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Di-(2-ethylhexyl) phthalate, a widely used plasticizer, and its active metabolite, mono-(2-ethyl-
hexyl) phthalate (MEHP), have been shown to exert adverse effects on the reproductive tract in
developing and adult animals. As yet, however, the molecular mechanisms by which they act are
uncertain. In the present study, we address the molecular and cellular mechanisms underlying the
effects of MEHP on basal and human chorionic gonadotropin (hCG)-stimulated steroid production
by MA-10 Leydig cells, using a systems biology approach. MEHP induced dose-dependent decreases
in hCG-stimulated steroid formation. Changesin mRNA and protein expression in cells treated with
increasing concentrations of MEHP in the presence or absence of hCG were measured by gene
microarray and protein high-throughput immunoblotting analyses, respectively. Expression pro-
filing indicated that low concentrations of MEHP induced the expression of a number of genes that
also were expressed after hCG stimulation. Cross-comparisons between the hCG and MEHP treat-
ments revealed two genes, Anxal and AR1. We suggest that these genes may be involved in a new
self-regulatory mechanism of steroidogenesis. The MEHP-induced decreases in hCG-stimulated
steroid formation were paralleled by increases in reactive oxygen species generation, with the
latter mediated by the Cyp7a7 gene and its network. A model for the mechanism of MEHP action
on MA-10 Leydig cell steroidogenesis is proposed. (Endocrinology 151: 3348-3362, 2010)

uman exposures to endocrine disruptors have the po-
H tential to lead to cryptorchidism, hypospadias, testicu-
lar cancer, and poor semen quality (1). During mammalian
sex differentiation, androgen play a critical role in program-
ming organ morphogenesis and neural function (2). At all
developmental stages, androgens exert effects that are im-
mediate, multiple, reversible, and dose dependent, and thus
their presence in sufficient amounts is a critical determinant
of the male phenotype (2). Consequently, environmental
chemicals that alter endocrine function pose potential risks to
the reproductive health of humans and wildlife (3).
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The phthalic acid esters are used as plasticizers in man-
ufacturing polyvinyl chloride and other plastics. Phtha-
lates, such as di-(2-ethylhexyl) phthalate (DEHP), are
loosely held between the interstices of the polymer matrix
and thus are ubiquitous contaminants of the environment
(4). Human exposures to DEHP via ingestion, inhalation,
and dermal contact result in measurable levels of DEHP and
metabolites in blood, urine, semen, breast milk, and umbil-
ical cord blood (5-11). Normal human exposure to DEHP
can be 3-30 pg/kg - d and as high as 10-20 mg/kg - d via

neonate transfusion or parenteral nutrition (12-14).

Abbreviations: Anxal, Annexin A1; AR, androgen receptor; DCFH-DA, 2’,7’-dichlorofluo-
rescin diacetate; DEHP, di-(2-ethylhexyl) phthalate; hCG, human chorionic gonadotropin;
mAb, monoclonal antibody; MEHP, mono-(2-ethylhexyl) phthalate; MTT, 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; NAC, N-acetylcysteine; PPAR, prolifera-
tor-activated receptor; Q-PCR, quantitative PCR; ROS, reactive oxygen species.
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DEHP has been shown to cause reproductive toxicity in
both developing and adult animals. DEHP is found in the
amniotic fluid, placenta, and fetal tissues of rats after its
ingestion by pregnant dams (15, 16). Fetal exposures to
DEHP have been shown to result in reduced litter size,
cryptorchidism, and, later in life, Leydig cell hyperplasia,
testicular atrophy, reduced serum levels of serum testos-
terone, and reduced fertility (1, 18 —20). In various tissues
and cells, the DEHP active metabolite mono-(2-ethyl-
hexyl) phthalate (MEHP) is responsible for the adverse
health effects associated with phthalate exposure (21).
The detrimental effects of DEHP administration on the
male reproductive tract also have been attributed to
MEHP (22). For example, MEHP was shown to inhibit
LH-stimulated steroid formation by both purified adult
rat Leydig cellsand MA-10 mouse tumor Leydig cells (23—
25). The mechanism by which MEHP functions to alter
steroidogenesis is uncertain.

In the present study, we address the possible mecha-
nism(s) by which MEHP affects MA-10 Leydig cell ste-
roidogenesis by examining MEHP effects on progesterone
formation, gene and protein expression profiling, path-
way mapping, and reactive oxygen species (ROS) produc-
tion. Gene and protein expression were measured using
GeneChip (26) and PowerBlot (27) analyses, and real-time
quantitative PCR (Q-PCR) was used to confirm the gene
array findings. Data obtained were mapped to oxidative
stress and steroid biosynthesis pathways. The results pre-
sented herein suggest a new mechanism of MEHP action
on Leydig cell steroidogenesis via Cyplal-mediated ROS
stress.

Materials and Methods

Cell culture and treatments

MA-10 cells were grown in DMEM/nutrient mixture F-12
Media, supplemented with 2.5% horse and 5% fetal bovine se-
rum. Cells were grown to subconfluence, incubated with MEHP
(Sigma-Aldrich, St. Louis, MO) for 16, 24, or 48 h, washed with
serum-free medium, and incubated for 2 h in the presence or
absence of a saturating concentration of human chorionic go-
nadotropin (hCG) (CR-125, 50 ng/ml; National Institute of Di-
abetes and Digestive and Kidney Diseases, Bethesda, MD). Me-
dia were collected for progesterone measurement, and cells were
saved for examining ROS generation, protein determination,
RNA isolation, and immunoblot analysis.

For some experiments, adult Sprague Dawley rat testis Leydig
cells of 75-85% purity were prepared by collagenase dissocia-
tion followed by Percoll gradient centrifugation (28). Leydig cells
were incubated with MEHP for 24 h, after which the cells were
washed and stimulated for 2 h with hCG (50 ng/ml) in serum-free
medium. Media were collected for testosterone measurements
and cells for protein determination.
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Steroid quantification
Progesterone production by MA-10 cells and testosterone pro-
duction by rat Leydig cells were measured by RIA (24, 28, 29).

Analysis of cell viability

The effect of MEHP on cell viability was assessed with the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) cell viability/cytotoxicity assay (30).

Oligonucleotide microarray

The Affymetrix Murine Genome U74A version 2 GeneChip
(26), which represents all sequences (~6000) in the mouse Uni-
Gene database (Build 74) plus approximately 2000 expressed
sequence tagged clusters, was used to delineate profile changes in
gene-expression in response to MEHP. After incubation of
MA-10 cells with 0-10 uvm MEHP for 24 h followed by incu-
bation with or without hCG (50 ng/ml) for 2 h, the cells were used
for total RNA isolation. Experiments were repeated three times,
and RNA collected from the three separate experiments was
amplified and biotinylated using the Affymetrix (Santa Clara,
CA) protocol as described previously (26). Biotinylated cRNA
was purified, fragmented, and hybridized to the arrays. After
washing, the arrays were stained with streptavidin-phyco-
erythrin, enhanced with anti-streptavidin antibody, and then
scanned with a confocal scanner (26). Image data were analyzed
using the MicroArray Suite 5.0 Gene Expression analysis pro-
gram (Affymetrix). The data were normalized, filtered, and sub-
jected to cluster analysis.

High-throughput Western blot screening and data
analysis

Primary screening was performed by BD Biosciences Trans-
duction Laboratories (Lexington, KY) using the PowerBlot assay
(27, 31) to determine the expression levels of 860 signal-trans-
ducing proteins. Briefly, after treatment of MA-10 cells with 1
uM MEHP for 48 h and 50 ng/ml hCG for 2 h, protein extracts
containing total cellular protein were separated on 5-15% SDS-
PAGE gradients and transferred onto nitrocellulose membranes.
The membranes then were divided into 40 lanes using a chamber-
forming grid. Individual lanes were incubated with a blend of
monoclonal antibodies (mAbs). A total of 860 individual mAbs
were used in the assay. A secondary goat antimouse horseradish
peroxidase was used to visualize mAbs. Chemiluminescence data
were captured by a charge-coupled device camera and quantified
by computerized processing. Data were normalized to the total
intensity value of all pixels in an image multiplied by 1,000,000.
Ratios were calculated to express increases or decreases in pro-
tein expression. This study was repeated three times, and values
were averaged.

Real-time Q-PCR

MA-10 cells were incubated with MEHP for 24 h and then
with or without hCG for 2 h. After washing the cells, total RNA
was isolated (32). Genomic DNA contamination was removed
by RNase-free DNase digestion. Q-PCR was performed using
the ABI PRISM 7700 Sequence Detector (Applied Biosystems,
Foster City, CA) (32). PCR products were detected by measuring
increase in fluorescence caused by the binding of SYBR Green I
dye to double-stranded DNA. The comparative cycle threshold
(Cr) method was used to analyze the data. The expression of
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mRNA corresponding to a target gene was normalized to the
endogenous reference 18S rRNA or hypoxanthine phosphori-
bosyltransferase for Cyplal. Three independent experiments
were performed, each in triplicate. The forward and reverse
primers used are listed in Supplemental Table 1 (published on
The Endocrine Society’s Journals Online web site at http://endo.
endojournals.org).

Dose-response analysis

The microarray data were globally normalized, and linearity
was confirmed before the consecutive sampling method was ap-
plied based on equivalence of the sp derived from the individual
genes and sp derived from the consecutive samples (33, 34).
Briefly, in two-array comparisons, the genes are ordered accord-
ing to mean signal intensity and grouped in bins containing n
consecutive genes (n = 25). The sp was calculated for each bin,
and the sp function in linear approximation was determined by
regression. Subsequently, specific probability intervals were
evaluated so that the distance of corresponding points at upper
and lower boundaries measured in sbs was invariant.

The candidate genes for the concentrations of 1, 3,and 10 pum
MEHP were selected among the genes beyond the 0.95 proba-
bility interval using the requirement that they must lie outside the
interval compared with control as well as the lowest (0.3 um)
MEHP dose. The candidates for the lowest concentration com-
parisons and comparison of MEPH vs. MEPH plus hCG were the
genes above and below the 0.975 probability interval. To further
assist in the evaluation of significance of the observed differ-
ences, we performed ¢ test and ¢ test with Bonferroni’s correction,
based on the similarity between the microarray distributions and
theoretical ¢ distribution at the degree of freedom equal to 12
(34). Heat maps were prepared using Heatmap Builder (version
1) (35). The genes used for the heat maps are those from the
dose-response tables with the following two additional require-
ments: four coincidences and conformity with the dose-response
curves, allowing for one exception.

Cluster and GenMAPP analysis

Clustering was performed using a self-organizing map algo-
rithm to determine physiologically relevant patterns of gene ex-
pression via Genesis (36). Hierarchical cluster analysis on dif-
ferentially expressed genes was performed using average linkage
and correlation in GenePattern (version 3.1.1.) (37). Differential
expression was determined using up or down changes of more
than 2-fold. ROS pathways, steroid biosynthesis pathways, and
the Cyplal gene network were evaluated for differential regu-
lation using the visualization tool GenMAPP (38). We imported
the whole gene set of the microarray into the program and used
GenMAPP to illustrate pathways containing differentially ex-
pressed genes.

Measurement of ROS generation by
2’,7'-dichlorofluorescin diacetate-derived fluorescence
ROS generation by MA-10 cells in response to MEHP was
assessed using 2',7'-dichlorofluorescin diacetate (DCFH-DA)-
derived fluorescence, as described previously (39). In brief, sam-
ples of 1 X 10° cells were incubated with DCFH-DA (10 uM) in
the presence of MEHP or dimethylsulfoxide (vehicle) for 16 h.
After cells were washed three times in PBS, the fluorescence in-
tensity of cells in each sample was determined by fluorescence-
activated cell sorting-scan analysis. Data were analyzed using
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Cellquest software (BD Biosciences, Bedford, MA). ROS pro-
duction by individual cells was visualized by incubating the cells
with DCFH-DA and then examining 4’,6-diamidino-2-phe-
nylindole-stained cells by fluorescence microscopy over time.

Statistics

Multiple means were compared using one-way ANOVA
(Prism version 3.0; GraphPad Software, San Diego, CA). All P
values are provided in the text or figure legends.

Results

Effect of MEHP on hCG-stimulated steroid
production

As seen in Fig. 1A, incubation of MA-10 cells with
MEHP (0.3-10 um) for 24 or 48 h inhibited hCG-stimu-
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FIG. 1. Dose-response effects of MEHP on steroid synthesis by MA-10
Leydig tumor cells (A) and rat Leydig cells (B) and on mitochondrial
functional integrity as assessed by the MTT assay (C). Cells were
incubated in the absence (C) or presence of 0.1-10.0 um MEHP for 24
or 48 h and with hCG (50 ng/ml) for 2 h. Mean * sp (n = 16 for 24 h;
n = 24 for 48 h). Significant inhibition of hCG-stimulated steroid
formation was seen at 0.3-10 um MEHP for 24 or 48 h (P < 0.001).
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lated progesterone production significantly; with a 48 h
incubation, the IC;, value was less than 1 um. We also
determined the effect of MEHP on testosterone produc-
tion by Leydig cells isolated from the adult rat testis. Figure
1B shows that a 24-h exposure to MEHP (0.3-10 um)
inhibited hCG-stimulated testosterone production signif-
icantly, also with an ICs, value of less than 1 pm. Inter-
estingly, at the 0.1 um MEHP concentration, a slight in-
crease in steroid production was seen in both MA-10 and
rat Leydig cells (Fig. 1, A and B). At concentrations as high
as 300 um, MEHP (48-h exposure) was not toxic to the
MA-10 cells (or to primary Leydig cells; data not shown)
as assessed by MTT measurement (Fig. 1C).

Profiling of MEHP response genes by
oligonucleotide array, dose-response, and
cluster analyses

Affymetrix GeneChip microarrays were used to deter-
mine the effect of MEHP on mRNA expression. Among
the approximately 6000 full-length genes and 2000 ex-
pressed sequence tagged clusters examined, those changes
of 1.8-fold or greater compared with controls were further
analyzed using self-organizing maps (Supplemental Fig. 1,
A and B, Tables 2 and 3). Using hierarchical cluster anal-
ysis, overall patterns of expression of the 8000 genes were
grouped into five distinct clusters (Supplemental Fig. 2).
Genes in the first cluster, referred to as hCG-independent/
MEHP-induced, were up-regulated by low-dose MEHP
(0.3 uM) independently of hCG. Genes of the second
cluster (hCG-independent/MEHP-induced) were up-reg-
ulated in response to increasing MEHP dose from 0.3 to 10
M, also independently of hCG. Indeed, in the case of these
genes, the induction of MEHP appeared to be repressed
when the cells were treated with MEHP and hCG. Genes
of the third group, referred to as hCG-dependent/MEHP-
induced, were up-regulated increasingly by increasing
MEHP dose, but only when the cells also were treated with
hCG. Among these, some genes responded to MEHP at a
high dose (hCG-dependent/MEHP-induced) and others to
MEHP at a low dose.

Additional analysis revealed that 35 genes were up-
regulated and 11 genes down-regulated by MEHP treat-
ment alone (Fig. 2A). Among the up-regulated genes were
transcription factors involved in ROS metabolism, includ-
ing Fos and junB. These genes are considered to be major
components of activator protein-1, a redox-sensitive tran-
scription factor complex (40). Other up-regulated genes
included Cyp2C39, involved in retinoic acid 4-hydroxy-
lation via aryl hydrocarbon receptor (41), peroxisome
proliferator-activated receptor y (PPARYy) binding pro-
tein, involved in important signaling pathways (42), and
PTC7 protein phosphatase homolog (mouse ortholog of

endo.endojournals.org 3351

human T-cell activation protein phosphatase 2C), a mem-
ber of a new PP2CR subfamily (43). Down-regulated
genes included male enhanced antigen 1, related to testic-
ular morphogenesis (44). As shown in Fig. 2B, MEHP plus
hCG treatment induced the expression of 13 genes and the
repression of 24 genes. Among the repressed genes was
annexin Al (Anxal), a key player in the physiology and
pharmacology of glucocorticoid hormones and drugs (45,
46). This could have significance for the regulation of ste-
roid generation and antiinflammatory action (see below).
Supplemental Tables 47 show the effects of MEHP alone
vs. MEHP plus hCG using less strict selection criteria.

Comparison of Affymetrix array and Q-PCR data

Q-PCR was used selectively to confirm changes in gene
expression shown by the Affymetrix array. Supplemental
Fig. 3A shows the mRNA expression patterns of 13 genes
detected by the Affymetrix array, and Supplemental Fig.
3B shows the mRNA expression patterns of these same
genes obtained by Q-PCR. For this study, the MA-10 cells
were incubated with increasing concentrations of MEHP
alone for 24 h (shown as control C, 0.3-10.0 um), or with
MEHP and then hCG for 2 h (shown as C+, 0.3-10.0 um
+). In all cases, the Q-PCR data were consistent with the
results obtained by Affymetrix array. Statistical analysis of
the Q-PCR results (Supplemental Fig. 3B) confirmed that
the decreased mRNA expressions of Clk, DId, Msh2,
Xpol, Zfp97, Tspo, StAR, and Stat6 as seen by Affymetrix
analysis of cells treated with MEHP plus hCG (Supple-
mental Fig. 3A) in fact represented statistically significant
decreases (P < 0.001 for Clk, DId, Msh2, Xpol, and
Zfp97; P < 0.01 for StAR; and P < 0.05 for Tspo and
Stat6). The increases seen by Affymetrix array in Egrl,
Nr4al,P160,and Pdcd6 mRNA (P < 0.001 for Egrl; P <
0.001 for Nr4al and P160; P < 0.01 for Pdcd6) also were
significant. Q-PCR also confirmed increases in genes in
response to MEHP alone (P < 0.001 for Egr1 and Nr4al;
P <0.001for P160; P < 0.01 for Pdcd6; P < 0.0S5 for JunB
mRNA).

High-throughput immunoblot identification of
MEHP response genes

Total cellular protein isolated from MEHP-treated and
control MA-10 cells was submitted to high-throughput
analysis using PowerBlot. A semiquantitative value rep-
resenting the general trend of protein changes was used to
analyze protein levels in MEHP-treated cells relative to
control. Based on the confidence with which the identity
of the protein could be deduced, we separated the bands
into five groups (Supplemental Tables 8 and 9). Supple-
mental Table 8 summarizes the proteins that responded
when MA-10 cells were exposed to 1 um MEHP alone for
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FIG. 2. Heat map showing the expression of MA-10 mouse Leydig tumor cell genes in
response to MEHP dose (A) and MEHP plus hCG stimulation (B). Rows represent individual
genes, and columns represent different treatments: WP-1, WP-3, WP-5, WP-7, and WP-9
represent treatments with O (control), 0.3, 1, 3, and 10 um MEHP, respectively, without
hCG stimulation; WP-2, WP-4, WP-6, WP-8, and WP-10 represent treatments with 0, 0.3,
1, 3, and 10 um MEHP, respectively, and then stimulation with hCG. Red indicates high
expression, and green indicates low expression. Color intensity is based on row-
normalized values.

48 h compared with control samples. Supplemental Table
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2-fold difference with high confidence,
level 5) in MEHP-treated MA-10 cells
(Supplemental Table 8). Eight of the
860 gene products examined by Pow-
erBlot were differentially expressed in
MEHP and then hCG-treated MA-10
cells compared with controls exposed
only to hCG (Supplemental Table 9).
Venn diagrams were used to visualize
gene-expression profiles from high-
throughput immunoblots after MEHP
or MEHP/hCG treatment. This analysis
identified 16 and 24 genes that were up-
and down-regulated by MEHP and
MEHP/hCG treatments, respectively
(Supplemental Fig. 4A). Only a small
number of genes up- and down-regu-
lated by MEHP alone were found to be
reversely regulated by MEH and hCG
treatment (Supplemental Fig. 4A). The
expression of eight among the selected
11 genes in the list correlated with Pow-
erBlot data (Supplemental Fig. 4B).
Supplemental Table 10 shows a pro-
tein information matrix classifying the
features of 112 MEHP response genes
identified by PowerBlot analysis in
MEHP-treated cells without hCG stim-
ulation. As seen in the table, these genes
were classified into 14 process catego-
ries, 11 pathway clusters, and 50 func-
tion categories. One prominent group
of gene products that responded to
MEHP is involved in cell signaling, cy-
tokine/chemokine, cell activation, cell-
cycle regulation, apoptosis, adhesion,
and immunology pathways. A second
prominent group is involved in cell
communication, cell growth, and me-
tabolism process categories. Supple-
mental Table 11 shows a protein infor-
mation matrix that summarizes the
features of 189 response genes identi-

9 summarizes the genes that responded when the cells were
exposed to 1 um MEHP for 48 h, followed by exposure to 50
ng/ml hCG for 2 h. Protein changes are listed with respect to
confidence level, with 5 being the highest level of confidence
(see legend to Supplemental Table 8). Proteins having mul-
tiple bands are presented with observed molecular weights
included in their names (Supplemental Tables 8 and 9).

Of the 860 gene products examined by PowerBlot, 26
were differentially expressed relative to controls (above

fied by PowerBlot analysis in MEHP-treated MA-10 cells
after their stimulation with hCG. The genes were classified
into 13 process categories, 11 pathway clusters, and 54
function categories. One large group of these genes is in-
volved in cell signaling, cytokine/chemokine, cell activa-
tion, cell-cycle regulation, apoptosis, adhesion, and im-
munology pathways. A second large group is involved in
cell communication, cell growth, and/or maintenance and
metabolism categories.
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stimulated by MEHP at 0.3 (b), 3.0 (c), or 10.0 (d) um MEHP. D, The response of the top 10 up- and down-regulated genes to hCG compared with
MEHP plus hCG. Josd3, Josephin domain containing 3 or TATA box binding protein (TBP)-associated factor, RNA polymerase I, D (94476_at).

E, The profiling of the hCG-stimulated gene set responsive to MEHP/hCG treatments as indicated (a—d).

Comparison of effects of hCG alone, MEHP alone,
and hCG plus MEHP on gene expression by MA-10
cells

Figure 3A depicts the 88 genes that increased and the
188 genes that decreased by at least 2-fold in response to
hCG stimulation alone. First, the top 10 up- and down-
regulated among these genes were selected. Their re-
sponses to hCG and to MEPH alone (four concentrations,
ranging from 0.3 to 10 uMm) are depicted as a three-dimen-

sional mesh plot (Fig. 3B). Observation of this plot sug-
gests similar expression profiling in response to MEHP as
to hCG, particularly ata low MEHP concentration. Figure
3C, a—d, depicts the hCG effects on the 276 genes shown
in Fig. 3A against the effects of MEHP at 0.3 (Ca), 1.0
(Cb), 3.0 (Cc), and 10.0 (Cd) um. The genes that re-
sponded positively (n = 88) or negatively (n = 188) to
hCG responded remarkably similarly to 0.3 um MEHP
alone (Fig. 3Ca). With increasing concentrations of
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FIG. 4. Venn diagrams depicting differences and commonalities in number of up- and
down-regulated genes in response to hCG, MEHP, or MEHP plus hCG. A, Coexpression of
genes with at least 2-fold or no more than 2-fold changes by hCG and MEHP over control,
respectively. B, Coordinated expression of genes with at least 2-fold or no more than 2-
fold changes by three concentrations of MEHP. C, Gene-expression profiles with opposite
regulation by hCG and MEHP, respectively. The genes for each of the Venn diagrams are
listed in Supplemental Materials and Methods. D, A proposed feedback mechanism of
steroidogenesis in MA-10 cells regulated by hCG and MEHP. MAK, Male germ cell-

associated kinase.
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MEHP (Fig. 3C, b—d), expression profil-
ing remained similar to the expression in
response to hCG, although not as much as
with low-dose MEHP. In contrast to the
similarity between the effects of treatment
with MEHP alone and hCG, the expres-
sion profiling of the MA-10 cells treated
with MEHP plus hCG differed consid-
erably from the effects of treatment with
hCG alone, with similar trends for all
the MEHP concentrations used (Fig. 3,
D and E, a-d).

Comparison of gene regulation
between hCG and MEHP reveals a
self-regulation mechanisms of
steroidogenesis in MA-10 cells

As seen in Venn diagrams (Fig. 4A-C)
(for full datasets, see Supplemental Table
12), among the 277 genes significantly
changed by hCG (Fig. 3A), five were up-
regulated and 24 genes were down-regu-
lated by both hCG and MEHP treatments.
Thirty-eight genes were up-regulated by
three different concentrations of MEHP,
whereas only nine were down-regulated
under the same conditions. To cross-com-
pare the gene-expression profiles, we
found that two genes were up-regulated
by hCG and down-regulated by MEHP,
and 22 genes were down-regulated by
hCG and up-regulated by MEHP. We sug-
gest that these opposite regulations of
gene expression might be linked with a
new feedback mechanism of self-regula-
tion of steroidogenesis under stress con-
ditions (Fig. 4D).

One of the two genes up-regulated by
hCG and down-regulated by MEHP was
Anxal, which has been shown to mimic
the inhibitory action of glucocorticoids on
testosterone formation (45). The other
was Cyp4al2b, which is involved in the
hydroxylation of arachidonic acid to 20-
hydroxyeicosatetraenoic acid and plays a
role in vascular and renal tubule function
(47), and likely is related to the normal
functions of hCG-stimulated steroidogen-
esis. Among the 22 genes down-regulated
by hCG and up-regulated by MEHP,
androgen receptor 1 (AR1) is the tran-
scription factor 20, a transcriptional co-
activator that enhances the activity of
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FIG. 5. ROS generation induced by MEHP in MA-10 cells was assessed using the DCFH-DA-
dependent fluorescent assay. A, Measurement of the fluorescent dichlorofluorescein oxidized
by cellular oxidants from the dichlorofluorescein, which is formed through hydrolysis of
DCFH-DA by intracellular esterases. B, Dose-dependent increase of the fluorescence intensity
of MA-10 cells treated with MEHP (10-300 um). C, Effect of the antioxidant NAC on the
fluorescence intensity of MA-10 cells treated with 300 um MEHP. D, Cellular localization of
the dichlorofluorescein-derived fluorescence in a representative cell, showing a putative

mitochondrial distribution pattern. DMSO, Dimethylsulfoxide.

transcription factors such as jun and Sp1. These transcrip-
tion factors are regulated by androgens and synthetic ste-
roids. The mouse version of AR1 is the stromelysin-1
platelet-derived growth factor-responsive element-bind-
ing protein, which is a repressor of estrogen receptor «
(48). It is noteworthy that one of the few protein kinases
associated with AR as a coactivator is male germ cell-
associated kinase (49), and one of the AR gene targets is
the avian erythroblastosis virus E26 homolog (ETS) tran-
scription factor family (Ets1) (50). Therefore, these data
indicate that the expression of AR and associated genes,
including some transcription factors, are down-regulated
in response to hCG.

MEHP effects on ROS generation

MEHP treatment has been reported to result in the gen-
eration of ROS and thus in impairment of mitochondrial
function and release of cytochrome c in the testis (51). ROS
levels in MA-10 cells in response to MEHP were assessed

100 1
80 1
60 1 NAC

MEHP (300 pM)
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using the DCFH-DA-dependent fluores-
cent assay. Incubating MA-10 cells with
MEHP (100-300 um, 2-3 h) increased
the fluorescence intensity significantly as
a function of MEHP dose, with no effect
on cellular toxicity (Fig. 5, A and B). The
increase seen even with the highest con-
centration used (300 uMm) was blocked
by preincubation of the cells with the
antioxidant N-acetylcysteine (NAC),

> » suggesting that ROS were responsible
& q,@ for the fluorescence induced by MEHP
*@Qs (Fig. 5C). Examination of DCFH-DA-

derived fluorescence in individual cells
by video-capture time-lapse fluorescent
microscopy revealed an accumulation
in mitochondria (Fig. 5D).

Effect of MEHP on ROS and
steroidogenesis pathways

Figure 6 and Supplemental Figs. 5 and
6 show a schematic overview, generated
by GenMAPP (38), of the expression pro-
files of genes involved in selected ROS
and steroidogenesis pathways. Fold
changes in response to hCG and MEHP
treatments are mapped. Genes up-regu-
lated (=2-fold) by hCG and/or MEHP
are coded in red or orange, whereas genes
down-regulated are coded in blue or pur-
ple. In the ROS pathway, it can be seen
that the Cyplal gene was up-regulated
by MEHP in hCG-stimulated MA-10
cells, whereas several other genes, such as
junB, are were regulated by MEHP but to a lesser extent. In
the steroidogenesis pathway, Cyp17al was down-regulated
by MEHP alone (Supplemental Fig. 5) but up-regulated by
MEHP in the hCG-stimulated cells (Fig. 6); several other
enzymes involved in steroid synthesis also were down-regu-
lated by MEHP in the hCG-stimulated cells. These changes
in gene expression are likely responsible for the reduction of
steroidogenesis in response to MEHP (Fig. 1, A and B).

Cyplal, besides its role in the detoxification of poly-
cyclic aromatic compounds, has been shown to generate
mutagenic metabolites and oxidative stress (52). Many
genes involved in its gene network are related to xenobi-
otic metabolism, such as Cyp4b1, and to ROS generation,
such as AcpS (53, 54). Cyplal might be the link between
xenobiotic metabolism (Cyp4b1), endobiotic metabolism
(Cyp17al), and ROS generation (AcpS) (Fig. 7A). Anal-
ysis of the expression profiles after hCG and/or MEHP
treatment indicated that many genes of the Cyplal net-
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FIG. 6. Analysis of oxidative stress and steroid biosynthesis pathways in the gene-expression profiles in MA-10 cells treated with MEHP plus hCG.
Both oxidative (A) and steroid biosynthesis (B) pathways were overlain with gene expression using the program GenMAPP (version 2.1) and the
color criterion and ratios of gene expression used: orange, at least 2-fold up-regulation by MEHP; red, no more than 2-fold up-regulated by MEHP;
green, no more than 2-fold down-regulated by MEHP; and purple, at least 2-fold down-regulated by MEHP; gray, no criteria met; white, gene is
not present in the Affymetrix Murine Genome U74A version 2 GeneChip or in the mouse GenMAPP database (version June 28, 2006). Boxes
overlain with more than one color suggest that the gene is covered on the array by multiple hits. C03, C10, C30, and C100 indicate that the cells
were treated with 0.3, 1.0, 3.0, and 10.0 um MEHP plus hCG stimulation, respectively. The number next to each gene indicates the fold change in
C100 compared with control in oxidative pathway, whereas the fold change in CO3 in steroid biosynthesis pathway is shown. The expression ratio
profiling of the gene with the most significant change induced by the treatment together with its four closest neighboring genes (prepared using
GenePattern version 3.1.1.) is also shown. Mapk14, MAPK 14; Junb, Jun-B oncogene; Fos, FBJ osteosarcoma oncogene; Nrf2, nuclear factor,
erythroid derived 2, like 2; Nfkb1, nuclear factor of k light chain gene enhancer in B-cells 1, p105; Sp1, trans-acting transcription factor 1; Hmox1,
heme oxygenase (decycling) 1; Gpx1, glutathione peroxidase 1; Ngo1, NAD(P)H dehydrogenase quinone 1; Cat, catalase; Txn2, thioredoxin 2;
Txnrd1, thioredoxin reductase 1; Txnrd2, thioredoxin reductase 2; Gclc, glutamate-cysteine ligase, catalytic subunit; Mt1, metallothionein 1; Gsr,
glutathione reductase 1; Gstt2, glutathione S-transferase 6 2; Mgst1, microsomal glutathione S-transferase 1; Sod1, Superoxide dismutase; Sod2,
superoxide dismutase 2 mitochondrial; Sod3, superoxide dismutase 3 extracellular; Nfix, nuclear factor I/X; Cyp1a1, cytochrome P450 family 1
subfamily a, polypeptide 1; Cyba, cytochrome b-245 « polypeptide; Xdh, Xanthine oxidase; Maoa, monoamine oxidase A; Cyp17a1, cytochrome
P450 family 17; Hsd3b1, hydroxysteroid dehydrogenase-1 §-3-8; Hsd3b6, hydroxysteroid dehydrogenase-6 §-3- Hsd17b4, hydroxysteroid (17-8)
dehydrogenase 4. All pathways used were modified from the GenMAPP pathway. Note that the mineralocorticoids, glucorticoids, and testosterone
shown in the figure are not main steroid products of the MA-10 cell line and are shown herein to visualize the genes relevant to the general
steroidogenesis pathway.

work were up-regulated (Fig. 7B). In the presence of low  ROS generated by MEHP in the MA-10 cells and localized
concentrations of MEHP alone, Cyplal was down-regu-  in mitochondria, the site in which steroidogenesis begins.
lated; with relatively low concentrations of MEHP plus

hCG treatment or with high concentrations of MEHP

alone or in the presence of hCG, Cyplal was up-regu-  piscussion

lated. All changes seen were confirmed by Q-PCR (Fig. 7,

C and D). These data suggest that the MEHP-induced  The primary goal of the present study was to begin to
expression of Cyp1al might be associated with the excess  elucidate the molecular mechanisms by which MEHP ex-
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FIG. 6. Continued.

posure affects steroid production. Treatment of MA-10
cells with MEHP for 48 h inhibited hCG-stimulated ste-
roid formation significantly, with an ICs, value of less
than 1 uM, in agreement with previous studies (55). Treat-
ment of isolated rat Leydig cells with MEHP similarly
resulted in reduced testosterone production, validating the
use of MA-10 cells as a model system for the present stud-
ies. Interestingly, whereas treatment of the MA-10 cells
with 1-10 um MEHP resulted in decreased progesterone
production, treatment with a relatively low MEHP con-
centration (0.1 uM) slightly increased steroid synthesis. As
discussed below, treatment of MA-10 cells with 0.1 um
MEHP resulted in gene-expression profiling similar to
that seen in the presence of hCG alone, which may explain
the increase in progesterone production in response to low
MEHP concentration.

Along with effects on progesterone production, MEHP
treatment of MA-10 cells resulted in significant changes in
gene and protein expression. The expression of a number
of genes increased in response to MEHP and/or MEHP
plus hCG, including Egr1, JunB, Nr4al, and P160, the
protein products of each of which are related to carcino-

genic/anticarcinogenic mechanisms. In particular, overex-
pression of EGR1 stimulates the generation of ROS (55).
Thus, the increased expression of the Egr1 gene induced
by MEHP may relate to ROS-mediated carcinogenic/an-
ticarcinogenic mechanisms. A second gene that increased
in response to MEHP was JunB. This MEHP-induced
change is of interest because JunB, a major component of
the activator protein-1 transcription factor complex, has
been shown to control cyclin A during cell-cycle regulation
in mouse embryo fibroblasts, indicating that it may be a
negative regulator of cell proliferation (56, 57). Thus, its
increased expression in response to MEHP could be as-
sociated with an anticarcinogenic effect. The expression of
a number of genes decreased in response to MEHP expo-
sure, among which were Clk, DId, Msh2, Stat6, Xpol, and
Zfp97. A number of the genes are involved in ROS gen-
eration and oxidative stress. For example, DId belongs to
electron transport and glycolysis in the biological process
category of gene ontology and is located both in mito-
chondria and cytoplasm. Its molecular functions are di-
hydrolipoamide dehydrogenase activity, metal ion bind-
ing, disulfide oxidoreductase activity, and oxidoreductase
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FIG. 7. The gene network of Cyp1a1l and its regulation by MEHP and hCG treatments. A, Gene network of Cyp7a7. The gene networks were
constructed through the IntNetDB server (http://hanlab.genetics.ac.cn/sys/intnetdb) using Cyp7a’ (Gene ID no. 13076) as probes. B, Gene list
involved in the Cyp7aT network generated by GenMAPP. Red, Increased expression; orange, significantly increased expression (=2-fold); green,
decreased expression; purple, significantly decreased expression (=2-fold). White indicates that selection criteria were not met but the gene was
represented in the array. The references to color in this figure legend are indicated. Different treatments are shown below each of the gene lists.
The proposed functions and gene names are indicated beside the gene lists. Acp5, Acid phosphatase 5, tartrate resistant; Car4, carbonic
anhydrase 4; Cyp1a1l, cytochrome P450, family 1, subfamily a, polypeptide 1; Cyp17a1, cytochrome P450, family 17, subfamily a, polypeptide 1;
Cyp24a1, cytochrome P450, family 24, subfamily a, polypeptide 1; Cyp26a1, cytochrome P450, family 26, subfamily a, polypeptide 1; Cyp2b13
(Cyp2b10), cytochrome P450, family 2, subfamily b, polypeptide 13; Cyp2c29, cytochrome P450, family 2, subfamily ¢, polypeptide 29; Cyp2c39,
cytochrome P450, family 2, subfamily ¢, polypeptide 39; Cyp2e1, cytochrome P450, family 2, subfamily e, polypeptide 1; Cyp3a13, cytochrome
P450, family 3, subfamily a, polypeptide 13; Cyp2f2, cytochrome P450, family 2, subfamily f, polypeptide 2; Cyp27b1, cytochrome P450, family
27, subfamily b, polypeptide 1; Cyp4b1, cytochrome P450, family 4, subfamily b, polypeptide 1; Hba-x, hemoglobin X, a-like embryonic chain in
Hba complex; Hbb-y, hemoglobin Y, B-like embryonic chain; Ltcds, leukotriene C4 synthase; Mcpt6 (Tpsb2), mast cell protease 6; Slc34a2, solute
carrier family 34 (sodium phosphate), member 2; Scgb1a1, secretoglobin, family 1A, member 1 (uteroglobin); Fmo2, flavin containing
monooxygenase 2; Msln, mesothelin; Cyp4f14, cytochrome P450, family 4, subfamily f, polypeptide 14; Tmem100, transmembrane protein 100;
Cyp2c65, cytochrome P450, family 2, subfamily ¢, polypeptide 65; H6pd, hexose-6-phosphate dehydrogenase (glucose 1-dehydrogenase); Upk3b,
uroplakin 3B; Cyp11b1, cytochrome P450, family 11, subfamily b, polypeptide 1. C, mRNA expression patterns of Cyp7a7 gene were detected
using the Affymetrix Murine Genome U74A v2 GeneChip. D, mRNA expression patterns of Cyp7al gene were confirmed by real-time Q-PCR
normalized to hypoxanthine phosphoribosyltransferase. Results shown are fold changes (means = sp, n = 3).
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activity (58), and it is a component of the mitochondrial
pyruvate and a-ketoglutarate dehydrogenase complexes
and shown to generate ROS (59, 60). Another down-reg-
ulated gene is Xpol (exportin 1 or CRM1, chromosome
region maintenance 1). Xpol encodes a nuclear protein
essential for proliferation and chromosome region main-
tenance, mediating leucine-rich nuclear export signal-de-
pendent protein transport (61). Itis involved in controlling
the localization of cyclin B, MAPK, and MAPK-activated
kinase 2 and in exporting the oxidative stress-sensitive
transcription factor in yeast, which is localized in nucleus
to induce the target genes merely under the repression of
Xpol (62, 63). The possible significance of the MEHP-
induced decrease in the expression of these genes remains
unknown but probably involves regulation of ROS-bal-
ance and ROS-target gene expression.

Consistent results were not always obtained by Af-
fymetrix array, PowerBlot (when possible), and Q-PCR.
In most cases, however, the data obtained correlated well.
It should be noted that PowerBlot analysis allowed for the
identification of only a subset (10%) of the genes present
in the GeneChip array. Thus, a wealth of consistent data
were accumulated that integrates genomic, proteomic,
and functional data in MEHP-treated steroidogenic cells.
Comparison of all the gene datasets, whole pathways, and
gene networks, involving thousands of genes and at least
dozen or even more genes at a time, reduces bias, which
allows confidence in observing changes in global gene ex-
pression by Affymetrix array analysis.

As noted above, low-dose MEHP treatment consis-
tently resulted in somewhat increased steroid formation.
This phenomenon has been documented as hormesis, i.e.
small and large concentrations of a substance have oppo-
site effects, across a broad range of biological models,
exposures, and outcomes (64). The mechanisms underly-
ing hormesis are not well understood. The finding that low
concentrations of MEHP resulted in the generation of a
gene profile similar to that obtained with hCG alone may
provide a rational interpretation for the hormetic phe-
nomenon observed. However, high concentrations of
MEHP targeting multiple genes are obviously detrimental
to Leydig cell function. Additional analyses of the MEHP-
targeted genes revealed a previously undisclosed self-reg-
ulation mechanism of MA-10 cells via Anxal and AR1
genes under these stress conditions.

Imbalance between pro-oxidants and antioxidants can
lead to the accumulation of oxidative damage to a variety
of macromolecules within the cell. Thus, when the levels
of ROS overcome the antioxidant capacity of a cell, DNA
damage, lipid peroxidation, and protein oxidation can oc-
cur. Under normal circumstances, such as aging, the ac-
cumulation of oxidative damage is considered to be an
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important mechanism underlying progressive decline in
the functional efficiency of various cellular processes (65).
We report herein that increased ROS production results
from MEHP exposure and hypothesize that this may play
a role in the inhibition of steroidogenesis. This hypothesis
is based on a number of observations. For example, lipid
peroxidation would be expected to affect membrane struc-
ture and/or fluidity, and virtually every event associated
with steroidogenesis is dependent on the integrity of cell
membranes (66, 67). Hydrogen peroxide, a common in-
termediate product of oxidative stress in cells, has been
shown to inhibit steroidogenesis (68, 69). Moreover, ROS
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FIG. 8. Mechanism of MEHP-mediated inhibition of testicular
steroidogenesis via Cyp7a’ and ROS. The data suggest that increased
ROS caused by changes in the CypTa7 gene disturbs the balance of the
steroidogenesis stimulated by hCG, resulting in decreased testicular
steroid production. To describe the mechanism in details, each step is
highlighted using dotted circled numbers. 1, MEHP, a PPARa ligand,
activates CypTal likely via two peroxisome proliferator response
element sites (green up arrow) (78); 2, Cypl1al generates ROS through
the bioactivation/biotransformation of MEHP metabolites; 3 and 4,
increased ROS causes oxidative damage; 5 and 6, oxidative effects
activate the immediately response genes, Fos/JunB (circled in red), and
other transcription factors, Sp1/Nfkb1 (circled in blue; see also Fig. 3I)
(79, 80); 7, the proinflammatory response/intracellular antioxidant
activity is the physiological outcome elicited by the activation of these
transcription factors; 8, proinflammatory response and oxidant/
antioxidant activity causes reduced steroidogenesis (81, 82); 9, hCG or
low MEHP stimulates steroidogenesis; 10, ROS is also generated by
mitochondrial P450 systems during steroidogenesis (72); 11, the
increased ROS decreases CypTal expression via feedback regulation
system (red down arrow) (76); 12, additional metabolized MEHP occurs
normally in liver but likely is seen in other cell lines (shown in dotted
line) (17); 13, the MEHP-induced sequence of events presented above
leads to inhibition of steroidogenesis.
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caninhibit Leydig cell steroid production (66, 70), and this
can be partially prevented by antioxidants (71, 72). Not-
withstanding these studies, it is not known whether there
is a causal relationship between ROS production and re-
duced progesterone production by MA-10 cells in re-
sponse to MEHP. Our previous report indicates that
MEHDP targets PPAR« as a ligand-activated transcription
factor, which has proven previously to modulate the ox-
idant-antioxidant homeostasis in the heart (24, 73). The
link between the PPARa and ROS has been missing. Here
we provide a model (Fig. 8) to interpret the excesses of
ROS generated by MEHP to reduce testicular steroido-
genesis through Cyp1al gene and its gene network, which,
like many monooxygenases, can produce ROS during its
catalytic cycle. Cyplal directly involves phase I and II
xenobiotic metabolism through an oxidative stress-medi-
ated pathway (74, 75). However, the potentially toxic
CYP1AT1 activity within the cell has been limited through
an autoregulatory loop, which leads to the fine tuning of
the Cyplal gene expression through the down-regulation
of nuclear factor I activity by Cyp1al-based ROS produc-
tion (76). Thus, the MEHP-induced expression of Cyplal
might be associated with the excess ROS generated by
MEHP in MA-10 cells and localized in mitochondria, the
site in which steroidogenesis begins. Steroidogenesis,
which involves a number of monooxygenases, also results
in ROS production. Thus, accumulated ROS can induce
changes in the levels and action of factors, such as Fos,
JunB, Sp1, and Nfkb1, that ultimately could block steroid
formation (Fig. 8). Comparison of our data on MA-10
cells with a microarray dataset GSE4514 (GenBank) on
testis gene expression in rats treated with MEHP revealed
that, in both cases, Fos and JunB as well as other genes
involved in the ROS pathway are up-regulated by MEHP
exposure (77).

In conclusion, the data reported herein have revealed
that exposure of MA-10 Leydig cells to MEHP exerts nu-
merous effects on gene expression, protein synthesis, and
steroid formation. Among the selected hCG-stimulated
genes, high concentrations of MEHP target multiple
genes, whereas low MEHP concentration mimics the ex-
pression profiles elicited by hCG alone. The latter might
explain the mechanism by which low MEHP concentra-
tion stimulates steroid synthesis, a hormetic phenomenon.
Cross-comparison of the differences and commonalities of
gene expression under different treatments revealed that a
possible self-regulation of steroidogenesis might exist. In
particular, the analysis of ROS and steroid biosynthesis
revealed that ROS generated by MEHP affects testicular
steroidogenesis via the Cyplal gene and its gene network.
Activation of the PPAR family of transcription factors by
MEHP could target the two PPAR response elements in the

Endocrinology, July 2010, 151(7):3348-3362

Cyplal gene (78). The mechanism by which MEHP acts
to inhibit steroidogenesis in MA-10 cells might apply more
broadly because a number of endocrine disruptors in the
environment generate ROS.
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