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In utero exposure to second-hand smoke (SHS) is associated with
exacerbated asthmatic responses in children. We tested the hypothe-
sis that in utero SHS will aggravate the lung responses of young adult
mice re-exposed to SHS. We exposed Balb/c mice in utero to SHS (S) or
filtered air (AIR; A), and re-exposed the male offspring daily from 11-
15 weeks of age to either SHS (AS and SS) or AIR (AA and SA). After the
adult exposures, we analyzed samples of bronchoalveolar lavage fluid
(BALF), examined the results of histopathology, and assessed pulmo-
nary function and gene expression changes in lung samples. In SS
mice, compared with the other three groups (AA, AS, and SA), we found
decreases in breathing frequency and increases in airway hyperrespon-
siveness (AHR), as well as low but significantly elevated concentrations
of BALF proinflammatory cytokines (IL-1b, IL-6, and keratinocyte-
derived chemokine). Lung morphometric analyses revealed enlarged
airspaces and arteries in SA and SS mice compared with their in utero
AIR counterparts, as well as increased collagen deposition in AS and
SS mice. Unique gene expression profiles were found for in utero,
adult, and combined exposures, as well as for mice with elevated
AHR responses. The profibrotic metalloprotease genes, Adamts9
and Mmp3, were up-regulated in the SS and AHR groups, suggesting
arolefor in utero SHS exposure on the adult development of chronic
obstructive pulmonary disease. Our results indicate that in utero
exposures to environmentally relevant concentrations of SHS alter
lung structure more severely than do adult SHS exposures of longer
duration. These in utero exposures also aggravate AHR and promote
a profibrotic milieu in adult lungs.
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siveness; lung structure changes; gene expression

In utero exposure to second-hand smoke (SHS), which exerts strik-
ing effects on lung function (1), has been associated with exacer-
bated asthmatic responses in children (1, 2). Altered lung function,
an increased risk of asthma, and persistent lung function deficits in
children have been linked with in utero and postnatal exposures to
SHS (3-7). The synergistic effects of in utero smoke exposure with
various nontobacco allergens have also been reported. Mild in utero
SHS exposure exacerbates responses of BALB/c mice exposed to
ovalbumin (OVA) from 11-15 weeks of age (8). These func-
tional, histological, and inflammatory responses are accompanied
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CLINICAL RELEVANCE

We examined the lung responses of male BALB/c mice
exposed in utero and then as adults to second-hand smoke
(SHS). Our results indicate that in utero exposures to en-
vironmentally relevant concentrations of SHS (7) alter lung
structure more severely than do adult SHS exposures of
longer duration; (2) aggravate airway hyperresponsiveness;
and (3) promote a profibrotic milieu in adult lungs.

by distinct changes in lung gene expression (9). Children exposed
in utero to maternal smoking manifest a higher risk of sensitization
to house dust mites (10). A recent study of mice found that in utero
smoke exposure promotes Th2 polarization and induces allergic
asthma in response to Aspergillus fumigatus sensitization (11).
Whether and how in utero SHS exposures potentiate subsequent
adult physiological and transcriptome responses to SHS exposure,
without any other irritant challenges, are not fully understood.

Evidence also indicates that exposure to environmental pollu-
tants, such as SHS, during crucial periods of prenatal and postnatal
development alters the course of lung morphogenesis and matura-
tion, potentially resulting in long-term changes that affect the func-
tion and structure of the respiratory system (12). Persistent adult
SHS exposure is strongly associated with the development of
chronic obstructive pulmonary disease (COPD), accounting for
more than 80% of COPD cases in the United States (13). The
effects of relatively brief SHS exposures in utero on the lung struc-
ture and pathogenesis of COPD have received little attention.

In the experiments described here, we tested the hypothesis that
in utero exposure to SHS will aggravate lung responses of young
adult mice re-exposed to SHS. We asked whether in utero and adult
exposures to SHS exert significant effects on murine lungs with
regard to:

e Lung inflammation and proinflammatory cytokine production;
e Lung morphology (airway and vasculature);

e Lung function, including airway hyperresponsiveness (AHR)
and breathing patterns; and

o Gene expression patterns.

We focused particularly on whether mice exposed in utero or
as adults to SHS respond differently from each other and from
mice exposed to SHS both in utero and as adults.

MATERIALS AND METHODS

Animal Protocols

We housed and handled BALB/c mice (Harlan, Indianapolis, IN) as de-
scribed previously (8). The Institutional Animal Care and Use Committee
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at Louisiana State University approved all animal procedures. Preg-
nant mice were housed in separate cages from Day 20 of pregnancy
until weaning (Postnatal Day 21).

SHS Exposures

Sidestream smoke, which comprises 85-90% of SHS, served as a surro-
gate for SHS (14, 15). Smoke exposures and related measurements
were performed as previously described (8), except that 3R4F filtered
research cigarettes (University of Kentucky, Lexington, KY) were used
to achieve a suspended particle density of 10 mg/m>. The 3R4F cig-
arette is a model of a “full flavor” (10 mg tar), commercially avail-
able, filtered cigarette (16). Investigations performed with an earlier
version of this model cigarette (1R4F) revealed that the inhalation-
chamber SHS concentration produced by the steady-state combus-
tion of one 1R4F cigarette was exceeded by the SHS concentration in
bars where five smokers were seated at a table (17). In the exper-
iment reported here, pregnant mice, and subsequently their male
offspring, were exposed in inhalation chambers to a steady-state sus-
pended particle concentration of 10 mg/m® and an average carbon
monoxide concentration of 45 parts per million, concentrations 4-10
times higher than those generated in the earlier one-cigarette steady-
state study.

After 5 days of mating, 10-week-old female mice were exposed to
SHS mixed with high-efficiency particulate airfiltered air (AIR) or AIR
alone (14 air changes/hour, 5 hours/day, for 19 consecutive days) in 1.3-m’
stainless steel and Plexiglas dynamic exposure chambers. Male offspring
were re-exposed to SHS or AIR from 11-15 weeks of age. Insufficient
numbers of female mice were produced by these matings to allow for
equivalent size groups of females to be tested. The exposure schedule is
presented in Figure 1. Mice were classified into one of four groups,
depending on whether SHS (S) or AIR (A) exposures were performed
in utero or in adults (AA, n =7; AS,n = 8; SA, n = 6; SS, n = 6).
Colors representing the four exposure groups used consistently in Figures
2-4 and 6B (AA = orange; AS = green; SA = blue; SS = purple).

Pulmonary Function Testing

Pulmonary function testing was performed as previously described (8). In
these pulmonary function studies, for each mouse at each methacholine
dose concentration, readings over 5 minutes were averaged. Enhanced
pause (Penh) values represent the degree of AHR in each animal. These
data were used to generate the graph in Figure 4A. The highest Penh
value (MaxPenh) recorded for each mouse sampled in the microarray
study, regardless of methacholine dose (Figure 6B), is presented along
with the array results for that mouse. A similar approach was used to
calculate minimum breathing frequency (Figure 6A).

Cytokine Quantitation in BALF

Murine proinflammatory cytokine 7-plex kits (Meso Scale Discovery,
Gaithersburg, MD) were used to measure major proinflammatory cyto-
kines in BALF. The cytokines in the assay included IL-1b, IL-12p70,
IFN-y, IL-6, keratinocyte-derived chemokine (KC)/GRO, IL-10, and
TNF-a. The manufacturer’s stated average limits of detection (based on
multiple kit lots) were 0.75, 35, 0.38, 4.5, 3.3, 11, and 0.85 pg/ml, respectively.

In-Utero

Histopathologic Analysis of Lungs

After BALF collection, lungs were fixed and processed as previously
described (8, 14). We used a six-category scoring system (peribronchial,
perivascular, bronchitis, pleuritis, alveolitis, and mucous metaplasia)
for the evaluation of lung inflammation. Sites were scored from 0 (none)
to 4 (severe). A board-certified veterinary pathologist, blinded to the
treatments, evaluated histopathologic samples. A higher score (maximum
score, 24) indicates greater tissue inflammation.

Lung Morphometric Analysis

The mean linear intercept (MLI) was measured in six X100 random
fields/slide. The radial alveolar count (RAC) was measured in six X100
fields, each of which had a bronchiole termination that could be fol-
lowed out to the pleura. Each value (MLI or RAC) represents the
average of the six fields from each slide (animal) (18). Some RAC
measurements involved fewer than six fields, because we could only
identify four bronchi in those sections that could be followed out. For
vascular morphometry, 20 random arteries accompanying airways were
evaluated. Capillaries (< 20 wm) or large arteries (> 150 wm) were not
evaluated. Wall thickness was calculated using the formula (2 X [WT/
ED] X 100%), where WT = wall thickness, and ED = external diam-
eter. We used a Nikon (Melville, NY) TE2000 microscope equipped
with a QImaging (Surrey, BC, Canada) cooled high-resolution CCD
camera and Metamorph image analysis software (version 6.2r4) for
measurements (Molecular Devices, Sunnyvale, CA).

Statistical Analysis

We used the SAS statistical package (version 9.1.3; SAS Institute, Inc.,
Cary, NC) for data analyses. We performed one-way ANOVA on ple-
thysmograph results, performed a Kruskal-Wallis test (one-way ANOVA)
on the ranks for the cytokine data in considering limits of detection, and a ¢
test for pairwise comparisons between two combined groups for morpho-
metric analyses. When significant differences were found in the ANOVA
model, we performed post hoc pairwise comparisons with the Tukey
honest significant difference test. In all cases, we considered compar-
isons significant at P < 0.05. All error bars indicate means = SDs.

Lung Harvest and mRNA Extraction

We followed previously described procedures (8). We checked the quan-
tity and purity of RNA samples with a NanoDrop ND-1000 Spectropho-
tometer (NanoDrop, Wilmington, DE). Values generated from the
NanoDrop for all samples fell into the following ranges: 260/280 ra-
tio, 2.13-2.43; 260/230 ratio, 1.95-2.34; concentration, 622-1283 ng/p.l.
We performed further quality assays on 1:5 dilutions of RNA samples
with an Agilent 2100 BioAnalyzer and Agilent RNA 6000 Nano Series 11
Kits (Agilent Technologies, Palo Alto, CA). All samples fell into the
following ranges: 28S/18S ratio, 1.4-1.6; RNA integrity number, 8.9-9.6.

Microarray Assay

We assessed global gene expression in the lungs of individual 15-week-
old mice (four male mice per treatment group) on murine 430.2 genome
arrays (Affymetrix, Santa Clara, CA) representing more than 39,000
transcripts with more than 45,000 probe sets. Arrays were processed at

Figure 1. Group designations and experimental timeline.
The two-letter symbols are assigned to four experimental
groups, depending on their exposure status at both time
points. Times shown in the experimental timeline are
expressed relative to the birth date of offspring. AA, expo-

sure to air in utero and as adults; AS, exposure to air
in utero and to smoke as adults; GD, gestational day; SA,
exposure to smoke in utero and to air as adults; SHS,

Exposure Adult Exposure Symbol # male offspring
Air Air AA 7
Air SHS AS
SHS Air SA 6
SHS SHS SS 6
Start  End Start End
GDS GD19 Day 0 11 wk o

Gestation

!

Birth

15 wk second-hand smoke; SS, exposure to smoke in utero and
T as adults; wk, weeks.

Sacrifice
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the Research Core Facility of the Louisiana State University Health
Science Center at Shreveport, as described previously (8).

Gene Expression Profiling

All analyses were performed in the R/bioconductor platform (http:/www.
r-project.org/; http://www.bioconductor.org/). All 16 arrays were prepro-
cessed according to the robust multiarray average method to generate
comparable expression values across all samples. A linear model for 2 X
2 factorial design ([[n Utero Exposure] * [Adult Exposure]) was con-
structed with the Limma package (19) to select those genes that are
highly associated with in utero or adult exposures. Associations between
gene expression and phenotypic variables were tested in phenoTest (20).
Correlation graphs and heat maps were plotted using the gclus and
Heatplus (21) packages. We adopted a red—yellow color scheme to visu-
alize the relative expression differences across all samples (Figures 5 and
6B), with red (negative row z-scores) indicating relatively low expression,
and yellow (positive row z-scores) indicating relatively high expression.
We used a green-red color scheme to indicate fold-change differences
for pairwise comparisons, (Figure 7C). The microarray data have been
deposited in the National Center for Biotechnology Information Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/), and are
accessible through GEO Series accession number GSE36810.

Gene-Set Functional Analysis and Ingenuity
Pathway Analysis

Gene lists generated from statistical analyses were analyzed in the Web-
Based Gene Set Analysis Toolkit (WebGestalt2) (22). Degrees of enrich-
ment were calculated based on the gene lists with assistance from different
public databases, including Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Molecular Signatures Data Base
(MSigDB). We analyzed gene expression data with Ingenuity Pathways
Analysis (IPA) version 8.7 (Ingenuity Systems, Redwood City, CA). Gene
networks and canonical pathways were examined using the Ingenuity Anal-
ysis Knowledge Database (Ingenuity Systems). We created custom gene
networks to demonstrate the connections between the genes and signifi-
cantly associated functional and signaling pathways identified in this study.

Quantitative RT-PCR

Total RNA was reverse-transcribed with a High Capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA). Expression levels
of selected genes were measured with a TagMan universal PCR master mix
(Applied Biosystems) and predesigned Tagman probes for murine genes
(assay identifications: Hprtl, Mm00446968_m1; Gata3, Mm00484683_m1;
Cyplal, Mm00487218_m1; Adamts9, Mm00614433_m1; Fam107a,
MmO01706977_s1; Egrl, Mm00656724_m1; Fos, Mm00487425_m1;
Btg2, Mm00476162_m1; Zfp36, Mm00457144_m1l; and Nr4al,
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MmO01300401_m1). Expression levels were normalized to Hprtl
concentrations.

RESULTS

Neutrophil concentrations in cell differentials were very low in
all four groups, and were indistinguishable from each other (data
not presented). We detected no evidence of lung inflammation.

Concentrations of the BALF cytokines IL-1b, IL-6, and KC
were low, but were significantly increased (Tukey honest signif-
icant difference test, P < 0.05) in the SS group compared with the
other three groups (Figure 2). IL-10, IL-12p70, TNF-a, and IFN-y
were not detected in any samples.

Lung morphometric analyses assessed MLIs, RACs, and vas-
cular morphometric parameters, including artery wall thickness
(WT), artery external diameter (ED), and percentage of wall
thickness (% WT; Figure 3A). We found no statistically signif-
icant differences when results for the four individual groups were
compared, although we detected indications of in utero exposure—
related responses. After regrouping the four groups into two
groups according to their in utero exposure status, significant
increases were evident in MLIs, WT, and EDs in SX versus AX
mice (SX = SA and SS combined, n = 12; AX = AA and AS
combined, n = 15; Tukey honest significant difference test, P <
0.05). Evidence of increased perivascular collagen deposition was
detected in the AS and SS groups (Figure 3B).

Pulmonary function testing revealed significantly elevated
AHR in the SS group after methacholine challenge, compared
with in utero (SA) or adult (AS) SHS exposure alone (Figure
4A). A reverse trend was found for breathing frequency (Figure
4B). Significant differences (Tukey honest significant difference
test, P < 0.05) were found in enhanced pause (Penh) and
breathing frequency (f) between the SS group and the other
three groups at the highest methacholine dose (50 mg/ml). At
methacholine doses < 12 mg/ml, both the AS and SS groups
exhibited higher responses than did the SA and AA groups
(both exposed to AIR as adults), whereas further increases in
methacholine dose differentiated the SS group from each of the
other three groups.

Gene expression profiling via a linear model revealed three sets
of genes that were uniquely affected by in utero SHS exposure (n =
232), adult SHS exposure (n = 5,547), or both in utero and adult
SHS exposure (n = 183), as shown by the Venn diagram in Figure
5. All genes in each group exhibited P values and false discovery
rate (FDR) values < 0.05. Adult exposure to SHS yielded 20 times
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Figure 2. Mice in the SS group expressed significantly higher concentrations of the cytokines IL-1b, IL-6, and keratinocyte-derived chemokine (KC),
compared with mice in the other three groups (ANOVA on ranks, P < 0.05, post hoc Holm-Sidak test). IL-10, IL-12p70, and IFN-y were not

detectable in any group. Each bar represents the mean = SD.
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Figure 3. (A) In utero but not adult exposure significantly affected lung morphometric results (increased MLI, and increased arterial WT and ED) in
15-week-old male mice. Each bar represents the mean * SD. (B) Representative slides showed increased collagen deposition around the arteries in
the AS and SS groups. A, artery; Br, bronchiole; ED, external diameter; MLI, mean linear intercept; RAC, radial alveolar count; WT, wall thickness.

more differentially expressed genes than did in utero SHS expo-
sure. Relatively low (Figure 5, red) or high (Figure 5, yellow)
expression levels across all samples were plotted in heat maps
and confirmed that in each case, the gene expression patterns
were dependent on the timing of SHS exposure.

The correlation scatterplot (Figure 6A) revealed that cyto-
kine concentrations correlated well with physiological measure-
ments. The measurement with the highest correlation was of
MaxPenh (711 16, MaxPenh) = 0.60, Far-6, Maxpenn) = 0.83). There-
fore, we selected MaxPenh to represent AHR, and correlated
this set of readings with each gene on the microarray. We found
323 probes, each with P value and FDR < 0.05. All 323 probes
were plotted in a heat map, with MaxPenh values also shown
below the heat map (Figure 6B).
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For each of the four gene lists (in utero only, adult only, and
in utero + adult, Figure 5; AHR, Figure 6B), the 10 most up-
regulated/down-regulated genes (SS versus AA, i.e., doubly ex-
posed to SHS versus never exposed) in each list are presented in
Figure 7A. The differential expression of several genes initially
identified by microarray analysis, and highlighted in Figure 7A,
was further confirmed by quantitative RT-PCR. The quantitative
RT-PCR results (Figure 7B) yielded comparable fold-change val-
ues (numbers shown for each gene) between SS (Figure 7, purple)
and AA (Figure 7, blue). Thus, the quantitative RT-PCR results
confirm the microarray-based findings. The AACT values (for the
gene of interest compared with the housekeeping gene, Hprtl)
are charted in Figure 7B. For each comparison, the Hprt1 value is

Figure 4. Whole-body plethys-
mography showed significantly
increased airway hyperrespon-
siveness (AHR) (Penh) and de-
creased breathing frequency
(f) in mice twice-exposed to
SHS, compared with those ex-
posed either only in utero or as
adults. Significant differences
(ANOVA, P < 0.05) were found
Grours  jn Penh (all methacholine
: 2: doses) and f (only 50 mg/ml).
— sn The post hoc Tukey honest sig-
- ss nificant difference test indicates
that differences existed be-
tween SS and at least one other
group at methacholine concen-
trations < 6 mg/ml and be-
tween SS and all other groups
when treated with methacho-
line at 50 mg/ml. Values are
represented as mean = SD.
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Figure 5. Transcriptome screening in lungs of 15-week-old male mice revealed subsets of genes that are associated predominantly with (A) in utero
exposure, (B) adult exposure, and (C) mixed effects of both. The Venn diagram shows numbers of probes found to be significantly expressed during
each exposure period (false discovery rate [FDR] < 0.05). Heat maps show the expression pattern of probes in each portion of the Venn diagram. For
the adult exposure effect (> 5,000 probes), 226 gene probes with FDR < 0.001 are presented.

set at zero. An absolute difference of 1 in the units on the y axis
indicates a 2-fold difference in expression.

We found a minimum fold-change of two for all the genes
charted in Figure 7B, including in utero exposure—affected genes
(Egrl and Fos), both (in utero and adult) exposure-affected
genes (Btg2, Zfp36, and Nrdal), and AHR-associated genes
(Gata3, Fam107a, Cyplal, and Adamts9). The high correlation
between AHR responses and SS exposures is reflected in the
relative expression levels of Fam107, Cyplal, and Adamts9.

In utero SHS exposure identified genes primarily associated with
immune system processes (GO, 0002376; P = 1.18E-8; FDR =
5.92E-6), most of which are not responsive to adult SHS exposure.
The most striking KEGG pathways of adult exposure—affected
genes included “circadian rhythm, mammal” (P = 2.59E-07;
FDR = 4.40E-05), “mitogen-activated protein kinase signaling
pathway” (P = 0.0005; FDR = 0.0340), and “pathways in can-
cer” (P = 0.0006; FDR = 0.0340) (online supplement).

We further combined the in utero exposure—affected gene-
list with the AHR-associated gene list and searched for dis-
tinct signaling pathways from the newly generated gene list in
IPA. The enriched canonical pathways found included “IL-
17A signaling in fibroblasts” (P = 2.24E-4) and “production
of nitric oxide and reactive oxygen species in macrophages” (P =
2.09E-3). By connecting genes with reported gene interactions

and known biological function, a composite gene network
was built, as depicted in Figure 7C. The additional two IPA-
designated biological functions shown in Figure 7C are “inflam-
mation” (P = 1.02E-8) and “hypersensitive reaction” (P =
1.1E-8). Genes associated with the IL-17A signaling pathway,
including Cebpd, Nfkbia, Ccl2, and Fos, also appear in the in-
flammation and reactive oxygen species pathways (Figure 7C).

DISCUSSION

The experiments described here demonstrate that in utero
exposure to environmentally relevant concentrations of SHS
modulates adult responses to subsequent SHS exposures. Male
BALB/c mice exposed to SHS both in utero and as adults
exhibited significantly elevated lung morphometry, pulmonary
function, and gene expression responses, compared with the other
three groups. Somewhat surprisingly, none of these changes
appeared to be driven by inflammatory processes. Although
concentrations of the proinflammatory cytokines IL-1b, IL-6,
and KC were significantly elevated in the BAL fluid of SS
mice, the concentrations of each (IL-1b = 2.7 pg/ml, IL-6 =
7.9 pg/ml, and KC = 49.5 pg/ml; Figure 2) were near the low
end of their respective linear response ranges, which at their
high end range from 10,000-100,000 pg/ml. Although the
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Figure 6. Physiological and cytokine measurements were highly correlated, and can be associated with subsets of genes through microarra
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analysis. (A) All readings are reported in the same units as in other figures, e.g., pg/ml for cytokines, plotted to interrogate the correlation between
every two parameters (color of each dot, AA = blue, AS = red, SA = green, and SS = purple). All measurements demonstrated a fairly high correlation
with each other (|r] > 0.5). The background color of each scatterplot indicates the degree of correlation (blue = moderate, and red = high). (B)
Three hundred and twenty-three gene probes, significantly correlated with AHR (represented by MaxPenh values), are shown in a heat map with
each animal’s MaxPenh values plotted below (actual dots with a smoothed line). The correlation graph was plotted with the GCLUS package in R/
bioconductor (see MATERIALS AND METHODS). Max, maximum; Min, minimum.

absence of IFN-y and IL-12 from all groups is consistent with
previous reports of a blunted Th1 response in murine lungs exposed
to SHS (23, 24), their absence may equally well reflect an overall
weak cytokine response to SHS exposures. The absence of grossly
visible inflammation or increased immune cell infiltration in all
four groups is consistent with this weak cytokine response.

Morphometric analysis provided quantitative values for the
evaluation of lung structural changes in response to SHS expo-
sures. The lack of significant statistical differences between the
four groups before pooling likely reflects the relatively low num-
bers in each group (6-8). Further statistical analysis identified
significant differences after regrouping mice into two groups,
according to their in utero exposure status. Mice exposed
in utero to SHS (SA and SS) demonstrated higher MLI values
than those exposed to AIR in utero (AA and AS). This finding
suggests airspace enlargement in mice exposed in utero to SHS.
In addition, the wall thickness and external diameter of random
selected medium-sized arteries were significantly increased in
animals exposed in utero to SHS. Together, these data indicate
a role for in utero exposure to SHS in lung development that is
sustained into adulthood. In this case, the effects of 2 weeks of
in utero exposure (SA and SS) outweighed the effects of 4
weeks of adult SHS (AS).

Increased collagen deposition around the lung arteries in the AS
and SS groups (Figure 3B) suggests that adult exposure results in
the production of more extracellular matrix (ECM) proteins, which
would ultimately be necessary for the development of lung fibrosis
and COPD. The pathogenesis of COPD is associated with an im-
balance of metalloproteases (matrix metalloproteases [MMP] and
a disintegrin and metalloprotease) and antimetalloproteases (tissue
inhibitor of metalloproteases and a-2M) (25). In the present study,
a notable up-regulation of metalloprotease family genes was evi-
dent, including Adamts9 and Mmp3 in the SS and AHR groups (a

2-4 times increase). The up-regulation of both of these genes has
been associated with lung fibrosis. Adamts9 up-regulation and
associated collagen deposition have been reported in a TGF-B-
stimulated model of lung fibrosis (26). The collagen deposition
was reduced in alveolar epithelial cells transfected with Adamts9
small interfering (si)RNA. Paraquat-induced lung fibrosis in mice
also is associated with Mmp3 up-regulation (27). In addition to
lung structural changes, in utero SHS exposure may exert an effect
on the pathogenesis of COPD. An epidemiological study in 2009
linked maternal smoke exposure to further impaired lung function
in offspring even in late adulthood, when COPD becomes appar-
ent. Furthermore, maternal smoke exposure aggravated the cumu-
lative effect of active cigarette consumption (28). Together, these
results suggest that early-life exposure to smoke may serve as a risk
factor for the pathogenesis of COPD.

Lung function testing revealed that the SS group was more
responsive than the other three groups at the highest methacholine
dose (50 mg/ml) in terms of both Penh and breathing frequency.
Although Penh does not directly reflect airway mechanical func-
tion (29), it has been used as an indicator of AHR, and was shown
to correlate well with lung resistance in BALB/c mice (30, 31).
Together with the observed reduction in breathing frequency,
likely an adaptive response to bronchoconstriction (32), these
results strongly support a significantly enhanced airway response
in the group that was exposed to SHS both in utero and as adults.
An earlier report described similar results in rats exposed in utero
and then postnatally to SHS. Significantly increased lung resis-
tance was evident, compared with SHS exposure at one time-
point only, at 7-10 weeks of age (33).

Gene expression profiling with a linear model revealed that
the most differentially expressed genes associated with in utero
SHS exposure include Fos, Egrl, and Cyr6l, all of which are
down-regulated > 2 times. These results were confirmed by
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quantitative RT-PCR (Figure 7B). In adults, the up-regulation of
these three genes has been associated with COPD progression (34).
Egrl, a zinc finger transcription factor, was suggested to play
a key role in the development of cigarette smoke—induced COPD
by regulating MMP activity, and then affecting the turnover of
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ECM proteins during the pathogenesis of COPD (35). Fos is
an important component of activator protein-1 (AP-1), a
redox-sensitive transcription factor, which interacts with Nrf2
(nuclear factor erythroid—derived 2, like 2) and regulates cytopro-
tective enzymes, including heme oxygenase (36). Reductions in
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Figure 7. (A) Microarray fold-changes between SS and AA (doubly exposed to SHS versus never exposed) are listed for the 10 most up-regulated/down-
regulated genes in each of the four gene sets (in utero, adult, both, and AHR). Genes highlighted in red were confirmed by quantitative RT-PCR. (B)
Quantitative RT-PCR, performed on nine genes, yielded comparable fold-change values (numbers shown for each gene) between SS (purple) and AA (blue),
which confirmed the microarray-based findings. Data (y axis) are presented as differences in threshold cycle (—AACT) values, so that calculated values are
positively associated with gene expression levels. For each comparison, the Hprt1 value is set at zero. (C) Genes affected by in utero exposure and those
highly correlated with AHR were interconnected in IPA Pathway Designer, and were found to be significantly associated with several known biological
functions and canonical pathways (P < 0.05). Thickened dark green edges indicate significant down-regulation attributable to in utero SHS exposure (SX
versus AX); colors inside each node indicate gene expression changes with increased AHR (SS versus SA, red/green = up-regulation/down-regulation).

Fos expression induced by cigarette smoke may interfere with
protection against oxidative stress. Two other genes with approx-
imately 2-fold down-regulation after in utero SHS exposure are
Fcer2 and Pde4b, both of which have single-nucleotide pro-
teins linked to increased risks of asthma and COPD. Fcer2
(the Fc fragment of IgE, a low-affinity II receptor) encodes the
low-affinity IgE receptor, CD23, which is a key regulator in the
biologic actions of IgE-mediated hypersensitivity commonly found
in patients with asthma (37). Pde4b, which encodes the cyclic aden-
osine monophosphate—specific 3',5'-cyclic phosphodiesterase 4B,
has been identified as an essential molecule for Th2 cell function
and the development of AHR in allergic asthma (38).

The decreased expression here of Fos, Egrl, and Cyr61 in mice
exposed in utero to SHS contrasts with clinical and experimental
findings from adult mainstream smoke exposures, as already
noted, that have linked the elevated expression of these genes
with the progression of asthma or COPD. Clearly, the suppressed
expression of these genes associated with in utero SHS exposure
did not protect against indicators of these diseases here, because
more airspaces were found in the SA and SS groups and signif-
icantly increased AHR was observed in the SS group. In addition,
the up-regulation of the profibrotic Adamts9 and Mmp3 in the
lungs of SS-exposed adult mice is also consistent with a COPD-
promoting effect. The possibility of a relationship between gesta-
tional SHS exposure and the subsequent development of COPD
has apparently not been previously examined. Alternatively, the
unexpected down-regulation of Fos, Egrl, and Cyr61, despite the
accompanying increases in airspaces, collagen deposition, and
AHR in the lungs of adult mice exposed in utero to SHS, may
simply be consistent with the view that no good animal models of
cigarette smoke—associated COPD have been established (39).

Although the approach we adopted successfully selected can-
didate genes according to how closely they matched smoke expo-
sure conditions, the gene expression results we observed relating to
whole-body plethysmography and cytokine responses were mark-
edly enhanced only in animals exposed to SHS both in utero and as
adults (Figure 6). To identify the genes closely correlated with the
prominent SS response, the most prominent of the functional lung
responses, MaxPenh, was selected as the response variable to
which gene expression changes were compared. Among the mer-
its of this approach, gene-response correlation values were calcu-
lated regardless of the group in which each sample resided, so
that the in-group variation will not negatively affect the test
results. This is illustrated in the sample labeled “29AS,” where the
high AHR response in an otherwise low AHR group was corre-
lated with levels of gene expression comparable to those found in
all four mice in the high AHR SS group (Figure 6B).

To investigate further how in utero SHS exposure may con-
tribute to exacerbated adult responses, we combined the lists of
in utero only exposure—affected genes with AHR-associated
genes, and interrogated signaling pathways from this new gene
list. From IPA, the AHR-associated genes were recognized to be
significantly associated with increased inflammation, oxidative
stress, and hypersensitivity reactions. Although the fold-change
values (SS versus SA, and highest versus lowest AHR; see Fig-
ures 4A and 6B) in the gene network (Figure 7C) were moderate

(X1.5-%2.8), they were all observed in genes modulated by
in utero SHS exposure, and were retained until 15 weeks of age.

In addition, IL-17 signaling, one of the most significant canon-
ical pathways identified in IPA with in utero exposure (P =
6.12E-03), as well as with both exposures (P = 2.05E-03), may
also partly explain the prominent SS response that originates
from in utero SHS exposures. Because fetal T cells develop
during the second trimester of gestation (40), the changes in
cytokine concentrations are detected not only in the circulating
blood of the pregnant mothers, but also in amniotic fluids in direct
contact with the fetal lungs (41). The elevated circulating concen-
tration of TGF-B during gestation promotes the development of
regulatory T cells. However, in utero SHS exposure also increases
the concentrations of IL-6, and naive T cells will differentiate into
Th17 cells in the presence of both TGF-B and IL-6 (42). In addi-
tion, the aryl hydrocarbon receptor, which is activated by the
polynuclear aromatic hydrocarbons generated by cigarette smoke,
was also reported to exhibit regulatory functions in Th17 cell
populations (43-45). During the critical developmental period,
the immune cell lineage commitment may greatly affect the
lung responses of offspring, even when they become adults (46).

In conclusion, we examined the lung responses of BALB/c
mice to in utero and adult exposures to environmentally rele-
vant concentrations of SHS. Significant increases occurred in
AHR and in proinflammatory cytokine production (IL-1b,
IL-6, and KC), albeit at low concentrations, in lungs of 15-
week-old doubly exposed mice. Enlarged airspaces and arteries
were evident in the lungs of mice exposed in utero to SHS, in
addition to increased collagen deposition around those arteries in
mice exposed to SHS as adults. Unique gene expression patterns
were apparent for in utero, adult, and combined exposures. Over-
all, the results indicate that in utero SHS exposures alter lung
structure more severely than do adult SHS exposures of longer
duration. In addition, in utero SHS exposures aggravate AHR and
promote a profibrotic milieu in adult lungs.
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