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Since publication, Dr. Barker’s hypothesis has
gained much attention in the scientific community
and has even garnered the interest of the popular
press.># His ideas are particularly applicable to the
present, where countries such as China and India
are rapidly industrializing, with several areas that
transitioning from impoverished to relatively affiu-
ent within the current generation. A recent epidemi-
ological study in South India has already noted the
effects of such rapid changes in environment on the
prevalence of adult coronary heart disease.”’

In addition to this background theory, we also
take a brief look at the effects of perinatal environ-
mental tobacco smoke (ETS) exposure on respira-
tory system development and review experiments
conducted by our laboratory on the effects of ma-
ternal DE exposure on the reproductive and central
nervous systems.

EPIDEMIOLOGICAL EVIDENCE
SUPPORTING A LINK BETWEEN
MATERNAL MALNUTRITION AND

ADULT DISEASE

The earliest origins of Dr. Barker’s hypoth-
esis came from epidemiological studies relating
adult coronary heart disease and measurements
taken at birth, specifically birth weight® and pon-
deral index,” a measure of thinness defined as the
birthweight divided by the cube of the crown-to
toes length at birth (Fig. 1A). These simple stud-
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ies showed that babies born with lower birth weight
or lower ponderal index were more likely to de-
velop coronary heart disease in later life.® Since it
is known that fetal development is at least limited
in part by nutrient supply in the womb, many cases
of thinness at birth are indicative of earlier malnu-
trition. Thus, the above evidence indicates a link
between fetal malnutrition and adult disease. Other
studies looking at birth weight and ponderal index
at birth have also linked these parameters to hyper-
tension” and type 2 diabetes.'”’ Another important
piece of evidence came from a longitudinal study
of adult coronary heart disease in males in Helsinki
that examined hazard ratios for adult coronary heart
disease versus the ponderal index at birth and body
mass index (BMI) at 11 years old.'""'? The data
showed that boys who were born thin but grew and
reached an average BMI at age 11 had higher risk
for adult coronary heart disease (this asymmetric
growth pattern is called catch-up growth), whereas
boys who were born with normal ponderal index
had lower risk even if they reached an above aver-
age BMI at age 11 (Fig. 1B). This evidence suggests
that the thinness at birth, possibly caused by mater-
nal malnutrition, led to permanent changes in de-
velopment that could not be recovered through later
growth.

This data also illustrates another important as-
pect of the hypothesis. Changes in prenatal devel-
opment are not disadvantageous in themselves: the
boys who were born thin but continued to have a
low BMI at age 11 had normal or low risk for adult
heart disease. However, boys who were born thin
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A
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BMI at
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High Risk for Adult Coronary
Risk Heart Disease

Fig. 1. Hazard Ratios for Coronary Heart Disease Have Inverse Correlation to Ponderal Index and BMI at 11 years

(A) Several epidemiological studies showing a negative relationship between birthweight® and ponderal index”’ and adult coronary heart disease
risk led Dr. Barker to formulate his hypothesis that some cases of adult heart disease have origins in fetal malnutrition. (B) Another epidemiological
study!"!2 showed that babies that had the highest risk for adult coronary heart disease were those that were bomn thin (low ponderal index) but then
achieved above average BMI at age 11. Babies that were born thin and reached low BMI at age 11 and babies that were born with average ponderal
index and reached average ponderal index both had low risk for coronary heart disease. This evidence suggests that it is the change in the growth,
probably due changes in availability of nutrients, that creates the risk for adult disease.
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but then experienced catch-up growth had greater
risk for adult heart disease. This suggests that it is
the change in environment, specifically the increase
in growth, after birth that is important.

EFFECTS OF MATERNAL
MALNUTRITION: THE THRIFTY
PHENOTYPE HYPOTHESIS

As the theory gained acceptance and corrobo-
rating evidence from other similar epidemiological
studies,'* ' much research into the exact mecha-
nism behind the changes in fetal development and
their ramifications on adult life has been conducted.
In 2001, Drs. Barker and C. Nicholas Hales put
forth and updated form of the theory'®’ which dia-
grams several key organs affected by maternal mal-
nutrition. The proposed developmental pathways
that fetal environment acts on were based on both
epidemiological studies as well as preliminary ex-
perimental studies in animal models. This report
will concentrate on the four targets that Drs. Barker
and Hales considered to be critical in the program-
ming of adult disease: Kkidney: pancreas; mus-
cle, liver, and adipose tissue; and hypothalamic-
pituitary-adrenal (HPA) axis.

Effect of Maternal Malnutrition on the Kidney
Maternal malnutrition is hypothesized to cause

changes in the kidney which lead to adult hyper-

tension and renal failure. There is epidemiological
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evidence linking fetal malnutrition to hypertension
in humans.? In addition, research in animal models
has led to the development of an initial hypothesis
of the mechanism.

Studies in rats and sheep have shown that mater-
nal malnutrition leads to a decrease in the amount of
nephrons in the adult offspring.'® In addition, hu-
man offspring that experienced intra-uterine growth
restriction (IUGR), indicative of fetal malnutrition,
also had decreased nephron number in adulthood
(Fig.2).”" This decreased nephron number could
be due to selective shunting of blood and precious
nutrients away from the kidney to more critical or-
gans, such as the brain, in response to maternal mal-
nutrition because of the lower excretory demand
of an underweight baby. This concurs with data
from autopsy studies indicating that birthweight is a
good predictor of nephron number in children ages
1-18.17 Since nephrogenesis stops after birth,'"
this decreased nephron number is permanent. As
the child grows, the nephrons must enlarge in size
to cope with the increased excretory demand.

Taking into account the fact that only babies
that exhibited catch-up growth had greater risk for
coronary heart disease, researchers have developed
a tentative hypothesis explaining the effect of lower
nephron number and catch-up growth on adult dis-
ease.!”) The asymmetric catch-up growth is hypoth-
esized to increase adult excretory load on babies
who experience catch-up growth after fetal malnu-
trition because the number of nephrons is unable to
keep up with the increased excretory demand fol-
lowing the accelerated growth after birth.

:

+ 25-30%

Fig. 2. Maternal Malnutrition and Low Nephron Number: Diagrammatic Representation
Studies in rats and sheep have shown that maternal malnutrition leads to decreased nephron number in the adult offspring.'® In addition, studies

of human intra-uterine growth restriction, indicative of maternal malnutrition, show that this also leads to lower offspring nephron number.

16)
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Fig. 3. Effect of Aging on f-cell Mass and Function in Rats Malnourished during the Perinatal Period

Garofano et al.**' studied three groups of mice Control (C), Food restricted (R), and a hybrid group (R/C). From pregnancy day 15 until birth, the
C mothers were fed ad libitum while the R and R/C mothers were fed a 50% diet. After birth and until weaning on day 21, the C and R mothers nursed
their own offspring and were fed the same diets as during the pregnancy period. However, the R/C offspring were nursed by control mothers. After
weaning, all offspring were fed ad libitum until 3 and 12 months, when data was collected. The researchers discovered that, compared to the C group,
the R group had lower S-cell mass at 3 and 12 months as well as higher fasting blood glucose levels and lower insulin levels at 12 months. The R/C
group, in contrast, had the same 8-cell mass and insulin levels at both time points.

Temporary excretory overload is known to
cause afferent dilation and efferent constriction in
glomeruli, which increases the glomerular capil-
lary pressure. Persistently high glomerular capillary
pressure is associated with higher risk of renal fail-
ure due to the increased load on each nephron.®”
In addition, it is known that the excretory overload
causes hypertrophy of the vessels in the nephron.
Vallon er al.?" have put forth a hypothesis related
to diabetes that is believed to be relevant to hy-
pertension as well.'” They believe that the vessel
hypertrophy following excretory overload mainly
leads to proximal tubule enlargement and elonga-
tion, thus decreasing the amount of sodium ion de-
livered to the macula densa and causing activation
of the renin-angiotensin system, which is associated
with hypertension.

Effect on the Pancreas

Garofano et al.*®) have shown that 3-month-
old rats whose mothers were fed an isocaloric low-
protein diet during pregnancy and lactation have a
reduced S-cell mass and a corresponding reduction
in insulin response to glucose challenge (Fig. 3).
However, the glycaemic response remained un-
changed, possibly due to increased insulin sensitiv-
ity.??) It is known that aging in humans leads to an
increase in fasting and post-challenge glucose lev-
els despite similar insulin response levels. This is
consistent with the results for the control group of
rats at 12 months of age. The experimental group
continued to have decreased insulin response at 12
months and had higher fasting blood glucose levels.

The researchers noticed that at 3 months, S-cells
from malnourished rats had higher rates of apopto-

sis. Since it has been previously shown that a wave
of B-cell apoptosis shortly before weaning remodels
the pancreas,”>?* they hypothesized that the mal-
nourished rats undergo a wave of p-cell apoptosis
to get rid of a large number of S-cells either dam-
aged or not needed after weaning. Initially, the ef-
fects of this remodeling of the pancreas on glucose
metabolic function may be counteracted by the in-
creased insulin sensitivity. However, as the effect of
aging sets in, it appears that the earlier remodeling
causes higher blood glucose levels.

Effect on Muscle, Liver, and Adipose Tissue

The third pathway involves insulin resistance
programming in the muscle, liver, and adipose tis-
sue. Studies using the low protein rat model (where
maternal mice are fed an isocaloric low protein diet
until weaning®) have shown that these tissues in
malnourished rats display equal, if not better glu-
cose tolerance at 3 months, probably due to changes
in insulin receptor levels.’® However, after aging,
the malnourished rats had the same levels of insulin
receptors as the controls and displayed lower glu-
cose tolerance.

Liver tissue samples of 3-month-old perinatally
malnourished rats have an 80% reduction in ex-
pression of glucagon receptors and upregulation
of insulin receptors.’” In addition, these livers
were observed to undergo physical changes such
as enlargement of lobules.”® Muscle strips of 3-
month-old perinatally malnourished rats also have
increased expression of insulin receptors, which
may explain their higher insulin sensitivity.”” How-
ever, by 15 months of age, this same group of
rats show lower insulin sensitivity and the num-
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ber of receptors has become similar to the con-
trol group.® Finally, adipocytes of 3-month-old
perinatally malnourished rats have higher basal and
insulin-stimulated glucose uptake probably due in
part to greater insulin receptor expression.’!’ How-
ever, at 15 months, the adipocytes are resistant to the
stimulatory and antilipolytic actions of insulin.*?)
These age-dependent glucose challenge results are
similar to what was observed by Garofano er al.**
Since insulin resistance is only observed after the
level of insulin receptors dropped, the molecular de-
fect appears to lie downstream of receptor itself.

Effect on the Hypothalamic-Pituitary-Adrenal
Axis

The final pathway involves the HPA axis. Stud-
ies have shown that maternal malnutrition leads to
down regulation of 113-hydroxysteroid dehydroge-
nase type 2 (118-HSD2),** which is an enzyme
that catalyzes metabolism of maternal cortisol and
corticosteroid into inert products and is found in
very high levels in the feto-placental barrier.* Tt
breaks down 80-90% of the active maternal gluco-
corticoids and thus serves as a potent barrier pro-
tecting the fetus from glucocorticoids. Downregu-
lation of 118-HSD?2 is hypothesized to allow more
active maternal glucocorticoids to pass through this
barrier reach the fetus. The hypothesis is sup-
ported by studies that show that maternal malnutri-
tion causes abnormal adult HPA function in rats™
and sheep.’® Studies in rats have also shown that
prenatal exposure to glucocorticoids permanently
increases glucocorticoid releasing hormone mRNA
levels in adults.*”-*® Finally, elevated glucocorti-
coid levels in adults are known to be risk factors
for hypertension and, in rat models, have been im-
plicated in adult glucose intolerance.

CRITICAL PERIOD PROGRAMMING

The thrifty phenotype hypothesis is an exam-
ple of critical period programming, a term that has
been gaining more and more popularly recently. Dr.
Barker explains it as “a critical period when a sys-
tem is plastic and sensitive to the environment, fol-
lowed by loss of plasticity and a fixed functional ca-
pacity.”® The idea has been applied to examining
possible fetal and early origins of other diseases. In
particular, there have been several studies looking
at the effects of perinatal exposure to airborne en-

vironmental pollutants. Two of the most commonly
occurring and potent sources of airborne particles
are DE and ETS. The remainder of this report will
be devoted to looking at the effects on early devel-
opment of exposure to these two particulate pollu-
tants.

EFFECTS OF MATERNAL EXPOSURE
TO DIESEL EXHAUST

DE, a complex mixture of gases and particles,
is currently one of the main components of air pol-
lution. It is now well known that exposure to DE
can cause respiratory disorders such as lung can-
cer,*” allergic rhinitis,*"” asthma,*" and chronic ob-
structive pulmonary disease.*” However, there are
also reports that DEPs enter the circulatory system
and translocate to extrapulmonary tissues.*® These
results suggest that exposure to DE can lead to
detrimental effects on organ systems other than the
lungs. In particular, since the particles enter the cir-
culatory system, maternal exposure to airborne DE
can lead to the particles causing damage to the de-
veloping fetus as well. In fact, several recent studies
in murine models have shown that prenatal DE ex-
posure leads to adverse effects on the reproductive
and central nervous systems (Fig. 4).

Effects of Maternal Exposure to DE on Develop-
ment of the Reproductive System

It has been reported that fetal exposure to DE
leads to changes in serum testosterone levels at 3,*V
4,9 and 12" weeks after birth in mice. In ad-
dition, serum testosterone levels have been shown
to be correlated with expression of steroidogenic
enzyme mRNA, weight of the testes and male re-
productive accessory glands, and daily sperm pro-
duction (DSP).* These changes are confirmed in
similar studies that showed that maternal DE expo-
sure led to decreased adult expression of steroido-
genic factor-1 (Ad4BP/SF-1) and mullerian in-
hibiting substance (MIS) mRNA*® as well as de-
creased DSP at 5 and 12 weeks of age.*” How-
ever, these results appear to be strain dependent as
a study comparing the effects of maternal DE ex-
posure among ICR, ddY, and C57BL/6J reported
different responses in MIS and Ad4BP/SF-1 among
the different strains.*” Additional measurements of
mRNA levels in ICR mice have shown that lev-
els of FSH receptor*® and steroidogenesis acute
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Fig. 4. Maternal Exposure to DE Affects the Central Nervous System and Male Reproductive System

Mice were maternally exposed to diesel exhaust during pregnancy. After birth, offspring were raised in clean air environments. Sampling of the
testis, brain, and epididymis took place at various times between 3 and 12 weeks after birth. The results show that the maternal exposure damaged cells
and disrupted normal function of the brain®*~>% and male genitals.* ") Abbreviations: DEP, diesel exhaust particle; DSP, daily sperm production.

regulatory protein** mRNA were increased at 5
and 12 weeks postnatal age, respectively, while
3B-hydroxysteroid dehydrogenase and aromatase,
steroidogenic cytochrome P450 (CYP) genes regu-
lated by Ad4BP/SF-1, had decreased mRNA levels
in the fetus at 14 days postcoitum.*®

Maternal exposure to filtered DE, which had
99.97% of the DEPs > 0.3 pm in diameter removed,
led to decreased DSP at 12 weeks, increased serum
testosterone at 5 weeks, and increased mRNA levels
of follicle stimulating hormone receptors, luteiniz-
ing hormone, 17a-hydroxylase/C17-20-lyase and
176-HSD mRNA were reported at 5, 12, and 12
weeks, respectively.*® Additionally, histological
examinations of the seminiferous tubules revealed
multinucleated giant cells and partial vacuolation.*®
Watanabe*” reported that maternal DE exposure
and even maternal filtered-DE exposure led to
decreased numbers of daily produced sperm, sper-
matids and Sertoli cells at 96 days age in rats. These
data suggest that the most harmful part of DE are
gases and particles less than < 0.3 pm in diameter.

The response of female reproductive develop-
ment to maternal DE exposure is different from the
male response. Ad4BP/SF1 and MIS mRNA levels
are not changed following maternal DE exposure,
but levels of bone morphogenetic protein-15, re-
ported to be related to oocyte development,” were
significantly decreased.”" This data suggests that
maternal exposure to DE may cause different ad-
verse effects on reproductive development of female
fetus offspring. In addition, maternal and postnatal
DE exposure in female rats has been shown to en-
hance proliferation of the rat endometriosis model
accompanied by an increase in serum monocyte
chemoattractant protein-1 levels,’® which is consis-
tent with reports regarding cytokine expression in
endometriosis in humans and the rat model >

Effects of Maternal Exposure to DE on Develop-
ment of the Central Nervous System

Since the blood-brain barrier is not fully devel-
oped in the fetus, it is believed that DE nanoparti-
cles can pass from maternal circulation into the fetal
circulation and enter the fetal brain. This translo-
cation of nanoparticles to the brain has been con-
firmed in rats.>* In addition, Sugamata et al.>> ob-
served ultrafine particles in the granular perithelial
cells, scavenger cells surrounding cerebral vessels,
of mice following prenatal DE exposure. These,
and other cells, showed signs of apoptosis, includ-
ing crescent-shaped vacuoles and caspase-3.

Apoptosis of endothelial cells and stenosis of
capillaries were also observed. A subsequent
study®® found a higher number of apoptotic Purk-
inje cells in mice following DE exposure, which is
similar to a symptom associated with autism. These
studies highlight the risk of central nervous system
disruption in fetal DE exposure.

EFFECT OF PERINATAL
ENVIRONMENT TOBACCO SMOKE
EXPOSURE

Data from epidemiological studies show that
risk for wheezing, attacks of dyspnea, and bronchi-
tis are greater for individuals with fetal and post-
natal exposure to ETS than those only postnatally
exposed.”” This suggests that the fetal period is
critical for the development of the respiratory sys-
tem, which concurs with current knowledge about
human physiological development.’® Joad et al.>”
exposed rats prenatally and postnatally to either
filtered air or sidestream smoke and found that
the exposure increased lung sensitivity to metha-
choline challenge and caused neuroendocrine cell
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proliferation. This led the researchers to conclude
that perinatal ETS exposure programmed hyper-
responsiveness in the respiratory system through
pulmonary neuroendocrine cell proliferation. In
addition, Wang er al.®”’ have shown that perina-
tal and postnatal ETS exposure in monkeys causes
a decrease in the T helper type (Th) 1 cytokine
interferon-y and an increase in the Th2 cytokine
interleukin-10 with age, which is the exact opposite
of the trend in the control group. The researchers
hypothesize that the ETS exposure upsets the mat-
uration of Th1/Th2 cytokine balance in favor of the
allergy-associated Th2 cytokines.

CONCLUSION

We have reviewed the effects of maternal mal-
nutrition and maternal exposure to DE and ETS.
All of these fetal environmental factors have been
shown to cause long-term adverse effects on off-
spring. This is especially concerning during the
current period of increased global industrialization,
with regions transitioning from impoverished rural
areas to prosperous and polluted urban and subur-
ban settings. Early epidemiological data and ani-
mal studies suggest that these changes can poten-
tially lead to an epidemic of adult disease. Increased
knowledge and public awareness is important in
counteracting this possibility.

In addition, the studies of maternal exposure
to DE have shown that exposure to airborne pollu-
tants can adversely effects on extrapulmonary tis-
sues, widening the range of targets for the toxic ef-
fects of environmental pollutants. In fact, mater-
nal exposure may be more dangerous than adult ex-
posure since the findings reviewed suggest the for-
mer allows particles to pass through the developing
blood-brain barrier and damage the central nervous
system. As a diesel fuel usage has increased with in-
creased industrialization, it has become imperative
to fully understand the health effects of this pollu-
tant.
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We have indicated the possibility that nanoparticles such as diesel exhaust particles (DEP) and titanium
dioxide (TiO,) may impair the male mouse reproductive system. In this study, to evaluate the direct effect
of nanoparticles on testis-constituent cells, we examined the effect of DEP, TiO, and carbon black (CB) on
mouse Leydig TM3 cells, the testosterone-producing cells of the testis. The uptake of three nanoparticles
= into Leydig cells was detected using transmission electron microscopy (TEM) or field emission type scan-
ning electron microscopy/energy-dispersive X-ray spectroscopy (FE-SEM/EDS). We examined the cyto-
toxicity and the effect on gene expression by treatment with nanoparticles. TiO, was more cytotoxic
to Leydig cells than other nanoparticles. The proliferation of Leydig cells was suppressed transiently by
treatment with TiO; or DEP. The expression of heme oxygenase-1 (HO-1), a sensitive marker for oxidative
stress, was induced remarkably by treatment with DEP. Furthermore, CB and DEP slightly increased the
gene expression of the steroidogenic acute regulatory (StAR) protein, the factor that controls mitochon-
drial cholesterol transfer. In this study, we found that DEPs, TiO, and CB nanoparticles were taken up by
Leydig cells, and affected the viability, proliferation and gene expression. The patterns were unique for
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each nanoparticle.

© 2008 Published by Elsevier Ltd.

1. Introduction

Nanotechnology is an emerging technology, the development of
which is expected to impact the fields of information technology,
medical treatment, and environmental preservation. Various
nanomaterials such as carbon black (CB), titanium dioxide (TiO,)
.nd fullerene have been developed as basic materials for nanotech-

nology and their production is increasing. While many of these
industrial nanoparticles have been intentionally produced and
used, unintentionally produced nanoparticles, such as diesel ex-
haust particles (DEP), are also discharged into the atmosphere. As
a result, people are at increasing risk of exposure to nanoparticles,
which enter body through the skin, lungs or the intestinal tract.
From there, they are deposited in several organs and may cause ad-
verse biological reactions by modifying the physiochemical prop-
erties of living matter at the nano level (Oberdorster et al.,
2005a,b). Air pollutants, including DEP have been identified in a

Abbreviations: DEP, diesel exhaust particle; TiO,, titanium dioxide; CB, carbon
black; TEM, transmission electron microscopy: FE-SEM/EDS, field emission type
scanning electron microscopy/energy-dispersive X-ray spectroscopy; DE, diesel
exhaust; DSP, daily sperm production.
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number of epidemiological studies as causing adverse health
effects, including respiratory and cardiovascular diseases (Atkinson
et al., 2001; Pope et al., 1992). Recently, a number of investigators
have found nanoparticles responsible for toxicity in different or-
gans (Shvedova et al., 2003; Lam et al., 2004; Kipen and Laskin,
2005; Radomski et al., 2005; Chen et al., 2006; Donaldson et al.,
2006; Hussain et al., 2006). It is therefore important to clarify the
effects of various nanoparticles on human health as well as the
pathogenic mechanisms and signaling pathways involved.

In a previous study, we reported that diesel exhaust (DE),
including DEP, influence reproductive function (Yoshida et al.,
1999, 2002; Tsukue et al., 2004; Yoshida et al., 2006; Ono et al.,
2007). Exposure to DE has been shown in developing mice to in-
duce Leydig cell degeneration, increase the number of damaged
seminiferous tubules, and reduce daily sperm production (DSP)
(Yoshida et al., 1999). Furthermore, we detected that the effect of
DE exposure on male mouse reproductive function is reduced
when a high performance filter removes DEP (unpublished data).
Recently, we examined the effect of TiO, nanoparticles on the
mouse reproductive system, where we observed that the nanopar-
ticles decreased DSP per gram of testis and induced abnormalities
in the nuclei of spermatids (unpublished data). The results
suggest that these nanoparticles impair mouse spermatogenesis;
however, the mechanisms underlying nanoparticle-induced male
reproductive dysfunctions remain to be elucidated.
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Fig. 1. Thin-section TEM images of TM3 cell incubated with Ti0,. TM3 cells were treated with vehicle only (0.05% Tween 80-0.25% DMSQ in PBS) (A) or 30 pg/ml TiO, (B, C
and D) for 48 h. Identification of TiO; nanoparticles in TM3 cells using FE-SEM/EDS (E, F and G). Abbreviations: N, nucleus; M, mitochondria; Ld, lipid droplet; P, phagosome.

Arrows denote TiO; nanoparticles.
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In order to investigate direct reactions of nanoparticles in testis-
constituent cells, we examined the effects of nanoparticles on
mouse cultured Leydig TM3 cells in vitro. The analyzed nanoparti-
cles were DEP, collected from diesel engine; TiO,, used widely as
photocatalytic materials and cosmetics, and CB, produced in the
nanotechnology industry. We examined the uptake, intracellular
behavior and cytotoxicity of these nanoparticles in the cultured
mouse Leydig cells, and compared the differences among the three
nanoparticles.

2. Materials and methods
2.1, Cell culture and nanoparticles

The mouse testis Leydig cell line TM3 was purchased from
American type Culture collection. The cells were cultured in DMEM
F1/2 medium (Life Technologies Inc., Grand Island, NY) supple-
mented with 2.5% heat-inactivated fetal bovine serum (Filtron
Ltd., Victoria, Australia), 5% horse serum (Nacalai Tesque Inc.,
Kyoto, Japan) and 0.1% gentamicin (Sigma Chemical Co., St. Louis,
MO). Incubation was carried out at 37 °C in a humidified 5% CO,
incubator. The particles used in this study were: (1) TiO» (25-

70 nm), purchased from Aldrich (St. Louis, MO); (2) CB (14 nm), ob-
.tained from Degussa (Essen, Germany) as PrinteX 90; (3) DEP was
kindly provided by Dr. [samu Sugawara (Department of Molecular
Pathology, The Research Institute of Tuberculosis). Nanoparticles
were suspended in balanced salt solution (0.05% Tween 80-0.25%
DMSQ in PBS (-)), titrated as stock solutions of 3 mg/ml, and soni-
cated for 10 min immediately before use in assays.

2.2. Analysis of particle uptake by TEM and FE-SEM/EDS
The cultured cells treated with nanoparticles were fixed with

2.5% glutaraldehyde in 0.2M sodium cacodylate buffer. After
post-fixation in 2% 0s04 in 0.2 M sodium cacodylate buffer, the

samples were dehydrated in ethanol series and embedded in epoxy
resin. Morphologic characteristics of the cells and the distribution
and agglomeration state of the particles within the cells were
investigated using ultra thin sections placed on grids and exam-
ined by transmission electron microscopy (TEM). The compositions
of nanoparticles in cells were analyzed using field emission type
scanning electron microscopy/energy-dispersive X-ray spectros-
copy (FE-SEM/EDS).

2.3. Cell viability and proliferation assay

Cells were seeded in 24 well microplates at a density of
1 x 107 cells, incubated for 24 h, and treated with nanoparticles.
After incubation for the indicated length of time, the viable cell
number was determined by with a hemocytometer using the try-
pan blue exclusion method.

2.4. Quantitative RT-PCR

Total cellular RNA was isolated using lsogen (Wako, Osaka,
Japan). Reverse transcription of total RNA into cDNA was carried
out as described elsewhere (Yoshida et al., 2002). Quantitative
RT-PCR was performed using a sequence detection system (ABI
PRISM 7700; Applied Biosystems, Foster City, CA). Pairs of Primers
and TaqMan probes were designed on a computer (Primer Express
software; Applied Biosystems) to amplify specific small fragments
from HO-1 and StAR. The mouse GAPDH gene was used to provide
an internal marker of mRNA integrity. The probe used was a
TagMan MGB probe (Applied Biosystems). PCR amplification was
performed in a 96-well optical tray with caps and a 25 pl final
reaction mixture consisting of 12.5 ul of TagMan Universal PCR
Mix (Applied Biosystems), 2 uM of TagMan probe, 3 uM of each
primer and cDNA sample. The program conditions were at 95 °C
for 10 min, followed by 40 cycles at 94 °C for 155 and at 60 °C
for 1 min.

Fig. 2. Thin-section TEM images of TM3 cell incubated with DEP or CB. TM3 cells were treated with 30 ug/ml DEP (A, B) or with 30 pg/ml CB (C, D) for 48 h. Abbreviations: N,
nucleus; M, mitochondria; Ld, lipid droplet; P, phagosome. Arrows denote particulate matter.
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3. Results
3.1. Cellular uptake of nanoparticles

To investigate whether the different particles were taken up by
mouse testis Leydig TM3 cells, we first examined the cells treated
with TiO; particles for 48 h using TEM. TEM images showed that
TiO, nanoparticles were taken up by TM3 cells (Fig. 1B-D). TiO,
nanoparticles were observed in the form of randomly dispersed
agglomerates in the cytoplasm. However, the nanoparticles were
not closely associated with organelles like the mitochondria. Addi-
tionally, the nanoparticles were not observed inside the nucleus.
The internalization of TiO; nanoparticles into TM3 cells was found
after 1-72 h of exposure (data not shown). Additionally, we ob-
served an image that suggested that the internalization occurred
through endocytosis (Fig. 1B). To confirm whether or not the nano-
particles observed by TEM contain Ti element, we performed ele-
mental analysis using FE-SEM/EDS (Fig. 1E-G). We compared
elemental compositions between the area non-containing the
nanoparticles (blue broken rectangle) and the area containing the
nanoparticles (magenta broken rectangle) in TiO,-treated TM3
cells. We detected strong signal of Ti element in the area contain-
ing the nanoparticles (magenta line in Fig. 1G). These results indi-
cate that the particles detected in the cells were TiO; nanoparticles.

Similar results by TEM were obtained for CB nanoparticles and DEP
(Fig. 2).

3.2. Effect of nanoparticles on cell viability and proliferation

The effect of DEP, TiO, and CB nanoparticles on both cell viabil-
ity and proliferation was assessed by counting cell numbers with a
hemocytometer using the trypan blue exclusion method. To deter-
mine whether these particles influence the viability of TM3 cells,
the cells were exposed to different concentrations of the three
nanoparticles for 48 h. Treatment of TM3 cells with the three nano-
particles resulted in a dose-dependent decrease in the number of
viable cells (Fig. 3A). The concentration of 100 pg/ml TiO; remark-
ably inhibited the viability of TM3 cells. In contrast, the same con-
centrations of DEP and CB (100 pg/ml) did not show a significant
effect on the cell viability. This datum shows that TiO, nanoparti-
cles are more toxic in TM3 cells than DEP and CB nanoparticles. The
effects of the three nanoparticles on cell proliferation of TM3 cells
are shown in Fig. 3B. The reductions in cell proliferation were ob-
served for 24 h after treatment at a concentration of 100 pg/ml of
TiO, or DEP. However, the cell proliferation ability restored after
24 h exposure to TiO; or DEP. In contrast, no significant difference
existed in the cell proliferation of TM3 cells treated with CB in
comparison to non-treated control cells. .
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Fig. 3. (A) Dose-dependent effects of DEP, TiO; and CB on viability of TM3 cells. Cells were seeded in 24 well microplates (1 x 10° cells/well) for a day, followed by treatment
each particles solution (final concentration: 0-1000 pg/ml) for 24 h. Cell viability was determined as described in Section 2. (B) Time-dependent effect of DEP, TiO; or CB on
proliferation of TM3 cells. Cells were seeded in 24 well microplates (1 x 10" cells/well) for a day, followed by treatment with vehicle only (0.05% Tween 80-0,25% DMSO in
PBS) (Control) or each particles (TiO;, DEP, or CB) for indicated time. The proliferation curve was determined as described in Section 2. Values are means + S.D. of triplicate
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Fig. 4. Expression of HO-1 and StAR mRNAs in TM3 cells treated with DEP, TiO; or CB. Total RNA samples were prepared from cells treated with vehicle only (0.05% Tween
80-0.25% DMSO in PBS) (Control) or each particles (TiO,, DEP, or CB) indicated concentrations for 16 h (A, B) and 48 h (C). Quantitative RT-PCR was performed as described in
Section 2. mRNA expression levels are presented as the ratio of HO-1 or StAR mRNA level to GAPDH level in order to correct for variations in the amount of RNA. Ratios were
normalized such that the mean ratio of the control was 100%. Values are means +S.D, of triplicate determination; p <0.05, "p<0.01.
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3.3. Effect of nanoparticles on the expression of HO-1 and StAR mRNA

The expression of the inducible isoform of heme oxygenase-1
(HO-1), which has antioxidant properties, is a very sensitive marker
of oxidative stress (due to the fact that its level increases under oxi-
dative stress). To investigate whether nanoparticles induce oxida-
tive stress in Leydig TM3 cells, we examined HO-1 gene
expression in TM3 cells treated with TiO,, DEP and CB using real
time RT-PCR (Fig. 4A). HO-1 mRNA expression was increased
remarkably in TM3 cells treated with 100 pg/ml DEP for 16 h. In
contrast, this effect was not observed in the cells treated with
TiO; or CB nanoparticles. To examine the effects of nanoparticles
on the function of testosterone synthesis in Leydig cells, we ana-
lyzed the expression of the steroidogenic acute regulatory (StAR)
gene, which is an important molecule in the process of testosterone
synthesis. As shown in Fig. 4B, we did not detect a significant effect
on StAR expression in TM3 cells treated with TiO,, DEP or CB for
16 h. Therefore, we examined StAR expression in the cells after
48 h incubation; after which time, enhanced StAR mRNA expression
was observed in the cells treated with DEP or CB nanoparticles
(Fig. 4C).

4. Discussion

Our study has shown that mouse Leydig cells possess a large
capacity for the internalization of DEP, TiO, and CB nanoparticles,
and that these nanoparticles lead to cytotoxicity and gene
expression changes. Additionally, we have shown that there are
variations in the effects of these particles. This is the first demon-
stration of the direct effect of nanoparticles on Leydig cells, the tes-
tosterone-producing cells of the testis. We previously indicated the
possibility that nanoparticles such as TiO, and DEP impair male
mouse reproductive system (Yoshida et al, 1999, 2006; Ono
et al., 2007). The direct effects of nanoparticles on Leydig cells in
this study may represent one mechanism behind the impairment
of spermatogenesis in mouse exposed to the nanoparticles.

Uptake of DEP into cells has been reported by several groups.
Saxena et al. detected DEP uptake by LA4 lung epithelial cells and
MHS alveolar macrophages (Saxena et al., 2008). Two groups indi-
cated that DEP were taken up by human bronchial epithelial cells
(Steerenberg et al., 1998; Boland et al., 1999). Furthermore, recent
reports have noted the uptake of TiO; and CB nanoparticles by sev-
eral cells including human lung epithelial cells, murine macrophage
cells and human vascular endothelial cells (Singh et al., 2007; Xia
et al., 2006; Peters et al., 2004; Yamawaki and Iwai, 2006). In addi-
tion to these cells, our present results demonstrate for the first time
that Leydig cells take up DEP, TiO, and CB nanoparticles. We also
observed a remarkable reduction of cell viability in TiO,-treated
Leydig cells and transient antiproliferative effects of DEP and TiO,
in Leydig cells. Many reports reference the effect of DEP, TiO, and
CB nanoparticles on cytotoxicity in cultured cells in vitro (Don Porto
Carero et al., 2001; Hussain et al., 2005; Renwick et al., 2001). The
effect on cytotoxicity of cells varies among different nanoparticles
and among different cells, presumably because of the differing sen-
sibility of cells and the varying sizes and components of particles.

Our results demonstrated that direct exposure of Leydig cells to
DEP significantly up-regulates mRNA levels of the oxidative stress
marker HO-1; though, TiO, and CB nanoparticles have no effect.
DEP consist of carbon cores that adsorb many organic compounds
including polycyclic aromatic hydrocarbons, heterocyclic organic
compounds, quinines, aldehydes, and aliphatic hydrocarbons (Li
et al., 2000; Schuetzle et al., 1981; Schuetzle, 1983). DEP and the
organic compounds within were shown to induce oxidative and
inflammatory effects in lungs, alveolar macrophages, and endothe-
lial cells (Ma and Ma, 2002; Xiao et al., 2003; Hirano et al., 2003).

Many groups have reported induction of HO-1 gene expression by
the organic extract of DEP in these cells (Li et al.2000, 2002; Hirano
et al., 2003). We indicated that DEP elicit the same action in mouse
Leydig cells. It is likely that the induction of the HO-1 gene by DEP
in Leydig cells was caused by DEP-adsorbed chemicals rather than
particle itself, because CB nanoparticles did not induce HO-1 gene
expression in Leydig cells and TiO; has no induction effect. This
leads us to speculate that oxidative stress is not associated with
the cytotoxicity of Leydig cells through TiO,. In contrast, the
expression of StAR gene was induced by DEP and CB nanoparticles
in Leydig cells. This result indicates the possibility that these nano-
particles affect the production of steroid hormone in Leydig cells.
There are some reports that showed the repression of StAR expres-
sion by oxidative stress (Murugesan et al., 2007; Diemer et al.,
2003). It has further been reported that the expression of StAR gene
was regulated by various transcription factors such as DAX-1,
GATA4, C/EBPB, and AP-1 (Jana et al., 2008; Silverman et al.,
2006; Manna et al., 2004). The induction of StAR in Leydig cells
by nanoparticles may be associated with these factors.

In summary, the present study examined the direct effects of
nanoparticles on mouse Leydig cells in order to investigate the
mechanism underlying nanoparticle-induced impairment of sper-
matogenesis. We observed direct effects of nanoparticles on Leydi
cells similar to those seen previously in epitherial cells, macrob
phages and endotherial cells. Further analysis of the effect leads
to the elucidation of mechanism underlying nanoparticle-induced
male reproductive dysfunction. Moreover, in vitro cultured systems
using mouse Leydig TM3 cells may be useful for assessing the ef-
fects of injurious matter on spermatogenesis.
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