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Abstract
Environmental tobacco smoke exposures have been linked to adverse health effects. Folate is
essential for normal development, with deficiencies often causing fetal growth restriction. Mice
lacking the folate binding protein-2 receptor (Folr2) exhibit increased susceptibility to teratogens.
The purpose of the current study was to determine if the loss of Folr2 would increase sensitivity to
cigarette smoke-induced effects on development. Pregnant Folr2−/−, Folr2+/+, and C57BL/6J mice
were exposed to sidestream cigarette smoke during gestation. Exposure to sidestream smoke on gd
6–9 had no adverse effects on fetal outcomes. However, cigarette smoke exposure on gd 6–18
increased the number of fetal resorptions (Folr2−/− cohort) and decreased crown-rump length
(Folr2+/+ fetuses). These data confirm an association between sidestream smoke exposure and fetal
growth restriction, but do not suggest that loss of Folr2 increased susceptibility to these effects.

Keywords
Folr2; Folbp2; fetus; environmental tobacco smoke; sidestream smoke

Introduction
Exposure to environmental tobacco smoke (ETS), also referred to as secondhand smoke, has
been linked to adverse health effects in children. These include increased risk for respiratory
illness, sudden infant death syndrome, middle ear disease (1,2) low birth weight (3,4), and
long-term cognitive and behavioral deficits (5). One third to one half of all pregnant women
are exposed to cigarette smoke via passive or involuntary means, either in their homes, at work,
or in public (6,7). In addition, 43% of all US children between the ages of 2 months and 11
years of age, and 18.3% of non-smoking women, ages 17 and older, reside in homes with at
least one smoker (8,9). As such, these involuntary exposures are considered a substantial health
threat.
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ETS is comprised of two components: sidestream smoke, which is emitted from the end of the
smoldering cigarette between puffs, and mainstream smoke exhaled by the smoker. ETS
contains a complex mixture of over 4,000 compounds, many of which (nicotine, arsenic, lead)
are possible human teratogens (10–12). Although sidestream smoke contains a lower percent
of total smoke constituents than mainstream smoke, incomplete combustion of tobacco
products at the smoldering end of the cigarette during sidestream smoke generation produces
higher levels of toxic compounds such as polycyclic aromatic hydrocarbons, nitrosamines and
formaldehyde (13–15).

Data from animal studies have suggested that exposure to sidestream smoke results in adverse
pregnancy/developmental outcomes (16–18). Rajini and coworkers reported a decrease in fetal
weight in rats exposed to sidestream smoke in utero (16). Dose-dependent decreases in fetal
body weight and length, and delays in ossification have also been demonstrated following
sidestream smoke exposure in rats (17). Furthermore, studies in our own laboratory have shown
that exposure of pregnant mice to sidestream smoke during gd 1–5, resulted in decreased fetal
weight and crown-rump length at term (19).

Folate, a water-soluble vitamin obtained from dietary sources, is essential for normal growth
and development (20). Folate deficiency has been linked to increased risk of neural tube defects
(21,22), orofacial abnormalities (23–25), cardiac malformations (26), and fetal growth
restriction (20). Supplementation with folate during pregnancy significantly reduces the risk
of neural tube defects (27–29) and small for gestational age outcomes (30). In addition, higher
folate levels at 30 weeks of human gestation are related to an increase in birth weight and a
lowered risk for fetal growth restriction (31).

An association exists between maternal smoking and decreased folate levels (32–34) and may
underlie the increased risk of smoking-induced low birth weight. Compounding this risk is the
fact that poor nutrition and decreases in dietary intake of folate-rich fruits and vegetables are
common in smokers, or spouses of smokers (35). Indeed, dose-dependent decreases in serum
and red blood cell folate concentrations have been observed in non-smokers exposed to ETS
(33).

Folate enters the cell via utilization of the reduced folate carrier, and the high and low affinity
receptors, folate binding protein-1 (Folr1, Folbp1) and folate binding protein-2 (Folr2,
Folbp2) respectively. Folate binding protein receptors are expressed in the embryo (36),
suggesting that they play a key role in modulating folate availability during development.
Folr1 null mice, used to study the role of folate during development, are phenotypically
abnormal and die in utero (37). In contrast, Folr2 null mice are phenotypically normal and
produce reproductively viable animals (37). Previous studies have revealed that Folr2 null
mice exhibit increased susceptibility to teratogens such as arsenic (38) and valproic acid (39).
The purpose of the current study was to determine if the loss of Folr2 would confer an increase
in sensitivity to adverse embryo/fetal outcomes following exposure to sidestream cigarette
smoke during gestation.

Materials and Methods
Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise
designated. Methanol was purchased from Fisher Scientific (Pittsburgh, PA). The whole body
Teague TE-10C cigarette smoke inhalation exposure system was purchased from Teague
Enterprises (Davis, CA), while Kentucky Reference Cigarettes (2R4F) were obtained from the
University of Kentucky Tobacco and Health Research Institute (Lexington, KY).
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Experimental Animals
Inbred folate binding protein-2 null mice (Folr2−/−), their wild-type counterparts (Folr2+/+),
and C57BL/6J mice were used for this study. C57BL/6J mice were purchased from Jackson
Labs (Bar Harbor, ME) while Folr2−/− and Folr2+/+ mice were obtained from Dr. Richard
Finnell (Texas A&M University). Folr2−/− mice are phenotypically normal (37) and were
chosen for this study due to their increased sensitivity to teratogen-induced developmental
defects relative to their wild-type counterparts (38,39). C57BL/6J mice were utilized since both
Folr2−/− and Folr2+/+ animals were generated on a C57BL/6J background. Animals were
housed in ventilated-racks and were maintained in an approved AAALAC-accredited facility
at the University of Louisville. Animals were kept on a 12-hour light/dark cycle and provided
with food and water ad libitum. Two nulliparous females, 56–160 days of age, were bred
overnight in a cage containing a single male. Detection of a vaginal plug the following morning
was considered evidence of mating and this time was considered gestational day 0 (gd 0).
Pregnant mice were exposed to either sidestream cigarette smoke (simulating environmental
tobacco smoke or “passive” smoke exposure) or ambient air (sham-exposed controls) for six
hours per day during two periods of gestation: 1] early embryogenesis (gd 6–9 for the
Folr2−/− and Folr2+/+ strains), or 2] post-implantation (gd 6–18.5 for all strains). Dams were
weighed daily and monitored for signs of toxicity: weight loss, moribundity, mortality, ruffled
fur, reluctance to ambulate, inappetence and chromodacryorrhea. Dams were group-housed
whenever possible in an attempt to limit stress associated with solitary housing conditions.
Pregnant mice (and corresponding litters) were excluded from embryo/fetal outcome and dam
weight gain analysis if the dam was not pregnant or had less than four implantations.

Cigarette Smoke Inhalation System
The Teague TE-10C whole body smoke inhalation system (Teague Enterprises, Davis, CA)
used for these studies is a microprocessor controlled cigarette-smoking apparatus that delivers
smoke to an enclosed inhalation chamber (40). This instrument can produce sidestream smoke
or a combination of mainstream and sidestream smoke. Sidestream smoke, simulating
environmental tobacco smoke or “passive” smoke exposure, was generated using Kentucky
Reference Cigarettes (2R4F) (University of Kentucky Tobacco and Health Research Institute,
Lexington, KY). These cigarettes contain approximately 9.2 mg of tar and 0.85 mg/cigarette
of nicotine. The cigarettes were stored at 4 °C until 48 hours prior to use when they were placed
into a closed chamber at 23 °C where they were brought to a relative humidity of 60%.
Cigarettes were smoked using the standard Federal Trade Commission method: a two second,
35 cubic centimeter puff, once a minute for a total of nine puffs (40). Sidestream smoke,
generated from the smoldering end of the cigarette between puffs, was drawn into a
conditioning chamber, diluted with fresh air, aged, and passed into the exposure chamber where
pregnant mice were placed during the treatment period.

The paired exposure chambers (one receiving sidestream cigarette smoke and one receiving
ambient air [sham]) were characterized twice daily for total suspended particulates (TSP),
temperature, carbon monoxide levels, and humidity. TSP were measured using 25 mm Teflon-
coated filters (TX40H120-WW, Pallflex Products Co., Putnum, CT). Chamber temperature
and humidity were monitored by a digital hygrometer/thermometer (Control Company,
Friendsworth, TX) and carbon monoxide levels were measured using a digital display carbon
monoxide detector (KIDDE, Mebane, NC).

Animal Inhalation Exposure Paradigms
Folr2−/−, Folr2+/+, and C57BL/6J mice were exposed to either ambient air (sham) or sidestream
cigarette smoke (CSE) (simulating environmental tobacco smoke or “passive” smoke
exposure) during two periods of gestation: 1] early embryogenesis (gestational day (gd) 6–9
for the Folr2−/− and Folr2+/+ strains), or 2] post-implantation (gd 6–18.5 for all strains). On
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the morning of gd 6, dams were weighed and exposed to either ambient air (sham) or CSE for
the gestational intervals specified above. Dams were exposed for six hours/day, three hours in
the morning and three hours in the afternoon, with a one-hour interval between exposure
periods. The six hour/day exposure model utilized in the current study was based on previously
published reports utilizing similar exposure paradigms (16,19,41). Tail blood was collected
from each dam at the end of the smoking session on designated gestational days (gd 6, 7, 8, 9,
12 and 15 for the two exposure periods) for determination of cotinine levels. The end of each
smoking session represents the time of peak dam cotinine levels (data not shown).

“Fetal Phenotyping” Following Cigarette Smoke Exposure During Early Embryogenesis
On gd 10.5, dams were euthanized by carbon dioxide asphyxiation followed by cervical
dislocation. Uterine horns were exteriorized and the number and location of implantations and
resorptions were recorded. Embryos were then removed from the uterus and number of somites
for each embryo determined according to methods outlined by Copp (42). Embryos were
examined for age-appropriate developmental indices (closure of the neuropore, the appearance
of four sets of branchial arches, hindlimb buds, and a heartbeat) and the number of
abnormalities was recorded. Embryos were photographed and crown-rump length was
measured from the forebrain-midbrain juncture to the posterior edge of the hind limbbud using
MetaMorph software Imaging Series 6.1 (Universal Imaging, Downington, PA).

“Fetal Phenotyping” Following Cigarette Smoke Exposure During Post-Implantation
Development

On gd 18.5, dams were anesthetized with Avertin (500 mg/kg, ip) (43) and euthanized by
carbon dioxide asphyxiation followed by cervical dislocation. Uterine horns were exteriorized
and the number and location of implantations and resorptions were recorded. Fetuses were then
removed from the uterus, blotted, weighed, and crown-rump length was measured from the tip
of the nose to the end of the body (excluding the tail). Embryos were examined for gross
external abnormalities including: cranial vault defects such as anencephaly and exencephaly;
signs of anophthalmia or microphthalmia; evidence of micrognathia and cleft lip and/or palate;
presence of limb defects such as polydactyly, syndactyly or hypodactyly; and trunk
abnormalities including spina bifida, umbilical hernia, and gastroschisis.

Cotinine as a Biomarker of Cigarette Smoke Exposure
Cotinine is the principal metabolite of nicotine and is well documented as a marker of “active”
and environmental tobacco smoke exposures (44). Cotinine can be measured in blood, urine,
and hair using a variety of sensitive and quantitative methods (9,45). Levels of cotinine were
monitored in the sham- and smoke-exposed dams at designated time points throughout the
exposure periods (gd 6, 7, 8, 9, 12, and 15). Tail blood was collected from the dam into
heparinized capillary tubes, blood samples centrifuged at 10,000 × g for 10 minutes in a Sorvall
microcentrifuge and plasma was collected and stored (−20 °C) until analyzed. Plasma was
assayed for cotinine concentrations using a Cotinine One-Step ELISA Detection Kit
(International Diagnostic Systems, St. Joseph, MI). This system is a competitive binding assay
in which plasma cotinine competes with a cotinine enzyme conjugate for binding sites on a
cotinine-specific antibody. In brief, 20 μl of sample or cotinine standard was added to cotinine
antibody-coated microtiter plates. One hundred microliters (100 μl) of enzyme conjugate was
added to each well and following a 30 minute incubation, the solution was removed and the
plate washed. Substrate, tetramethylbenzidine (TMB) (150 μl), was then added to each well
and the plate incubated for an additional 15 minutes. The reaction was terminated by adding
150 μl of 3 N sulfuric acid to each well and the absorbance was read at 450 nm. Cotinine
concentrations were determined against a standard curve (0–50 ng/ml) and the data reported
as mean ng/ml cotinine ± standard error of the mean.
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Statistical Analysis
Data were analyzed with the Statistical Package for Social Sciences© version 13.0 (SPSS,
Chicago, IL). Since the dam was the treated entity, the litter rather than the individual embryo/
fetus was regarded as the experimental unit. Data on treatment-induced changes in dam weight
gain were analyzed using a two by two ANOVA (for dams treated during early embryogenesis
[gd 6–9]) or a three by two ANOVA (for dams treated during gd 6–18.5). Statistically
significant multivariate ANOVA analyses were then followed by independent t-tests where
appropriate. Embryo/fetal outcome data were analyzed using a mixed model ANOVA.
Cotinine levels were analyzed using a repeated measures ANOVA to test for main effects of
strain and exposure day, followed by directed t-tests where appropriate. Pregnancy rates were
evaluated using a Chi-square analysis. Statistical significance was assigned a p < 0.05.

Results
Exposure Conditions and Maternal Cotinine Levels

Chamber conditions (total suspended particulates, carbon monoxide levels, temperature, and
humidity) were measured daily, immediately prior to, and then twice during the actual exposure
period, and are reported in Table 1. Under the experimental paradigm, the mean total suspended
particulates (TSP) were 5.9 ± 0.1 mg/m3 and 5.6 ± 0.1 mg/m3 for the smoking chamber and
0.2 ± 0.1 mg/m3 for the sham chamber. While TSP levels are commonly used to represent the
“dose” of cigarette smoke to which the animal is exposed, plasma cotinine levels are a more
reliable biological indicator of actual smoke exposure. Maternal cotinine levels for CSE dams
exposed during early embryogenesis (gd 6–9) resulted in an average cotinine concentration of
8.9 ± 1.9 ng/ml and 10.3 ± 1.3 ng/ml for Folr2+/+ and Folr2−/− dams respectively. In addition,
maternal cotinine levels averaged 21.6 ± 3.8 ng/ml (Folr2+/+), 24.7 ± 6.0 ng/ml (Folr2−/−), and
10.6 ± 2.7 ng/ml (C57BL/6J) in dams exposed to sidestream cigarette smoke during gd 6–18.5.
These data approximate the accepted criterion of plasma cotinine levels associated with
secondhand/”passive” smoke exposure (15 ng/ml) (44). Maternal cotinine levels within an
individual strain/genotype did not change over any exposure period. This was to be expected
as the half-life of cotinine in C57BL/6 mice is 38 minutes (46). Moreover, preliminary data
from our laboratory demonstrated that under similar experimental conditions, cotinine
concentrations returned to baseline levels 18 hours after cigarette smoke exposure (data not
shown). In contrast, strain/genotype differences in cotinine values were observed following
cigarette smoke exposure during gd 6–18.5 (10.6 ± 2.7 ng/ml in C57BL/6J dams versus 21.6
± 3.8 ng/ml and 24.7 ± 6.0 ng/ml in Folr2+/+ and Folr2−/− dams).

Dam Weight Gain and Pregnancy Rates
In order to monitor dams for possible smoke-induced toxicity, each dam was weighed daily
prior to sham or sidestream smoke exposure. No indications of maternal toxicity (weight loss,
moribundity, mortality, ruffled fur, reluctance to ambulate, inappetence, or
chromodacryorrhea) were detected. As shown in Table 2, sham-exposed Folr2+/+ dams gained
less weight (0.9 ± 0.3 g) than sham-exposed Folr2−/−dams (2.4 ± 0.2 g), when the exposure
occurred during early embryogenesis (gd 6–9). This was an apparent, but unexpected genotype-
specific effect. In addition, smoke-exposed Folr2−/− dams gained less weight (1.2 ± 0.5 g) than
Folr2−/− sham dams (2.4 ± 0.2 g). In contrast, Folr2+/+ dams and Folr2−/− dams showed similar
weight gain regardless of their treatment when the exposure occurred during gd 6–18.5 (Table
3). C57BL/6J dams however, showed sidestream smoke-related decreases in weight gain (12.8
± 0.5 g CSE dams versus 15.1 ± 0.4 g sham-exposed dams).

Interestingly, sixty-six percent (66.7%) of the Folr2+/+ dams exposed to sidestream cigarette
smoke during early embryogenesis (gd 6–9) (Table 2) and 58.8% of Folr2−/− CSE dams
exposed during gd 6–18.5 (Table 3) were pregnant. In comparison, pregnancy rates were 90.9%
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and 81.8% in their within-strain sham controls. While it appears that smoke exposure decreases
pregnancy rates in the Folr2+/+ dams (during the gd 6–9 exposure) and the Folr2−/− CSE dams
(during gd 6–18.5 exposure), this decrease was not significant. Moreover, there was a non-
significant decrease in pregnancy rates among the C57BL/6J dams, as only 73.3% were
pregnant in the smoke-exposed group compared to the sham treatment group (81.8%).

Developmental Outcomes
Embryos from dams exposed to CSE during gd 6–9 were collected on gd 10.5 and
developmental outcomes are presented in Table 4. Maternal exposure to sidestream smoke had
no statistically significant effects on the number of implantations or resorptions, embryo
crown-rump length, developmental progression (measured by somite number) or phenotype
(ascertained by number of abnormalities) of wild-type or Folr2−/− embryos. Folr2−/− embryos
had a reduced crown-rump length compared to Folr2+/+ embryos regardless of treatment,
suggesting a genotype effect (Table 4). While a limited number of gross abnormalities were
observed including exencephaly (5 embryos), delayed neural tube closure (4 embryos), and
midfacial cleft (1 embryo), none appeared to be strain- or treatment-specific.

To assess the effects of sidestream smoke exposure on fetal development during the post-
implantation gestational period, dams were exposed to either ambient air or sidestream
cigarette smoke starting on gd 6 and continuing through gd 18.5. Dams were euthanized on gd
18.5 and the number of implantations and resorptions were recorded. Fetuses were removed
from the uterus, blotted, weighed, assessed for abnormalities, and crown-rump length was
determined (Table 5). When the three strains/genotypes were analyzed collectively (all sham
exposed strains versus all cigarette smoke exposed strains) there was a significant cigarette
smoke-induced decrease in fetal weight and crown-rump length. When each strain/genotype
was analyzed individually, smoke-exposed Folr2−/− dams had an increase in the number of
resorptions compared to Folr2+/+ dams. There was also a significant decrease in the number
of abnormalities in either the Folr2−/− or the C57BL/6J fetuses compared to the Folr2+/+

fetuses, regardless of treatment, mainly due to more frequent occurrence of gastroschisis and
ocular defects found in the Folr2+/+ fetuses. Crown-rump length was reduced in smoke-
exposed Folr2+/+ fetuses compared to sham-exposed Folr2+/+ fetuses. Strain/genotype-
specific fetal weight differences were not significant when analyzed independently (Figure 1,
panel A). However, when data were collapsed across strains/genotypes, smoke exposed fetuses
weighed significantly less (1.11 ± 0.02 g) than sham-exposed fetuses (1.17 ± 0.03g) (Figure
1, panel B). These data suggest that a larger (n) number of animals in each group is essential
to achieve the power to analyze sidestream smoke-induced effects on fetal weight.

Discussion
Exposure to environmental tobacco smoke (ETS, secondhand smoke) has been linked to
adverse health effects in children and the developing fetus. These adverse effects include
increased risk for respiratory illness, sudden infant death syndrome, middle ear disease (1,2),
low birth weight (3,4), and long-term cognitive and behavioral deficits (5). It has been estimated
that 43% of the population is affected by ETS exposures and that exposures of this nature pose
a significant health threat (9).

Folate is an essential dietary vitamin necessary for normal growth and development (20).
Women who smoke cigarettes during pregnancy have been shown to have lower serum folate
levels than pregnant women who do not smoke cigarettes (32–34). Thus, it is reasonable to
postulate that folate deficiency may be related to the risk of smoking-related adverse effects
on the developing embryo/fetus. Folate enters the cell via transport systems, including the
reduced folate carrier and the high and low affinity receptors, Folr1 & Folr2 respectively. Loss
of Folr2 confers increased susceptibility to teratogens such as arsenic (38) and valproic acid
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(39). The purpose of the current study was thus to determine if the loss of Folr2 would confer
an increase in sensitivity to cigarette smoke-induced effects on embryo/fetal developmental
outcomes.

Infants born to women who smoked cigarettes during pregnancy weigh ~150–200 grams less
at birth than those infants born to women who did not smoke cigarettes (47,48). While an
association between ETS exposure and low birth weight is not as clear, reports suggest that
exposure to ETS does result in a reduction in birth weight, albeit less (30–100 g) than what is
seen in infants born to mothers who smoked cigarettes themselves (3,4). Supporting this
observation, our data demonstrated a significant decrease in fetal body weight following in
utero sidestream smoke exposure. This treatment effect was seen only, however, when the data
were combined across mouse strains and was not evident when the data were analyzed within
each strain independently. In addition, the loss of folate binding protein-2 did not increase the
risk for cigarette smoke-induced decreases in fetal body weight.

The lack of an intra-strain treatment effect, while unexpected, can be explained. When
examining the effects of in utero exposure to ETS on fetal birth weight, rodent models have
exhibited mixed results (16,49). Cigarette smoke-induced decreases in fetal birth weight were
not observed when pregnant rats were exposed to sidestream smoke for 6 hrs/day from gd 3
through gd 11 (49). In contrast, Rajini and coworkers have demonstrated significant decreases
in fetal body weight following intermittent in utero sidestream smoke exposure (16). Recent
work from our own lab has shown decreases in fetal body weight only when smoke exposures
occurred during the pre-implantation period (gd 1–5) (18,19).

The inability to observe intra-strain effects on fetal birth weight following cigarette smoke
exposure may be due, in part, to the low exposure levels obtained by our treatment paradigm.
Maternal cotinine levels initially ranged from 9 ng/ml to 25 ng/ml and no signs of cotinine
bioaccumulation were discerned over the exposure period. As the half-life of cotinine in
C57BL/6 mice is 38 minutes (46), the lack of time-dependent increases in cotinine levels was
not unexpected. In addition, we have previously demonstrated that under the current treatment
conditions, cotinine concentrations returned to baseline levels 18 hours after the dams were
removed from conditions of exposure to cigarette smoke (data not shown). In the study reported
by Rajini, wherein exposure to ETS resulted in a significant decrease in fetal body weight
(16), initial maternal cotinine levels were slightly higher than those seen in our study. In
addition, bioaccumulation was observed over the treatment period with maternal cotinine levels
reaching 98 ng/ml, a level almost four times higher than those reported in our study.

Environmental tobacco smoke exposure and active smoking are associated with decreased
serum folate levels (32–34). Since folate is important for normal fetal growth (20), decreases
in folate may underlie fetal growth deficiencies associated with smoking during pregnancy. In
addition, when on a folate deficient diet, Folr2−/− animals have lower folate levels than controls
(37) and increased frequencies of arsenic-induced malformations (38). This provides further
support for the hypothesis that decreases in maternal folate levels, particularly in Folr2−/− dams
exposed to sidestream smoke, could be responsible for decreased fetal growth. Contrary to our
hypothesis, however, the loss of folate binding protein-2 did not increase susceptibility to
smoking-induced low birth weight. Since dams were maintained on a diet containing 1.6 ppm
folic acid, three times the amount of folate required for laboratory mice (50), and since folate
status was not monitored in the current study, we cannot rule out the possibility that exposure
to sidestream smoke failed to decrease folate levels.

In contrast to the data on fetal birth weight, both treatment and strain effects on crown-rump
length were observed following in utero exposure to sidestream smoke. Following cigarette
smoke exposure during gd 6–9, crown-rump length of gd 10.5 Folr2−/−embryos was less than
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crown-rump length of same-aged Folr2+/+ embryos regardless of treatment. These data suggest
that Folr2−/− mice experience a delay in growth early in development. This delay is, however,
overcome later during gestation, as Folr2−/−/Folr2+/+ strain differences in crown-rump length
were not observed in gd 18.5 fetuses. While a reduction in crown-rump length was seen in
Folr2+/+ fetuses following in utero exposure to sidestream smoke on gd 6–18.5, smoke-induced
effects were not observed in Folr2−/− fetuses. These data imply that the loss of folate binding
protein-2 may actually confer a degree of protection against smoke-induced reductions in
crown-rump length. In contrast to data derived from Folr2+/+ embryos, and our hypothesis,
exposure of C57BL/6J embryos to CSE failed to result in reductions in crown-rump length.
This may be explained by the fact that maternal cotinine concentrations were significantly
lower in C57BL/6J dams compared to Folr2−/− and Folr2+/+ dams. Strain differences in
maternal cotinine levels may be the result of genetic variations in nicotine metabolism and may
account for the decreased cotinine levels seen in C57BL/6J mice compared to the Folr2−/− or
Folr2+/+ strains.

Folate deficiency results in the reduction of methyltetrahydrofolate, an enzyme required for
methylation of homocysteine. Levels of non-methylated homocysteine are therefore inversely
related to folate levels, with decreased folate resulting in increased homocysteine. Elevated
homocysteine levels results in a condition known as hyperhomocysteinaemia, which is
associated with increased early pregnancy loss, spontaneous abortion, and placental abruption
(51). In addition, methotrexate, a known folate antagonist, results in pregnancy termination
(52). Moreover, miscarriage and placental abruption are known consequences of maternal
smoking (53,54) while exposure to environmental tobacco smoke in humans has been linked
to decreased pregnancy rates (55). The possibility also exists that smoke exposure on gd 6 may
have affected pregnancy rates by altering embryo implantation. Reports show that murine
embryo implantation can occurs between gd 4.5 and 6 (56). Data from the current study
revealed a non-significant decrease in pregnancy rates and a significant increase in the number
of resorptions in Folr2−/− dams following in utero exposure to sidestream smoke on gd 6–18
compared to their wild-type controls. Decreases in pregnancy rates, albeit non-significant, in
the C57BL/6J strain were also observed following sidestream smoke exposure on gd 6–18.5.
These data suggest that exposure to sidestream smoke may increase the risk for pregnancy loss
and that this effect may be enhanced by the loss of folate binding protein-2.

Collectively, our data demonstrates that in utero exposure to sidestream smoke during early
embryogenesis or the post-implantation period adversely affects fetal growth. Contrary to the
hypothesis, the loss of folate binding protein-2 failed to increase the risk for adverse embryo/
fetal outcomes following exposure to sidestream cigarette smoke during gestation. However,
these data do suggest, that the loss of folate binding protein-2 increases the liability for
pregnancy loss following exposures to sidestream smoke.
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Figure 1. Scattergrams of Fetal Weight as a Function of Sidestream Cigarette Smoke Exposure on
Gestational Days 6–18.5
Pregnant Folr2−/−, Folr2+/+, and C57BL/6J mice were exposed to ambient air (sham) or
sidestream smoke from gestational days 6–18.5 and developmental outcomes were assessed
on gestational day 18.5. Fetal weights, expressed on a per litter basis for each strain and
treatment, are plotted in the scattergram shown in Panel A. Strain/genotype-specific fetal
weight differences were not evident when analyzed independently (Panel A). However, when
the data were collapsed across strains/genotypes, smoke-exposed fetuses weighed less than
sham-exposed fetuses (Panel B).
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TABLE 1
Chamber Conditions for Folr2−/−, Folr2+/+ & C57BL/6J Exposed Damsa

Sidestream Cigarette Smoke Exposure

Condition Sham Chamberb CSEc Chamber bFolr CSEc Chamber b C57BL/
6J

Carbon Monoxide (ppm) NDd 47.5 ± 0.3 44.1 ± 0.3
Humidity (% RH) 41.9 ± 0.7 48.5 ± 0.1 48.5 ± 0.1
Temperature (°C) 22.8 ± 0.1 22.2 ± 0.0 22.3 ± 0.0
Total Suspended Particulates (mg/m3) 0.2 ± 0.1 5.9 ± 0.1 5.6 ± 0.1

a
Chamber measurements were monitored on a daily basis: immediately prior to, and then twice during the actual exposure period.

b
Data for chamber conditions are reported as mean ± SEM.

c
CSE = Cigarette Smoke Exposure

d
ND = Not Determined
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TABLE 4
Developmental Outcomesa

Sidestream Smoke Exposure on Gestational Days 6–9

Outcome Shamb CSEb,c

Number of Implantations
 Folr2+/+ 11.3 ± 0.6 10.5 ± 0.4
 Folr2−/− 9.8 ± 0.8 10.8 ± 0.5
Number of Resorptions
 Folr2+/+ 0.4 ± 0.2 1.1 ± 0.7
 Folr2−/− 0.5 ± 0.3 1.5 ± 0.5
Somite Number
 Folr2+/+ 33.4 ± 0.4 32.1 ± 1.2
 Folr2−/− 32.3 ± 0.8 31.3 ± 0.9
Number of Abnormalities
 Folr2+/+ 0.7 ± 0.3 1.0 ± 0.4
 Folr2−/− 0.3 ± 0.2 0.5 ± 0.3
Crown-Rump Length (mm)
 Folr2+/+ 12.2 ± 0.2 12.3 ± 0.6
 Folr2−/− 11.7 ± 0.4d 11.3 ± 0.4d

a
Developmental outcomes were assessed on gd 10.5.

b
Outcome data are reported as mean ± SEM for each measure (n = 7–9 litters per group).

c
CSE = Cigarette Smoke Exposure

d
Folr2−/− embryos have a reduced crown-rump length compared to Folr2+/+ embryos regardless of treatment condition (p < 0.05).
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TABLE 5
Developmental Outcomesa

Sidestream Smoke Exposure on Gestational Days 6–18.5

Outcome Shamb CSEb,c,d

Number of Implantations
 Folr2+/+ 9.9 ± 0.1 9.3 ± 0.9
 Folr2−/− 8.5 ± 0.9 9.1 ± 0.4
 C57BL/6J 8.5 ± 0.3 8.3 ± 0.5
Number of Resorptions
 Folr2+/+ 1.5 ± 1.0 0.0 ± 0.0
 Folr2−/− 0.6 ± 0.4 1.1 ± 0.4e
 C57BL/6J 0.1 ± 0.1 0.7 ± 0.4
Number of Viable Fetuses
 Folr2+/+ 8.6 ± 0.9 9.3 ± 0.9
 Folr2−/− 8.0 ± 0.8 8.0 ± 0.6
 C57BL/6J 8.4 ± 0.4 7.7 ± 0.5
Fetal Weight (g)
 Folr2+/+ 1.13 ± 0.03 1.08 ± 0.03
 Folr2−/− 1.19 ± 0.07 1.11 ± 0.02
 C57BL/6J 1.18 ± 0.02 1.12 ± 0.03
Number of Abnormalities
 Folr2+/+ 0.7 ± 0.4 0.5 ± 0.2
 Folr2−/− f 0.0 ± 0.0 0.1 ± 0.1
 C57BL/6J f 0.0 ± 0.0 0.0 ± 0.0
Crown-Rump Length (mm)
 Folr2+/+ 27.9 ± 0.4g,h 25.6 ± 0.4h
 Folr2−/− 27.2 ± 0.7 26.8 ± 0.5
 C57BL/6J 26.2 ± 0.2g 25.9 ± 0.1

a
Developmental outcomes were assessed on day 18.5 of gestation.

b
Outcome data are reported as mean ± SEM for each measure (n = 6–10 litters per group).

c
CSE = Cigarette Smoke Exposure

d
There was a smoke-induced decrease in fetal weight and crown-rump length when data was collapsed across strains/genotypes (p < 0.05).

e
Cigarette smoke exposure on gestational days 6–18.5 resulted in statistically significant increases in the number of resorptions in Folr2−/− dams compared

to Folr2+/+ dams (p < 0.05).

f
There were fewer abnormalities found in Folr2−/− and C57BL/6J litters compared to Folr2+/+ litters, regardless of treatment (p < 0.05).

g
Sham-exposed C57BL/6J fetuses had a shorter crown-rump length than those of the sham-exposed Folr2+/+ fetuses (p < 0.05).

h
Exposure to cigarette smoke on gestational day 6–18.5 resulted in statistically significant decreases in crown-rump length of Folr2+/+ fetuses compared

to sham-treated Folr2+/+ fetuses (p < 0.05).
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