 
was supported by the Canadian Foundation for 
Women’s Health (ACH) and Canadian Institutes 
for Health Research (JJP). Salary support for 
CEC was provided by a CIHR Strategic Training 
Program in Tobacco Research Fellowship.

Disclosure
The authors report no confl icts of interest.

References
 1. Practice Committee of the ASRM. Smoking and infertility. Fertil Steril. 

2006;86 Suppl:S172–7.
 2. Harrison KL, Breen TM, Hennessey JF. The effect of patient smoking 

habit on the outcome of IVF and GIFT treatment. Aust N Z J Obstet 
Gynaecol. 1990;30:340–2.

 3. Ness RB, Grisso JA, Hirschinger N, et al. Cocaine and tobacco use and 
the risk of spontaneous abortion. N Engl J Med. 1999;340:333–9.

 4. Van Voorhis BJ, Dawson JD, Stovall DW, et al. The effects of smoking 
on ovarian function and fertility during assisted reproduction cycles. 
Obstet Gynecol. 1996;88:785–91.

 5. Zenzes MT, Krishnan S, Krishnan B, et al. Cadmium accumulation in 
follicular fl uid of women in in vitro fertilization-embryo transfer is 
higher in smokers. Fertil Steril. 1995;64:599–603.

 6. Zenzes MT. Smoking and reproduction: gene damage to human gametes 
and embryos. Hum Reprod Update. 2000;6:122–31.

 7. Jensen TK, Henriksen TB, Hjollund NH, et al. Adult and prenatal 
exposures to tobacco smoke as risk indicators of fertility among 
430 Danish couples. Am J Epidemiol. 1998;148:992–7.

 8. Sharpe RM, Franks S. Environment, lifestyle and infertility—an inter-
generational issue. Nat Cell Biol. 2002;4 Suppl:s33–s40.

 9. Rustemeier K, Stabbert R, Haussmann HJ, et al. Evaluation of the potential 
effects of ingredients added to cigarettes. Part 2: chemical composition 
of mainstream smoke. Food Chem Toxicol. 2002;40:93–104.

10. Holloway AC, Kellenberger LD, Petrik JJ. Fetal and neonatal exposure 
to nicotine disrupts ovarian function and fertility in adult female rats. 
Endocrine. 2006;30:213–6.



9

Prenatal nicotine and postnatal ovarian IGF

Reproductive Biology Insights 2009:2

11. Jones JI, Clemmons DR. Insulin-like growth factors and their binding 
proteins: biological actions. Endocr Rev. 1995;16:3–34.

12. Mazerbourg S, Bondy CA, Zhou J, et al. The insulin-like growth factor 
system: a key determinant role in the growth and selection of ovarian 
follicles? A comparative species study. Reprod Domest Anim. 2003;
38:247–58.

13. Chang S, Wu X, Yu H, et al. Plasma concentrations of insulin-like 
growth factors among healthy adult men and postmenopausal women: 
associations with body composition, lifestyle, and reproductive factors. 
Cancer Epidemiol Biomarkers Prev. 2002;11:758–66.

14. Gapstur SM, Kopp P, Chiu BC, et al. Longitudinal associations of age, 
anthropometric and lifestyle factors with serum total insulin-like growth 
factor-I and IGF binding protein-3 levels in Black and White men: the 
CARDIA Male Hormone Study. Cancer Epidemiol Biomarkers Prev. 
2004;13:2208–16.

15. Pringle PJ, Geary MP, Rodeck CH, et al. The infl uence of cigarette 
smoking on antenatal growth, birth size, and the insulin-like growth 
factor axis. J Clin Endocrinol Metab. 2005;90:2556–62.

16. Breese CR, D’Costa A, Ingram RL, et al. Long-term suppression of 
insulin-like growth factor-1 in rats after in utero ethanol exposure: rela-
tionship to somatic growth. J Pharmacol Exp Ther. 1993;264:448–56.

17. Hyatt MA, Walker DA, Stephenson T, et al. Ontogeny and nutritional 
manipulation of the hepatic prolactin-growth hormone-insulin-like 
growth factor axis in the ovine fetus and in neonate and juvenile sheep. 
Proc Nutr Soc. 2004;63:127–35.

18. Pausova Z, Paus T, Sedova L, et al. Prenatal exposure to nicotine 
modifi es kidney weight and blood pressure in genetically susceptible 
rats: a case of gene-environment interaction. Kidney Int. 2003;64:
829–35.

19. Petrik J, Reusens B, Arany E, et al. A low protein diet al.ters the balance 
of islet cell replication and apoptosis in the fetal and neonatal rat and 
is associated with a reduced pancreatic expression of insulin-like growth 
factor-II. Endocrinology. 1999;140:4861–73.

20. Turner KJ, McIntyre BS, Phillips SL, et al. Altered gene expression 
during rat Wolffi an duct development in response to in utero exposure 
to the antiandrogen linuron. Toxicol Sci. 2003;74:114–28.

21. Ezkenazi B, Bergmann JJ. Passive and active maternal smoking during 
pregancy, as measured by serum cotinine, and postnatal smoke 
epousre. I. Effects of physical growth at age 5 years. Am J Epidemiol. 
1995;142:S10–8.

22. Luck W, Nau H. Nicotine and cotinine concentrations in serum and 
urine of infants expsed via passive smoking or milk from smoking 
mothers. J Pediatr. 1985;017:816–20.

23. Lee SD, Chu CH, Huang EJ, et al. Roles of insulin-like growth factor II 
in cardiomyoblast apoptosis and in hypertensive rat heart with 
abdominal aorta ligation. Am J Physiol Endocrinol Metab. 2006;291:
E306–14.

24. Sheffi eld EB, Quick MW, Lester RA. Nicotinic acetylcholine receptor 
subunit mRNA expression and channel function in medial habenula 
neurons. Neuropharmacology. 2000;39:2591–603.

25. Shynlova O, Tsui P, Dorogin A, et al. Insulin-like growth factors and 
their binding proteins defi ne specifi c phases of myometrial differen-
tiation during pregnancy in the rat. Biol Reprod. 2007;76:571–8.

26. Foster WG. Endocrine disruptors and development of the reproductive 
system in the fetus and children: is there cause for concern? Can J 
Public Health. 1998;89 Suppl 1:S37–6.

27. Landrigan P, Garg A, Droller DB. Assessing the effects of endocrine 
disruptors in the National Children’s Study. Environ Health Perspect. 
2003;111:1678–82.

28. Sharara FI, Seifer DB, Flaws JA. Environmental toxicants and female 
reproduction. Fertil Steril. 1998;70:613–22.

29. Sweeney T. Is exposure to endocrine disrupting compounds during 
fetal/post-natal development affecting the reproductive potential of 
farm animals? Domest Anim Endocrinol. 2002;23:203–9.

30. Vidaeff AC, Sever LE. In utero exposure to environmental estrogens 
and male reproductive health: a systematic review of biological and 
epidemiologic evidence. Reprod Toxicol. 2005;20:5–20.

31. Weinberg CR, Wilcox AJ, Baird DD. Reduced fecundability in women 
with prenatal exposure to cigarette smoking. Am J Epidemiol. 1989;
129:1072–8.

32. Mandal K, Dasgupta S, Chattopadhyay BD. Nicotine induced altera-
tions on reproductive organs of female rats under protein defi cient 
condition. Indian J Exp Biol. 2004;42:330–2.

33. Patil SR, Ravindra Patil SR, Londonkar R, et al. Nicotine induced 
ovarian and uterine changes in albino mice. Indian J Physiol Pharmacol. 
1998;42:503–8.

34. Luck W, Nau H, Hansen R, et al. Extent of nicotine and cotinine trans-
fer to the human fetus, placenta and amniotic fl uid of smoking mothers. 
Dev Pharmacol Ther. 1985;8:384–95.

35. Oliver JE, Aitman TJ, Powell JF, et al. Insulin-like growth factor I gene 
expression in the rat ovary is confi ned to the granulosa cells of devel-
oping follicles. Endocrinology. 1989;124:2671–9.

36. Wang X, Bacher B, Hollt V. Nicotine-induced gene expression of 
proenkephalin in bovine chromaffi n cells. J Mol Med. 2004;72:925–9.

37. Holgert H, Hökfelt T, Hertzberg T, Lagercrantz H. Functional and 
developmental studies in the peripheral arterial chemoreceptors in rat: 
effects of nicotine and possible relation to sudden infant death 
syndrome. Proc Natl Acad Sci. 1995;92:7575–9.

38. Quirk SM, Cowan RG, Harman RM, et al. Ovarian follicular growth 
and atresia: the relationship between cell proliferation and survival. 
J Anim Sci. 2004;82 E-Suppl:E40–52.

39. Eden IA, Jones J, Carter GD, Alaghband-Zadeh J. A comparison of 
follicular fl uid levels of insulin-like growth factor-I in normal dominant 
and cohort follicles, polycystic and multicystic ovaries. Clin Endocrinol. 
1988;29:327–36.

40. Agarwal SK, Vogel K, Weitsman SR, et al. Leptin antagonizes the 
insulin-like growth factor-I augmentation of steroidogenesis in granu-
losa and theca cells of the human ovary. J Clin Endocrinol Metab. 
1999;84:1072–6.

41. deMoura MD, Choi D, Adashi EY, et al. Insulin-like growth factor-I-
mediated amplifi cation of follicle-stimulating hormone-supported 
progesterone accumulation by cultured rat granulosa cells: enhancement 
of steroidogenic enzyme activity and expression. Biol Reprod. 
1997;56:946–53.

42. Devoto L, Christenson LK, McAllister JM, et al. Insulin and insulin-
like growth factor-I and -II modulate human granulosa-lutein cell 
steroidogenesis: enhancement of steroidogenic acute regulatory protein 
(StAR) expression. Mol Hum Reprod. 1999;5:1003–10.

43. Wang HS, Chard T. IGFs and IGF-binding proteins in the regulation of 
human ovarian and endometrial function. J Endocrinol. 1999;161:1–13.

44. Adashi EY, Resnick CE, Hernandez ER, et al. Insulin-like growth fac-
tor-I as an amplifi er of follicle-stimulating hormone action: studies on 
mechanism(s) and site(s) of action in cultured rat granulosa cells. 
Endocrinology. 1988;122:1583–91.

45. Veldhuis JD, Rodgers RJ, Dee A, et al. The insulin-like growth 
factor, somatomedin C, induces the synthesis of cholesterol side-chain 
cleavage cytochrome P-450 and adrenodoxin in ovarian cells. J Biol 
Chem. 1986;261:2499–502.

46. Eimerl S, Orly J. Regulation of steroidogenic genes by insulin-like 
growth factor-1 and follicle-stimulating hormone: differential responses 
of cytochrome P450 side-chain cleavage, steroidogenic acute regulatory 
protein, and 3beta-hydroxysteroid dehydrogenase/isomerase in rat 
granulosa cells. Biol Reprod. 2002;67:900–10.

47. Erickson GF, Garzo VG, Magoffi n DA. Insulin-like growth factor-I 
regulates aromatase activity in human granulosa and granulosa luteal 
cells. J Clin Endocrinol Metab. 1989;69:716–24.

48. Andres RL, Day MC. Perinatal complications associated with maternal 
tobacco use. Semin Neonatol. 2000;5:231–41.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


