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Abstract

Di-n-Butyl (DBP) and Di-(2-EthylHexyl) (DEHP) phthalates can leach from daily-use products
resulting in environmental exposure. In male rodents, phthalate exposure results in reproductive
effects. To evaluate effects on the immature primate testis, testis fragments from 6-month-old
rhesus macaques were grafted subcutaneously to immune-deficient mice, which were exposed to
0, 10, or 500 mg/kg of DBP or DEHP for 14 weeks or 28 weeks (DBP only). DBP exposure
reduced the expression of key steroidogenic genes, indicating that Leydig cell function was
compromised. Exposure to 500 mg/kg impaired tubule formation and germ cell differentiation and
reduced numbers of spermatogonia. Exposure to 10 mg/kg did not affect development, but
reduced Sertoli cell number and resulted in increased expression of inhibin B. Exposure to DEHP
for 14 week also affected steroidogenic genes expression. Therefore, long-term exposure to
phthalate esters affected development and function of the primate testis in a time and dosage
dependent manner.
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1. Introduction

Phthalate esters, or phthalates, are present in a wide variety of products, from personal care
products to medical devices, as they provide flexibility and other desirable characteristics.
Di-n-Butyl phthalate (DBP) and Di-(2-EthylHexyl) phthalate (DEHP) are two of the most
commonly used phthalates (http://www.epa.gov/teach/chem_summ/
phthalates_summary.pdf). As these compounds are not covalently bound to the products to
which they are added, they leach into the environment, resulting in human exposure.
Currently, there is growing concern regarding the teratogenic, carcinogenic, and endocrine
disrupting properties of phthalates. Because phthalates have been described as anti-
androgenic compounds, males are considered a particularly susceptible population (David,
2003; Fisher, 2004; Frederiksen et al., 2007; Knez, 2013; Lyche et al., 2009; Ventrice et al.,
2013). While the measured exposure to phthalates in the general population has been
considered below tolerable levels of intake, children undergoing medical interventions may
be exposed to significantly higher quantities of phthalates through equipment and medical
devices (Fischer et al., 2013; Lyche et al., 2009; Wittassek and Angerer, 2008). The dose of
phthalate exposure in these children has been estimated up to 10 — 20 mg/kg/day (Loff et al.,
2000). Moreover, as the mechanisms of actions and effects of some groups of phthalates are
similar enough, they may be considered additive (Gray et al., 2000; Rider et al., 2010).

Numerous studies performed in rats have shown that testosterone secretion and testis
development are susceptible to disruption by phthalate exposure. For example, rats exposed
to DBP and DEHP during the prenatal period show developmental abnormalities that are
typical of the Testicular Dysgenesis Syndrome: cryptorchidism and alterations of the
reproductive tract. These abnormalities have been associated with reductions in testosterone
secretion and expression of steroidogenic enzymes (Barlow et al., 2003; Chen et al., 2013;
Foster, 2005; Foster, 2006; Lehmann et al., 2004; Mylchreest et al., 1998). The postnatal
period of development has been considered to be susceptible as well; prepubertal rats
exposed to DEHP exhibit reduced testosterone secretion (Akingbemi et al., 2001), increased
testicular apoptosis, and loss of the seminiferous epithelium (Park et al., 2002). Studies
performed in mice have shown that some species differences exist in regards to sensitivity to
phthalates. Mice exposed prenatally to a single dose of 500 mg/kg of phthalates exhibit germ
cell abnormalities, but testosterone production is not affected (Gaido et al., 2007; Heger et
al., 2012). However, oral administration of 500 mg/kg DBP to male mice from 4 to 14 days
of age resulted in lower serum testosterone (Moody et al., 2013). This indicates the
sensitivity of testis to phthalates effects is likely developmental stage dependent.

Studies in humans have been fewer and often contradictory. Epidemiological studies found a
negative association between the anogenital distance in newborn boys and the concentration
of phthalate metabolites in their mother’s urine (Swan et al., 2005). However, others have
failed to find similar associations (Huang et al., 2009). In adults, several studies indicated a
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possible association between phthalate exposure and increase in sperm abnormalities (Duty
et al., 2004; Duty et al., 2003a; Duty et al., 2003b; Hauser et al., 2006; Hauser et al., 2007;
Rozati et al., 2002) and lower plasma testosterone concentration (Pan et al., 2006). However,
another study did not show any association between phthalate metabolites and reproductive
biomarkers (Jonsson et al., 2005). Thus, due to the limitations of epidemiological studies,
there is yet no definite answer to whether phthalate exposure in humans imposes a
significant health risk (Fischer et al., 2013; Johnson et al., 2012; Kamrin, 2009; Lyche et al.,
2009).

Experimental studies in non-human primates have also not led to conclusive results. In
juvenile marmosets, exposure to DEHP at a daily dose as high as 2500 mg/kg for 13 or 65
weeks did not elicit any effect on the hormonal profiles nor the testicular histology (Kurata
et al., 1998; Tomonari et al., 2006). Also, no effects were detected in the testicular histology
of young adult cynomolgus monkeys exposed to 500 mg/kg/day of DEHP for 14 days (Pugh
et al., 2000). However, administration of a single dose of 500 mg/kg MBP (DBP metabolite)
to newborn marmosets suppressed blood testosterone levels 5 hr later. Moreover, continuous
administration of MBP for 14 days did not affect testosterone levels, but it resulted in an
increase of Leydig cell volume, indicating compensatory hypertrophy of Leydig cells in
response to compromised steroidogenesis (Hallmark et al., 2007). Ethical and logistical
considerations have not allowed more extensive studies on phthalate effects in primates.

Testis tissue xenografting has emerged as a feasible strategy to study testis development and
spermatogenesis from large animals in mice (Honaramooz et al., 2002). In this approach,
testis fragments transplanted ectopically from immature males into immunodeficient adult
castrated mice are able to survive, establish hormonal signaling with the rodent host, and
undergo full development (for review see (Rodriguez-Sosa and Dobrinski, 2009)).
Previously, we have shown that testis tissue from 6-month-old rhesus macaques attains full
maturity at ~7 months after grafting in mice, as long as exogenous gonadotropins are
administered to recipient mice (Rathi et al., 2008). Here, we used testis tissue xenografting
to evaluate whether the developing primate testis is susceptible to the disrupting effects of
phthalates.

2. Materials and Methods

2.1 Donor Tissue, Recipient Mice, and Ectopic Xenografting

Testes were obtained from 6-month-old rhesus macaques and 6- to 8-week-old SCID mice
(Taconic, Germantown, NY, USA) were used as recipients. Testes were cut into fragments
of ~1 mm3 (~1 mg each), kept in ice-cold DMEM (Life Technologies, Burlington, ON,
Canada), and transplanted under the dorsal skin of castrated recipient mice as described
previously (Rathi et al., 2008). Eight fragments of donor testes were placed under the back
skin of each mouse, using 12 mice per donor. A total of 12 and 8 donors were used for the
DBP and DEHP studies, respectively. Fragments of donor tissue that were not transplanted
were fixed in 4% PFA or Bouin’s solution and processed as described below. All animal
procedures were in accordance with the Animal Care and Use Committees of the University
of Pennsylvania and the University of Calgary.
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2.2 Treatment of Recipient Mice

For each donor, recipients were randomly divided into three groups. One week after surgery,
recipients in each group started to receive 0, 10, or 500 mg/kg of DBP or DEHP by daily
oral gavage using corn oil (all from Sigma, Oakville, ON, Canada) as vehicle. For the DBP
study, recipient mice from 7 and 5 donors were treated for 14 and 28 weeks, respectively. In
the DEHP study, all recipients were treated for 14 weeks. From week 4 after surgery,
recipients received 10 IU of human chorionic gonadotropin (hCG, EMD Chemicals,
Gibbstown, NJ, USA) subcutaneously twice per week to stimulate xenograft development
and support complete spermatogenesis (Rathi et al., 2008). Recipients were weighed every
other day and an average weight was determined for each group.

2.3 Sacrifice of Recipient Mice and Collection of Xenografts

At the end of treatment (14 weeks or 28 weeks), mice were anaesthetized and bled by
cardiac puncture. Serum was collected and kept frozen until testosterone analyses. Mouse
body weight, liver weight, and seminal vesicle weight were measured. Xenografts were
collected, weighed, snap frozen on dry ice for testosterone analysis, placed to RNA Later
Stabilization solution (Qiagen, Toronto, ON, Canada) and used for RNA isolation, or fixed
as mentioned above. Fixed xenografts were processed and embedded in paraffin.

2.4 Evaluation of Xenografts and Stereological Analysis

Three sections per xenograft, separated at least 50 um from each other, were considered for
all analyses. Sections from xenografts fixed in Bouin’s solution were stained with H&E and
examined at 20x magnification. All cords and tubules present along the longitudinal and
transverse axes of each section were scored for the most advanced type of germ cell present
(51 — 518 tubules / xenograft, average = 208.6 tubules/xenograft). Also, these H&E-stained
sections were used for morphometrical evaluations as described previously (Avelar et al.,
2010; Rodriguez-Sosa et al., 2012). Briefly, the volume densities of the testis components in
xenografts were determined by light microscopy using a 441-intersection grid placed in the
ocular of the microscope. In each group, 15 fields (400x magnification, 6615 grid points)
were randomly chosen and scored per treatment group from each donor. In total, 105 section
fields per treatment group were scored for 14 weeks and 75 section fields per treatment
group were scored for 28 weeks.

2.5 Immunohistochemistry

Tissue sections from xenografts fixed in Bouin’s solution were immunostained for UCH-L1,
AR and PCNA as previously described (Rathi et al., 2008; Rodriguez-Sosa et al., 2012).
Antigen retrieval was performed by boiling sections in citrate buffer (pH = 6.0) for 10 min
in a microwave operated at high power. Blocking was performed with PBS containing 5%
normal donkey serum and all antibodies were used at 1:400 dilution with overnight
incubation. Primary antibodies used were: rabbit polyclonal anti-PGP9.5 (cat # 7863-0504,
lot 131109, AbD Serotec, Raleigh, NC, USA) for UCH-L1, rabbit polyclonal anti-Androgen
Receptor (cat # ab74272, lot # GR99534, Abcam, Cambridge, MA, USA), mouse anti-
PCNA (cat # M087901-2, lot # 00083603, DakoCytomation, Burlington, ON, Canada).
Secondary antibodies were used at concentration of 2.5 ug/ml for 45 min. For AR and UCH-
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L1, donkey anti-rabbit antibodies conjugated to peroxidase (cat # 711-035-152, Jackson
Immunoresearch, West Grove, PA, USA) were used. Staining was developed by exposure to
Vector Nova Red (Vector Labs, Burlington, ON, Canada) according to manufacturer
instructions. Sections were dehydrated and mounted in Permount (Fisher Scientific, Ottawa,
ON, Canada). For double immunofluorescence of AR and PCNA, secondary antibodies
were donkey anti-rabbit antibody conjugated to alexaflour-488 and donkey anti-mouse
conjugated to alexaflour-555 (both from Life Technologies, Burlington, ON, Canada).
Sections were mounted in Vectashield with DAPI (Vector Labs, Burlington, ON, Canada).
For all staining procedures, sections incubated in buffer without primary antibody as well as
rabbit and mouse 1gG isotype controls were used as negative controls. In three sections per
xenograft, seminiferous cords or tubules were randomly chosen as above and scored. When
the percentage of tubules with UCH-L1+ germ cells was evaluated, on average 2500-3500
tubule cross sections were scored per donor for each treatment group at both time points. To
obtain the number of UCH-L1 positive cells per tubule cross-sections, we counted cells in
140-316 tubule cross-sections per treatment group at each time points.

2.6 Apoptosis

Sections from xenografts fixed in 4% PFA were used for TUNEL assay, which was
performed using the ApopTag Plus Fluorescein Detection Kit (Millipore, Temecula, CA,
USA) according to manufacturer instructions. Sections incubated in buffer without terminal
deoxynucleotidyl tranferase (TdT) were used as negative control. Seminiferous cords and
tubules were randomly chosen as above and scored for the presence of apoptotic structures
(nuclei or nuclear fragments). Between 600 and 1000 tubule cross sections per treatment
group were scored at each time point.

2.7 Reverse transcription and real-time PCR

Total RNA was isolated from xenografts using RNeasy Mini Kit (Qiagen, Toronto, ON,
Canada). For reverse transcription, 2 pg of total RNA was used in a final volume of 25 pl
reaction containing 0.5 pg of Oligo d(T)12.18, RT buffer (1x), 10 mM dithiothreitol, 0.5 mM
of dNTP, 5U of RNase-inhibitor, and 10U of SuperScript Il Reverse transcriptase (Life
Technologies, Burlington, ON, Canada). Reverse transcription was carried out at 42°C for 1
hour. Quantitative RT-PCR amplification was performed using SsoFast Eva Green SYBR
Green Master Mix (Bio-Rad, Mississauga, ON, Canada) in 7500 Fast Real Time PCR
System (Applied Biosystems, Life Technologies, Burlington, ON, Canada). The GAPDH
gene was amplified as an internal control for each Real-Time PCR. Primer sequences, length
of amplified products, and annealing temperatures were as outlined in the Supplemental
Table 1. All amplified products were verified by High Resolution Melting Curve analysis,
and relative levels of gene expression were analyzed by delta-dCt method using 7500
Software (Applied Biosystems, Life Technologies, Burlington, ON, Canada).

2.8 Testosterone Analyses

Serum testosterone was determined by heterologous radioimmunoassay, similar to previous
reports (Stabenfeldt et al. 1979). Serum samples were extracted with diethyl ether and
incubated overnight with diluted antisera (S-250, Dr. G. Niswender, 1:130,000) and tracer
(1,2,6,7-3H-testosterone). Free tracer was separated using dextran-coated charcoal and the
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bound fraction counted after addition of scintillation cocktail. The standard curve ranged
from 2.5-200 pg/tube. All samples were assayed in a single assay and the intra-assay co-
efficient of variation was <10% (Stabenfeldt et al. 1979).

To determine tissue testosterone, whole xenografts were sonicated, mixed, and extracted
overnight at 4°C in a MeOH volume proportional to fresh tissue weight. A 100 pl aliquot of
supernatant (approximately 2 mg of tissue-equivalent) was spiked with 20 ul of internal
standard in MeOH, and diluted to 1 ml in water for solid phase extraction (SPE) followed by
liquid chromatography — tandem mass spectrometry (APCI) method of Koren et al, 2012
with two modifications. The calibration curve was prepared in water, rather than stripped
serum, and the deuterated internal standard contained only testosterone, rather than a mix of
steroids. Only one sample fell below of the calibration range (0.01 ng/ml).

2.9 Statistical Analyses

3. Results

Parameters involving percentages (mouse mortality and xenograft recovery) were compared
by Chi-square test using the FREQ procedures of the SAS 9.1.2 program (Cary, NC, USA),
while all other parameters involving means (mouse and xenograft weight, seminal vesicle
weight, etc.), presented = SEM, were compared by analysis of variance and Tukey tests
using the GLM procedure of the same statistical software.

3.1 DBP Exposure

3.1.1 General parameters of recipient mice and testis xenografts—DBP
exposure did not affect the mortality of recipient mice at any collection time (P>0.05; data
not shown). The body weight of mice in the 500 mg/kg group was lower at 14 weeks
(P<0.05), but became comparable to the 0 and 10 mg/kg groups at 28 weeks (P>0.05; data
not shown). The percentage of liver weight in relation to body weight was higher at 14
weeks in the 500 mg/kg group (P<0.05), but it was not different at 28 weeks (P>0.05; data
not shown). Thus, while DBP affected the body and liver weight, this was a transient effect
and only occurred at the higher dose of exposure. DBP exposure did not affect recovery of
xenografts (P>0.05; data not shown). In total, 81% (449/554) and 88% (329/376) of
xenografts were collected at 14 and 28 weeks, respectively. The xenograft weight was not
different at 14 weeks, but at 28 weeks it was lower in the 500 mg/kg group (P<0.05; data not
shown).

3.1.2 Leydig Cell Function—Testosterone levels in blood serum of recipient mice and
xenograft tissue were examined. However, high variation across groups and monkey donors
precluded the direct analysis of the endocrine activity of the testis xenografts. As an
alternative approach, we measured the seminal vesicle weight. Seminal vesicles are highly
androgen dependent and in castrated mice they undergo complete atrophy (Tsuji et al.,
1998). Therefore, the seminal vesicle weight has been successfully used in numerous studies
to indirectly evaluate the androgens levels produced by testis xenografts (reviewed in
(Rodriguez-Sosa and Dobrinski, 2009)). At both 14 and 28 weeks, the seminal vesicle
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weight was lower in the 500 mg/kg group (P<0.05, Fig. 1a), indicating reduced androgen
production by testis xenografts of this group.

Insulin-like factor 3 (INSL3) has been described as a marker of Leydig cell functionality as
it closely mirrors the secretion of testosterone by these cells (Heng et al., 2012; Ivell and
Anand-lvell, 2011; Ivell et al., 2013). Consistent with the seminal vesicle weight, the
relative expression of INSL3 was significantly lower in xenografts from the 500 mg/kg
group than in xenografts from the 0 mg/kg or 10 mg/kg group at 14 weeks (P<0.05, Fig. 1b).
Notably, at 28 weeks, INSL3 expression was not only reduced in the 500 mg/kg group, but
also in the 10 mg/kg group (P<0.05, Fig. 1c). We also measured the expression of the
Steroidogenic Factor-1 (SF1), which is an orphan member of the nuclear hormone receptor
superfamily of transcription factors responsible, at least in part, for the development and
differentiation of steroidogenic tissues (Val et al., 2003) and the tissue-specific expression of
genes involved in steroid hormone biosynthesis (Parker and Schimmer, 1997). At both
collection times, the relative expression of SF1 was lower in xenografts of both 10 and 500
mg/kg groups, and affected in a dose-dependent manner (P<0.05, Fig. 1b, c).

Effects on INSL3 and SF1 were accompanied by alterations in the expression of key
steroidogenic enzymes. Steroidogenic acute regulatory protein (StAR) is involved in
cholesterol transfer into the mitochondria, which is the rate-limiting step in the production of
steroid hormones (Christenson and Strauss, 2001). The relative expression of StAR was
affected by DBP in a dose and time dependent manner; at 14 weeks the expression level was
reduced only in the 500 mg/kg group (P<0.05), but at 28 weeks StAR expression was
decreased in both 10 and 500 mg/kg groups (P<0.05) (Fig. 1b, c). Cytochrome P450 (CYP)
Cholesterol side-chain cleavage enzyme (CYP11A) and 17a-hydroxylase/17,20-lyase
(CYP17A1) are members of the Cytochrome 450 superfamily of monooxygenases and are
involved in key steps of the steroidogenic pathway in Leydig cells (Payne and Hales, 2004).
The relative expression of both genes was reduced in the 500 mg/kg group at 28 weeks
(P<0.05); while at 14 weeks only CYP17A1 was reduced. (Fig. 1b, c). Thus, the
steroidogenic pathway was affected by exposure of testicular tissue to DBP in a time and
dose-dependent manner.

As expression of some genes indirectly related to Leydig cell steroidogenesis have been
reported to be affected by phthalate exposure in rodents, we also examined the expression
level of the following genes: the peroxisome-proliferator activated receptors (PPARa, 6, and
v) (Gazouli et al., 2002), translocator protein (TSPO) (Gazouli et al., 2002), 11p-
hydroxysteroid dehydrogenase type 2 (113-HSD2) (Ma et al., 2011), and the aldosterone
receptors 1 and 2, (NR3C1 and 2) (Martinez-Arguelles et al., 2009). However, there was no
effect of DBP exposure on the expression of these genes in xenografts of primate testis
tissue (P>0.05; data not shown).

3.1.3 Seminiferous tubule development and germ cell differentiation—In
comparison to the donor tissue at the time of grafting, at 14 weeks the development of
seminiferous tubules was evident by the larger diameter of the seminiferous cords, but no
apparent effect of treatment was observed at this time point (Fig. 2a — d). Stereological
analyses did not show differences in the density of the tubular and intertubular
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compartments of testis xenografts (Suppl. Table 2). However, at 28 weeks while tubule
formation and full germ cell differentiation was observed in some xenografts (2 out of 5
donors) of the 0 or 10 mg/kg group, neither lumina nor haploid germ cells were observed in
xenografts of the 500 mg/kg group. In the latter, only seminiferous cords with presence of
spermatocytes were observed (Fig. 2e — h).

Seminiferous cords or tubules were classified according to the most advanced type of germ
cell present. At both 14 and 28 weeks the number of tubules with spermatogonia was lower
in xenografts from mice treated with 500 mg/kg than in those from mice treated with 0 or 10
mg/kg of DBP (P<0.05; Fig 2i and j). Moreover, the number of tubules with spermatocytes
was also reduced in xenografts from mice treated with 500 mg/kg of DBP for 28 weeks
(P<0.05; Fig 2j). The number of tubules containing haploid cells in xenografts was not
different between xenografts from mice treated with 0 and 10 mg/kg of DBP for 28 weeks
(P>0.05; Fig 2j). Thus, while tubule formation and germ cell differentiation was evidently
affected in xenografts from mice treated with 500 mg/kg, this was not observed in
xenografts from mice that received 10 mg/kg of DBP.

The number of spermatogonia was evaluated by using ubiquitin carboxy-terminal hydrolase
L1 (UCH-L1) as a marker. Overall, the percentage of tubules with UCH-L1* cells and the
number of UCH-L1* cells per tubule cross-section increased over time (from 14 weeks to 28
weeks) within each group (Fig. 2k and I). However, at both time points, the percentage of
tubules with UCH-L1* cells and the number of UCH-L1* cells per tubule cross-section were
significantly lower in the 500 mg/kg group (P<0.05).

3.1.4 Sertoli cell function—Anti-Mullerian hormone (also known as Mullerian
inhibiting substance or MIS) is predominantly expressed by immature Sertoli cells, and this
expression decreases as the testis matures (Sharpe et al., 2003). In xenografts, the relative
expression of MIS evaluated by quantitative RT-PCR was not affected by treatment
(P>0.05; data not shown). We also evaluated the expression of androgen receptor (AR),
which increases as Sertoli cells mature (Sharpe et al., 2003). Immuno-histochemical analysis
on tubule cross-sections from xenografts revealed strong expression of AR protein in Sertoli
cells from all groups (Fig. 3a), indicating that DBP did not affect Sertoli cell maturation.

As AR was detected in all Sertoli cells, we used this marker to quantify Sertoli cells. At both
14 and 28 weeks, DBP exposure caused a reduction in the number of Sertoli cells per tubule
cross-section in a dose dependent manner (P<0.05; Fig. 3b).We then evaluated the relative
expression of several genes associated with Sertoli cell functionality. FSH is a positive
regulator of Sertoli cell proliferation and function (O’Shaughnessy et al., 2010), and its
receptor (FSHR) has been shown to be affected by phthalate exposure in mice (Pocar et al.,
2012). We did not detect any effect of DBP on the expression of FSHR in primate testis
xenografts (P>0.05; Fig. 3c and d). We also measured the expression of Stem cell factor
(SCF) and Transferrin (TF). SCF induces germ cell differentiation (Rossi et al., 2000), while
Transferrin (TF) is responsible for providing iron to germ cells (Sylvester and Griswold,
1994). Neither SCF nor TF expression were affected by DBP exposure (P>0.05; Fig. 3c and
d). However, treatment resulted in alterations in relative expression level of inhibin B
(INHB) as revealed by gRT-PCR (Fig. 3c and d). INHB is the predominant form of inhibin
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in the testis and is responsible for regulating FSH secretion via a negative feedback at the
pituitary (Meachem et al., 2001; O’Connor and De Kretser, 2004). Exposure of DBP at the
dose of 10 mg/kg resulted in a notable increase in INHB expression at both 14 and 28 weeks
(P>0.05). In the 500 mg/kg group, INHB expression was not different from that of the 0
mg/kg group at either time point (P>0.05).

Proliferating cell nuclear antigen (PCNA) was used as a marker for proliferating cells
(Leonardi et al., 1992) with AR to detect differences in the proliferation of Sertoli cells (Fig.
4a—d). At 14 weeks, the number of proliferating Sertoli cells (PCNA* AR*) per tubule
cross-section was significantly lower in xenografts from the 500 mg/kg group (P<0.05; Fig.
4e). At 28 weeks, a significant difference in the number of these cells was detected in both
the 10 mg/kg and 500 mg/kg groups (P<0.05). Having detected differences in the total
number of Sertoli cells (AR™) cells, this number was used to calculate the percentage of
proliferating Sertoli cells (PCNA*AR*)/AR+) in each specimen. The percentage of
proliferating Sertoli cells was lower in the 500 mg/kg group at both collection times
(P<0.05, Fig. 4f). Thus, DBP affected the number of Sertoli cells and this was associated
with lower cell proliferation.

3.1.5 Apoptosis in the seminiferous epithelium—\We then focused on cell death,
evaluating apoptosis by TUNEL assay (Fig. 5a — c). Treatment reduced the number of
tubules with apoptotic cells or bodies. At both collection points the percentage of tubules
with apoptotic structures (positive nuclei or nuclear fragments) was lower in xenografts
from mice treated with 500 mg/kg (P<0.05; Fig. 5d). However, the number of these
structures per tubule cross-section was not affected (P>0.05; Fig. 5e).

3.2 DEHP exposure

Recipient mice with infant monkey testis tissue xenografts were treated with 0, 10, or 500
mg/kg DEHP for 14 weeks. DEHP exposure did not affect the mortality and body weight of
recipient mice (P>0.05; data not shown). However, the liver weight was increased in the 500
mg/kg group (P<0.05; data not shown). In total, 80 % (71/96) of xenografts were collected.
There were no effects of treatment on the xenograft recovery and xenograft weight (P>0.05;
data not shown).

Similar to the DBP experiment, testosterone concentrations in both blood serum of recipient
mice and xenograft tissue were highly variable, precluding detection of any possible effects
of DEHP treatment. Evaluation of the seminal vesicle weight did not detect any effect of
treatment (P>0.05; Suppl. Fig. 1a and b). However, the relative expression of INSL3 and
StAR were significantly reduced in xenografts of the 500 mg/kg group (P<0.05; Suppl. Fig.
1c). Unexpectedly, the relative level of CYP11A or CYP17A1 was higher in the 10 mg/kg
group compared to the 0 and 500 mg/kg groups (P<0.05; Suppl. Fig. 1c), and the relative
expression of SF1 was not affected (P>0.05; Suppl. Fig. 1c).

DEHP exposure did not affect seminiferous tubule development, germ cell differentiation,
and the density of testicular compartments in testis xenografts (P>0.05, Suppl. Fig. 1d and
Table 2). Moreover, relative expression of MIS, number of tubules with UCH-L1" cells, and
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number of UCH-L1* cells per tubule cross section were not affected by DEHP exposure
(P>0.05; Suppl. Fig. 1 e and f).

4. Discussion

In this study we investigated the effect of commonly used phthalate plasticizers, DBP and
DEHP, on the development of primate testis tissue, using a previously validated testis tissue
xenografting model (Honaramooz et al., 2002; Rathi et al., 2008; Rodriguez-Sosa et al.,
2012). In the testis xenografting model, recipient mice provide the extragonadal regulation
and support for testicular tissue that undergoes full development similar to testes in situ
(Honaramooz et al., 2002; Rodriguez-Sosa et al., 2012; Zeng et al., 2007). Recipient mice
also provide the metabolic products that result from phthalate ingestion. As phthalate
metabolism is qualitatively similar between mouse and humans (Kluwe, 1982), testis tissue
xenografting offers a unique opportunity to study phthalate effects on the developing
primate testis. This approach allowed us to demonstrate that phthalates impair the
development of male gonadal tissue in primates in a time and dose dependent manner.

The xenografting model used in the current study used immune-deficient nude mice. It was
reported recently that phthalate exposure is associated with increased inflammation and
oxidative stress and phthalates activate macrophages in different tissues (Murphy et al.,
2014; Campioli et al., 2014; Ferguson et al., 2014). Therefore, using immune-deficient
recipient mice may have underestimated the effects of phthalates.

In the current study, two exposure doses were used: 500 mg/kg was considered as a ‘positive
control’ and used to evaluate presence of any effect. The dose of 10 mg/kg was more
relevant to the environmental exposure for children undergoing medical interventions and
for adult blood transfusion patients (Fischer et al., 2013; Loff et al., 2000; Lyche et al.,
2009; Schettler, 2006; Wittassek and Angerer, 2008).

A significant effect observed in rats after exposure comparable to the higher dose was a
reduction of testosterone secretion (Akingbemi et al., 2001; Foster, 2005; Foster, 2006;
Lehmann et al., 2004; Mylchreest et al. 1998). This was associated with a reduction in the
expression of steroidogenic enzymes (Barlow et al., 2003; Chen et al., 2013; Lehmann et al.,
2004; Wang et al., 2007). While we could not detect effects on testosterone concentrations
in either serum or tissue, a significant reduction in seminal vesicle weight was observed in
the 500 mg/kg group at 28 weeks, providing indirect evidence of alterations in androgen
secretion by Leydig cells.

Our results showed that DBP exposure affected the expression of key genes involved in the
steroidogenic pathway of Leydig cells in a dosage dependent manner and there was a
cumulative effect over time. This is in line with previous studies reporting reduced
expression of steroidogenic enzymes after phthalate exposure (Barlow et al., 2003; Chen et
al., 2013; Lehmann et al., 2004; Wang et al., 2007). Interestingly, expression of most of
these genes was affected at 14 weeks, suggesting that steroidogenesis may have been
affected at this time point, even if not to the extent that it affected seminal vesicle weight.
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Accordingly, seminiferous tubule development and germ cell differentiation were notably
affected at 28 weeks, but not at 14 weeks.

In the current study, Sertoli cell maturation (as evaluated by MIS and AR expression) was
not affected by phthalate exposure, but the number of Sertoli cells was significantly reduced
for both exposure groups and both collection points in a time and dose-dependent manner.
This is an important observation as Sertoli cells play a key role in spermatogenesis by
providing important environmental, nutritional, and regulatory support to germ cells
(Skinner, 1991). Mature Sertoli cells under androgen stimulation secrete the fluid that
induce lumen (and hence tubule) formation and factors that support germ cell differentiation
(Jegou et al., 1983; Zirkin, 1993). Sertoli cells are considered to be one of the primary
targets of phthalates, particularly in exposure during the postnatal period. Effects on Sertoli
cells include vacuolization, lost integrity of vimentin filaments and alterations of tight
junctions, resulting in germ cell sloughing and germ cell loss (reviewed by (Mazaud-Guittot,
2011). We did not observe abnormalities in the general histological attributes of
seminiferous epithelium (i.e. vacuolization, germ cell sloughing). However, the numbers of
Sertoli cells and spermatogonia were reduced by phthalate exposure. In addition, the relative
expression of INHB was significantly higher in the 10 mg/kg group. Similarly, an elevated
inhibin level was also reported in a study where male mice were fed with 500 mg/kg DBP
from day 4 to day 14 of age (Moody et al., 2013). INHB regulates FSH secretion via a
negative feedback on the pituitary (Meachem et al., 2001; O’Connor and De Kretser, 2004).
As FSH is the main positive regulator of Sertoli cell proliferation and function, this result
suggests that FSH stimulation may have been compromised, which in turn may also
contribute to Sertoli cell and germ cell defects. As FSH levels were not measured in our
study, a link between the reduced numbers of Sertoli cells and circulating level of FSH
could not be established.

The numbers of spermatogonia and the percentage of tubules with spermatogonia were
reduced in the 500 mg/kg group, but not in the 10 mg/kg group. Lower numbers in the 500
mg/kg group may have been due to the effects of phthalates on colonization and
proliferation of SSCs. Phthalates have been shown to affect SSC proliferation in vitro
(Lucas et al., 2012). Moreover, the transplantation assays showed that phthalate exposure
also affects colonization of seminiferous epithelium niches by SSCs (Doyle et al., 2013).
Another factor contributing to the lower number of germ cells in the 500 mg/kg group might
be the reduced number of Sertoli cells.

In rats, phthalates reduce proliferation of fetal Sertoli cells (Hutchison et al., 2008; Scott et
al., 2008) and this effect has been associated with the reduction of testosterone as Sertoli cell
proliferation during the fetal period is positively regulated by testosterone (Scott et al.,
2007). We were not able to detect significant differences in testosterone levels due to high
variability among samples. We therefore analyzed the proliferation of Sertoli cells to help
explain the lower numbers of these cells that results from phthalate exposure. At both
collections times, percentage of proliferating Sertoli cells was lower in the 500 mg/kg group,
indicating that lower proliferation contributed to the lower Sertoli cell number in this group.
However, there was no difference in the percentage of proliferating Sertoli cells in the 10
mg/kg group. Sertoli cell proliferation may have been affected earlier during xenograft
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development but not been evident at xenograft collection. The fact that Sertoli cell number
did not seem to notably change after 14 weeks suggests that this is possible.

To help explain lower Sertoli and germ cell numbers, we also evaluated cell death in the
seminiferous epithelium by the TUNEL assay. In rats, DBP exposure was shown to affect
mostly proliferation rather than apoptosis of testicular somatic cells (Boekelheide et al.,
2009). Unexpectedly, we found a lower number of tubules with apoptotic structures
(apoptotic cells or bodies) in the 500 mg/kg group. It is interesting to note that in rodents,
exposure to high levels of phthalates (>250 mg /kg) induced a quick increase of the
apoptotic rate, and in a few days this rate decreased and reached low numbers (Park et al.,
2002). Thus, it is possible that in the chronic exposure to 500 mg/kg of DBP, the apoptotic
rate significantly increased early in treatment and then gradually reached low levels
afterwards. It is also possible that the reduced number of apoptotic structures was a
consequence of the lower number of Sertoli and germ cells in 500 mg/kg group.

Overall, DBP treatment resulted in detrimental effects on developing testis tissue that
intensified with time and dose of exposure. In a parallel experiment mice were treated with
DEHP for 14 weeks. However, unlike the DBP experiment, we only detected alterations in
the relative expression of Leydig cell markers. While DBP and DEHP exposures were not
compared directly, results from both experiments suggest that DEHP exposure resulted in
more subtle effects. This is different from data generated in rodents that suggest that potency
of DEHP is higher than that of DBP (Foster, 2005). However, species differences may be
responsible for this effect. In sub-fertile couples a relationship was found between male low
semen quality and their exposure to DBP, but not to DEHP (Hauser et al., 2006; Hauser et
al., 2007). Additional studies are required to evaluate the potency of different types of
phthalates and the specific mechanisms behind their effects in primate testis tissue.

While our study was in progress, two reports were published describing the use of testis
tissue xenografting to evaluate the effects of short-term exposure to phthalates on the
endocrine function of testis tissue from human fetuses. In the first report, fetal testis tissue
from rats, mice, and humans was grafted under the kidney capsule of adult immunodeficient
rats that were exposed for 1 — 3 days to 100 — 500 mg/kg of DBP. Unlike in rat testis
xenogratfs, no endocrine effects were observed in mouse and human tissue (Heger et al.,
2012). Another study involved the treatment of recipient mice with 500 mg/kg of DBP (or
its monobutyl metabolite) for up to 21 days. Similarly, while effects were found in rat testis
xenografts, no alterations were observed in the steroidogenic function of human testis tissue
(Mitchell et al., 2012). This has led to the believe that the human and mouse fetal Leydig
cells are insensitive to phthalate exposure (Johnson et al., 2012). While it is uncertain
whether longer periods of exposure will lead to disrupting effects on the endocrine function
of the human fetal testis, our results show that postnatal primate Leydig cells are susceptible
to disruption by chronic exposure to phthalates. A different susceptibility between fetal and
postnatal Leydig cells may likely be responsible for this discrepancy of results; while two in
vitro studies did not show any effect of phthalate exposure on testosterone production in
fetal human testis tissue (Hallmark et al., 2007; Lambrot et al., 2009), another study showed
an inhibition of steroidogenesis in adult human testis explants induced by phthalates
(Desdoits-Lethimonier et al., 2012). Moreover, the reduced testosterone concentration in
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men associated with higher exposure to phthalates (Pan et al., 2006) supports the hypothesis
that postnatal Leydig cells are sensitive to phthalates.

In conclusion, the present study demonstrates that the development of the primate testis is
susceptible to disruption by phthalates widely used in everyday life. This effect may include
a decrease in expression of steroidogenic enzymes, and reduced number of testicular somatic
and germ cells. While most of the effects were observed at the high exposure level that is
orders of magnitude higher than environmental exposure, notably, some of these effects
result from levels of exposure that are relevant in humans. Furthermore, this report shows
the efficiency of the testis tissue xenografting model in toxicological studies involving
phthalates and similar compounds in primates and non-rodent species. Finally, this work
provides an important insight into the potential effect of exposure to endocrine disruptors
during postnatal testis development in primates and their potential detrimental effects on
male fertility.
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Endocrine function of testis xenografts from mice treated with different doses of DBP. a)

Seminal vesicle weight of recipient mice at time of sacrifice. b) Relative expression of

Leydig cell markers at 14 weeks and c) 28 weeks. In each panel, different letters between
bars of the same color indicate statistical difference (P<0.05).
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Figure 2.
Development and germ cell differentiation of testis xenografts from mice treated with

different doses of DBP. a-h) Histology of donor tissue at the time of grafting (a & e), and
that of testis xenografts from mice treated with 0, 10, and 500 mg/kg of DBP for 14 weeks
(b-d) and 28 weeks (f-h); i) and j) Percentage of seminiferous tubules with the most
advanced type of germ cell present at 14 (i) and 28 (j) weeks; k) Percentage of seminiferous
tubules with the presence of spermatogonia (UCH-L1-positive); I) Number of UCH-L1-
positive spermatogonia per tubule cross-section. Different letters between bars of the same
color indicate statistical difference (P<0.05). Scale bars = 50 pm.

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Rodriguez-Sosa et al.

Page 22

14wk [ 28wk

a
a
b b
¢
l i

0 mg/Kg 10 mg/Kg 500 mg/Kg

Number of Sertoli cells &
N ow s a9
8 8 85 8 8

S

o

14 wk

Relative Expression

0 mg/kg 10 mg/kg 500 mg/kg W FsHR

d B scF
’ 28 wk R

ab B n\HB

Relative Expression

0 mg/kg 10 mg/kg 500 mg/kg

Figure 3.
Sertoli cell maturation and function in testis xenografts from mice treated with different

doses of DBP. a) Immunchistochemistry for AR in testis xenografts treated with 0 mg/kg of
DBP for 14 weeks. Black arrow shows AR-positive Sertoli cells while red arrow shows AR-
negative germ cells; b) Number of Sertoli cells (AR-positive) per tubule cross-section; ¢)
Relative expression of several genes associated with the function of Sertoli cells in
xenografts at 14 (c) and 28 weeks (d). Different letters between bars of the same color
indicate statistical difference (P<0.05). Scale bar = 50 pm.
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Figure 4.
Sertoli cell proliferation in testis xenografts collected from mice treated with different doses

of DBP. a — d) Fluorescence micrographs of a tissue section from a xenograft (0 mg/kg
group) collected at 28 weeks in which double immunohistochemistry for AR and PCNA was
performed. Yellow arrow points to a proliferating Sertoli cell (AR* PCNA*), while white
arrowhead points to a non-proliferating Sertoli cell (AR* PCNA"). a) Nuclear
counterstaining with 4’,6-diamidino-2-phenylindole (DAPI), b) staining with anti-AR
antibody, c¢) staining with anti-PCNA antibody, and d) merged image. €) Number of
proliferating Sertoli cells (AR+ PCNA* cells) per seminiferous cord and tubule cross-
section. f) Percentage of proliferating Sertoli cells (No. of AR* PCNA* cells per cross
section x 100 / No. of AR+ cells per cross section). In a —d bars = 50 um. In e — f, different
letters between bars of the same color indicate statistical difference (P<0.05).
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Figure 5.
Apoptosis in the seminiferous tubules of testis xenografts from mice treated with different

doses of DBP. a — ¢) Fluorescence micrographs of a tissue section from a xenograft (0
mg/kg group) collected at 14 weeks in which TUNEL assay was performed. a) DAPI
nuclear counterstaining, b) staining with anti-Digoxigenin-fluorescein antibody, c) merged
image. Arrows in a) points to apoptotic structures (apoptotic nuclei or nuclear fragments)
clearly visible in b) and c), bars = 50 um. d) Percentage of tubules with presence of
apoptotic structures. €) Number of apoptotic structures per seminiferous cord or tubule
cross-section. In d) and e), different letters between bars of the same color indicate statistical
difference (P<0.05).
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