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Maternal Exposure to Diesel Exhaust Decreases
Expression of Steroidogenic Factor-1 and
Mullerian Inhibiting Substance in the Murine Fetus
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We investigated the effect of exposure of pregnant mice to diesel exhaust on male gonad development at the
level of mRNA expression. Expression of mRNAs for steroidogenic factor-1 (Ad4BP/SF-1) and Miillerian inhibi-
tory substance (MIS), which are essential for male gonadal differentiation, decreased significantly in male fetuses
when maternal mice were exposed to diesel exhaust at levels of 0.1 mg and 3.0 mg diesel exhaust particles (DEP)/m?
for 8 hr per day between days 2 and 13 post coitum. Expression levels of mRNAs for steroidogenic cytochrome
P450 genes regulated by Ad4BP/SF-1, especially 3-hydroxysteroid dehydrogenase (38-HSD) and aromatase, were
also decreased by exposure to diesel exhaust. There were no significant differences in levels of estrogen receptor
(ER) or androgen receptor (AR) mRNAs between control and exposed mice. The data indicate that exposure of
pregnant mice to diesel exhaust affects the expression of genes essential in the early stages of embryonic develop-

ment.
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INTRODUCTION

The number of environmental chemicals known
to affect human health by disrupting normal endo-
crine function through interactions with hormone
receptors may continue to increase."” Diesel exhaust
is a complex mixture of particulate and vapor-phase
compounds. The soluble organic fraction of the par-
ticulate materials in diesel exhaust contains thou-
sands of compounds including a variety of polycy-
clic aromatic hydrocarbons and heavy metals.

It has been reported that diesel exhaust and die-
sel exhaust particles (DEP) are hazardous to human
health and may cause cancer,” allergic rhinitis, and
asthma.” It was recently proposed that diesel exhaust
may influence reproductive function.” Exposure to
diesel exhaust has been shown in developing mice,
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to induce Leydig cell degeneration, increase the num-
ber of damaged seminiferous tubules, and reduce
daily sperm production. Furthermore, it has been
reported that exposure to diesel exhaust during preg-
nancy disturbs fetal differentiation of the testis,
ovary, and thymus in rats.> Therefore, it has been
hypothesized that inhalation of diesel exhaust dur-
ing gestation impairs reproductive function by dis-
rupting sex organ development. The reproductive
system is believed to be particularly susceptible to
toxic insult during the gestation period.

Normal development of the testes and male geni-
tal tract is a tightly regulated process dependent upon
a coordinated cascade of molecular and morphologi-
cal events, including formation of the testes, regres-
sion of the Miillerian ducts, and stabilization of the
Wolffian ducts. The sex determining gene located
on the Y chromosome (SRY) has been shown to en-
code a testis-determining factor.® In the presence of
an active copy of SRY, the undifferentiated gonad
forms a testis within which Sertoli cells synthesize
and secrete Miillerian inhibiting substance (MIS),
which is required for regression of the Miillerian
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ducts.” MIS acts downstream of steroidogenic fac-
tor-1 (Ad4BP/SF-1)® and is required for normal male
reproductive tract development. MIS causes regres-
sion of the Miillerian duct of the bipotential urogeni-
tal ridge, which, if left undisturbed, gives rise to fe-
male reproductive tract structures such as the uterus,
fallopian tubes, and upper vagina in XY mice.”
Leydig cells differentiate within the interstitium be-
tween the seminiferous cords containing the Sertoli
cells, and they express the steroidogenic enzymes
required for synthesis of testosterone,'” which then
acts via a specific receptor to virilize the Wolffian
ducts and urogenital sinus.'V In females, absence of
testicular MIS and testosterone results in develop-
ment of Miillerian structures and regression of the
Wollffian ducts.

Ad4BP/SF-1, a member of the steroid receptor
superfamily of transcription factors, influences re-
productive function through regulation of develop-
ment and differentiation of hormone producing tis-
sues.'? Ad4BP/SF-1 was identified as a steroidogenic
tissue-specific transcription factor regulating the ex-
pression of the steroidogenic cytochrome P450
genes.'? In mice, expression of Ad4BP/SF-1 is lim-
ited to endocrine tissues related to reproduction in-
cluding testicular Leydig and Sertoli cells, ovarian
granulosa and theca cells, the three layers of the ad-
renal cortex, placenta, pituitary gonadotrophs, and
hypothalamus.'*'” A wider role for Ad4BP/SF-1 as
a key regulator of gonadal differentiation has been
suggested by studies in which the gene encoding
Ad4BP/SF-1 was selectively inactivated in
transgenic mice.'® At birth, these mice were found
to lack gonads and adrenal glands and to have fe-
male genitalia. These reports suggest that Ad4BP/
SF-1 is involved in regulation of the genes that are
crucial for differentiation of these tissues in the early
stages of embryonic development.

In the present study, we examined the effect of
exposure to diesel exhaust during critical periods of
fetal development on the expression of mRNAs for
gonad development-related genes such as Ad4BP/
SF-1 and MIS in mouse fetuses.

MATERIALS AND METHODS

Animals A total of one hundred pregnant ICR
mice were obtained from SLC Co. (Shizuoka, Ja-
pan). Twenty of these mice were used in each of the
five experiments, 10 for diesel exhaust exposure and
10 for control. We performed two different expo-

sure studies: in the first one three experiments in-
volved low-level exposure to exhaust, and in the
second two experiments involved high-level expo-
sure to exhaust. In the exposed groups, the pregnant
mice were exposed to diesel exhaust through an air-
way for 8 hr each day, while the pregnant mice in
the control groups were exposed to clean air. Expo-
sure began on day 2 post coitum (p.c., the day the
plug was found was taken as day O p.c.) and contin-
ued until day 13 p.c. No exposure occurred on days
4,5, 11, or 12 p.c. Mice were given free access to a
commercial stock diet CE-2 (Japan Clea Co., Japan)
and water.
Exposure to Diesel Exhaust —— A 2300-cc diesel
engine (manufactured by Isuzu Motor Co., Japan)
was operated at 1050 rpm and 80% load with com-
mercial light oil (Idemitsu Kosan Co., Japan). The
engine exhaust was introduced into a dilution tun-
nel 45 cm in diameter and 625 cm in length. There,
the exhaust was mixed at a ratio of 1 : 8 with tem-
perature- and humidity-controlled clean air that was
first passed through a high-efficiency particulate air
filter and a charcoal filter. The diluted exhaust was
delivered directly to the animal exposure chamber.
Animals were exposed for 8 hr/day, and the av-
erage concentrations of exhaust constituents were
as follows: 0.04 £ 0.01 ppm for NO,, less than
0.01 ppm for SO,, 1.25 % 0.01 ppm for CO, and
0.1 mg/m?® for particles in the first, second, and third
experiments for low-level exposure. In the fourth
and fifth experiments, values of 0.7 £ 0.1 ppm for
NO,, less than 0.01 ppm for SO,, 8.0 £ 0.1 ppm for
CO, and 3.0 mg/m? for particles were used for high-
level exposure.
Harvesting Fetuses —— Blood samples were col-
lected from the abdominal aorta of the pregnant mice
under ether anesthesia. After these animals were ex-
sanguinated, the two uterine horns were dissected,
and the pups were removed. Each fetus and placenta
was weighed. Fetal sex was determined according
to the method described by Lambert ef al.'
Quantitative Reverse Transcription (RT)-PCR —
After sex determination, we selected 2 to 4 male fe-
tuses from each pregnant mouse. These fetuses were
homogenized in 1 ml Isogen (Nippon Gene, Japan)
with a homogenizer (HG30, Hitachi Co., Japan), and
total RNA was isolated per the manufacturer’s pro-
tocol. Reverse transcription of total RNA into cDNA
was carried out as described elsewhere.?” Quantita-
tive analysis of specific mRNA expression was us-
ing a sequence detection system (ABI PRISM 7700;
Perkin-Elmer, Foster City, CA, U.S.A.). Use of this
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Table 1. Average Median Weights of Fetuses and Placentas from Control
Mice and Pregnant Mice Exposed to Diesel Exhaust (DE) on Day

14 Post Coitum
Control DE (0.1 mg DEP/m?)
Total 350.3 +48.2 332.6 +37.7
Fetal weight (mg) Male 357.1 £42.9 331.4 £36.5
Female 349.5 +60.4 334.5 + 46.7
Total 1264 £ 15.3 118.8 + 18.7
Placental weight (mg) Male 140.8 £22.0 126.9 + 20.1
Female 120.1 £ 16.1 1124 £21.3

Values are expressed as means £ S.D.

system to determine specific mRNA expression has
been described in the manufacturer’s user bulletins.
Pairs of primers and TagMan probes were designed
by computer (Primer Express Software; Perkin-
Elmer) to amplify specific small fragments of the
Ad4BP/SF-1, MIS, estrogen receptor (ER), andro-
gen receptor (AR), cholesterol side-chain cleavage
(P450scc), 38-hydroxysteroid dehydrogenase (3 -
HSD), 17a-hydroxylase/C17,20-lyase (P450c17),
17p-hydroxysteroid dehydrogenase (178-HSD), and
aromatase genes. The murine glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene, a ubiq-
uitously expressed housekeeping gene, was used as
an internal marker of mRNA integrity. PCR ampli-
fication was performed in 96-well optical trays with
a 50-ul final reaction mixture consisting of 25 ul
TagMan universal PCR master mix (Perkin-Elmer),
200 nM TagMan fluorescent probe (Perkin-Elmer),
600 nM each primer (Espec Oligo Service Corp.,
Japan), and 10 ul cDNA sample. Amplification con-
ditions consisted of one cycle of 50°C for 2 min and
95°C for 10 min followed by 45 cycles of 95°C for
15 sec and 60°C for 1 min.

Statistical Analysis All values are reported as
mean * standard deviation (S.D.). Differences were
analyzed statistically by ANOVA and Student’s #-
test with Thompson’s rejection test (JSTAT). p-Val-
ues of < 0.01 were considered significant.

RESULTS

Fetal Parameters

The average body weight of the pregnant mice
did not differ significantly between the control and
diesel exhaust exposure groups. In the first experi-
ment, which involved low-level exposure to exhaust,
litter size ranged from 4 to 14, and the average litter

size in the control group and the diesel exhaust ex-
posure group was 10.0 and 10.2, respectively. The
number of fetuses and the sex ratio of the litters in
the control and the diesel exhaust exposure group
was 80 (male : female, 39 : 41) and 61 (30 : 31), re-
spectively. There was no significant difference in
litter size, sex ratio, or implantation rate between
the two groups. Data for the median weights of fe-
tuses and placentas from mice in the control and
exposure groups in the first experiment are shown
in Table 1. The average fetal and placental weights
were slightly lower in the exposure group than in
the control group, and the difference was greater in
male fetuses than in female fetuses. However, these
differences were not significant.

In the second and third experiments, which also
involved low-level exposure to exhaust, and the
fourth and fifth experiments, which involved high-
level exposure, we obtained similar results with no
significant differences between the two groups in
the body weight of pregnant mice, litter size, sex
ratio, implantation rate, or fetal and placental weight.

Expression of mRNAs Related to Development of
Gonads in Male Fetuses

The relative levels of Ad4BP/SF-1 and MIS
mRNA in male fetuses in the five experiments are
shown in Fig. 1(A). Levels of Ad4BP/SF-1 and MIS
mRNAs in the low-level diesel exhaust exposure
groups (0.1 mg DEP/m?) were approximately 70%
of control group levels; this difference was signifi-
cant (p < 0.01). There was a dose—dependent effect
of diesel exhaust on expression of Ad4BP/SF-1 and
MIS mRNAs. In the high-level diesel exhaust expo-
sure groups (3.0 mg DEP/m?), expression levels were
approximately 50% those of controls. The relative
levels of ER and AR mRNAs in male fetuses are
shown in Fig. 1(B). There were no significant dif-
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Fig.1. Effect of Maternal Exposure to Diesel Exhaust on Ad4BP/SF-1 and MIS (A) and ER and AR (B) mRNA Levels in Male Fetuses

Total RNA was isolated on day 14 p.c. from the fetuses of control pregnant mice and pregnant mice exposed to diesel exhaust (DE) for quantitative
RT-PCR. Levels of Ad4BP/SF-1, MIS, ER, and AR mRNAs were analyzed quantitatively with a sequence detection system (ABI Prism 7700). mRNA
expression levels are presented as the ratios of target gene mRNA levels to GAPDH levels to correct for variations in the amounts of RNA. The ratios
were then normalized such that the mean ratio of the control is 100%. (A) Control, n = 25; DE (0.1 mg DEP/m?®), n = 23; DE (3.0 mg DEP/m?), n = 15.
(B) Control, n = 13; DE (0.1 mg DEP/m®), n=7; DE (3.0 mg DEP/m?), n = 6. Values are expressed as mean £ S.D. of the expression in fetuses from the

same pregnant female; *p < 0.01.

ferences in ER or AR mRNA levels between the
control and diesel exhaust exposure groups.
Ad4BP/SF-1 has been reported to control tran-
scription of P450 genes related to steroid synthesis.
Therefore, we used quantitative RT-PCR to analyze
the expression of mRNAs for P450scc, 358-HSD,
P450c17, 178-HSD, and aromatase. The relative lev-
els of expression of these mRNAs in male fetuses

are shown in Table 2. There were no significant dif-
ferences in the levels of mRNAs between the low-
level diesel exhaust exposure groups and the con-
trol groups, with the exception of a slight reduction
in 38-HSD and aromatase mRNA levels in the low-
level exposure groups. In the high-level diesel ex-
haust exposure groups, 38-HSD and aromatase
mRNA levels were reduced significantly (p < 0.01),
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Table 2. Effect of Maternal Exposure to Diesel Exhaust (DE) on Expression of mRNAs for P450 Genes Related to Steroid Synthesis

in Male Fetuses

P450scc 33-HSD P450c17 176-HSD Aromatase
Control (n = 13) 100.0 + 19.9 100.0 + 19.8 100.0 + 23.1 100.0 + 31.4 100.0 + 14.9
DE (0.1 mg DEP/m?, n.=7) 104.2 £ 18.1 73.1 £10.1 98.0 & 34.0 101.7 +£20.7 72.7+ 8.8
DE (3.0 mg DEP/m? , n = 6) 76.0 £ 19.8 61.6 + 34.1* 834 £ 12.6 71.7 £ 19.1 46.6 + 6.2%

mRNA expression levels are presented as the ratios of target transcript levels to GAPDH levels to correct for variations in amounts of
RNA. The mean ratio of the control was considered 100%. Values are expressed as means £ S.D. of average expression in fetuses from the same

pregnant mouse; *p < 0.01.

and levels of other mRNAs were reduced slightly.

DISCUSSION

In the present study, we investigated the influ-
ence of diesel exhaust on expression of mRNAs es-
sential for gonad development in male mouse fe-
tuses. The expression of Ad4BP/SF-1 and MIS
mRNAs in male fetuses was decreased significantly
after pregnant mice were exposed to diesel exhaust.

The steroidogenic tissue-specific transcription
factor Ad4BP/SF-1 regulates expression of ste-
roidogenic cytochrome P450 genes. Steroidogenic
tissues in mice with targeted disruption of the
Ad4BP/SF-1 gene disappear early in develop-
ment,'6182D suggesting a critical role for Ad4BP/SF-
1 in the differentiation of steroidogenic tissues. The
findings of the present study suggest that in utero
exposure to even low levels (0.1 mg DEP/m?®) of die-
sel exhaust reduces expression of Ad4BP/SF-1, and
that it may affect development of the gonads. Low
levels of diesel exhaust also reduced expression of
several genes known to play key roles in gonadal
development, including one enzyme necessary for
testosterone synthesis. The effect of prenatal expo-
sure to estrogenic compounds on Ad4BP/SF-1
mRNA expression has been reported previously.??
Injection of diethylstilbestrol (DES) or 4-octylphenol
during pregnancy reduced expression of Ad4BP/SF-
1 mRNA in rat fetal testes.”” Human male offspring
of mothers given DES, a potent synthetic estrogen,
to prevent miscarriage are known to have an in-
creased incidence of undescended testes, urogenital
abnormalities, and semen abnormalities in compari-
son to offspring of mothers who did not take DES.?
A reduction in Ad4BP/SF-1 expression in male fe-
tuses after administration of DES may be associated
with these abnormalities. Moreover, levels of
P450c17 mRNA were reduced relative to controls
in testes from fetuses of DES- and OP-treated moth-

ers.”¥ Ad4BP/SF-1 binding sites are present in en-
zymes including P450c17, P450scc, and aromatase,
suggesting that reduced Ad4BP/SF-1 expression af-
ter maternal exposure to synthetic estrogens may be
associated with expression of P450c17 by Leydig
cells.?” In the present study, we investigated the ef-
fect of diesel exhaust exposure during pregnancy on
expression of P450 mRNAs in male mouse fetuses.
Although there were no apparent differences in ex-
pression of P450 mRNAs between the control groups
and the low-level exposure groups, a reduction in
the levels of these mRNAs, especially aromatase
mRNA, was observed in the high-level exposure
groups on day 14.5 p.c. These results may be asso-
ciated with the dose—dependent effect of diesel ex-
haust on Ad4BP/SF-1 mRNA levels. These findings
suggest that low-level maternal exposure to diesel
exhaust may not significantly affect expression of
several enzymes essential for testosterone synthesis
despite reduced Ad4BP/SF-1 mRNA expression;
however, high-level exposure may affect fetal ste-
roidogenesis by disrupting expression of these genes.

It is likely that a wide variety of genes in addi-
tion to the P450 genes are regulated by Ad4BP/SF-
1 in steroidogenic cells. The oxytocin gene was the
first gene other than the P450 genes reported to be
regulated by Ad4BP/SF-1.!¥ Several other genes, in-
cluding the inhibin o~ and B-subunit genes,? the
luteinizing hormone receptor gene,?® and the ste-
roidogenic acute regulatory protein (StAR) gene,?”
expressed in steroidogenic cells have Ad4BP/SF-1
sites in their promoter regions, but the effect of such
sites on gene expression remains unclear. In the hy-
pothalamus, the ventromedial hypothalamic nucleus
(VMH) has the only Ad4BP/SF-1-positive cell popu-
lation.!>?) Because the Ad4BP/SF-1-positive cells
in the VMH do not express P450 genes, other genes
must be targets of Ad4BP/SF-1. According to
Barnhart and Mellon,?® the glycoprotein hormone
a-subunit gene is regulated by a gonadotroph-spe-
cific element that is identical to the Ad4BP/SF-1
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sequence. There is anatomical and physiological
evidence that one of the functions of the VMH is
regulation of copulatory behavior and that this be-
havior is influenced by sex steroids secreted by the
gonads.” The distribution of Ad4BP/SF-1 in the
VMH, gonads, and also pituitary suggests that it
might be involved in establishment and maintenance
of the hypothalamic-pituitary-gonadal axis, which
is essential for normal reproductive function.

Although we do not know whether diesel ex-
haust exposure affects Ad4BP/SF-1 mRNA expres-
sion in other tissues during other developmental
stages, it is possible that such exposure influences
reproductive function widely through its effects on
development and differentiation of hypothalamus-
pituitary-gonadal tissues.

MIS, a Sertoli cell glycoprotein and a target gene
of Ad4BP/SF-1.? induces regression of the Miillerian
ducts, which give rise to the uterus, the fallopian
tubes, and the upper portion of the vagina in females.
Development of the male reproductive tract, includ-
ing descent of the testes into the scrotum, occurs
during the fetal period.*® Because persistence of the
Miillerian ducts is usually associated with failure of
the testes to descend, it is possible that MIS plays a
role in the transabdominal phase of normal testicu-
lar descent.’” Altered MIS production could, there-
fore, impair normal testicular descent and/or devel-
opment of the male reproductive tract.***" MIS may
also suppress proliferation of germ cells during de-
velopment.*? MIS inhibits growth of various types
of cells, including certain ovarian tumor cells, and
prevents resumption of oocyte meiosis in vitro. Be-
cause the abnormal germ cells that give rise to most
testicular cancers are thought to arise during fetal
development,* testicular cancers may be related to
altered secretion of MIS. We observed a significant
reduction in levels of MIS mRNA in male mouse
fetuses exposed to diesel exhaust. The reduced ex-
pression of MIS mRNA in the exposed male fetuses
had a temporal pattern of expression similar to that
of Ad4BP/SF-1 mRNA. These data indicate that
exposure to diesel exhaust during the fetal period
affects gene expression related to gonadal develop-
ment.

Although we observed a slight decrease in the
average fetal and placental weights in the diesel ex-
haust exposure groups in comparison to those in the
control groups, there was no correlation between the
decreased weights and the reduced Ad4BP/SF-1 and
MIS mRNA expression.

Follicle stimulating hormone (FSH) drives es-

trogen production by Sertoli cells, increases prolif-
eration of Sertoli cells, and regulates the postnatal
decrease in MIS production by Sertoli cells.*” Es-
tradiol also decreases MIS secretion.’ Therefore, it
is possible that reduced MIS mRNA expression in
male fetuses exposed to diesel exhaust in utero is
due to changes in serum hormone levels in the preg-
nant mice. Watanabe and Kurita® reported that ex-
posure of pregnant rats to diesel exhaust containing
5.63 mg/m?® particulate matter caused testosterone
levels to increase and estradiol and luteinizing hor-
mone levels to decrease in the mothers. They also
observed masculinization of the fetuses. In the
present study, we also examined serum levels of es-
tradiol, testosterone, luteinizing hormone, and FSH;
however, we found no differences in levels of these
hormones between the exposed groups and the con-
trol groups (data not shown). There were no signifi-
cant changes in expression of ER, AR, and luteiniz-
ing hormone receptor mRNAs in male fetuses ex-
posed to diesel exhaust in utero. These findings sug-
gest that low-level diesel exhaust exposure decreases
expression of Ad4BP/SF-1 and MIS without chang-
ing the serum hormone levels in pregnant mice. A
preliminary experiment showed that there was no
change in Ad4BP/SF-1 mRNA expression in primary
cultured mouse Leydig cells exposed to DEP (10 ug/
ml) for 6 hr (data not shown), indicating that diesel
exhaust exposure during pregnancy affects Ad4BP/
SF-1 expression indirectly.

The present data suggest that exposure of preg-
nant mice to diesel exhaust may influence male geni-
tal organogenesis by reducing expression of genes
essential to normal gonadal development. However,
it is unclear which substances in the diesel exhaust
are responsible for the observed changes. Further
studies are needed to identify the substances that de-
crease expression of these genes and are causative
of the developmental defects owing to prenatal ex-
posure to diesel exhaust.
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