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Phthalates to present preliminary findings of The Hamner Institute’s two studies on DINP. The first
was titled “Disposition of Diiosononyl Phthalate and its Effects on Sexual Development of the Male
Fetus Following Repeated Dosing in Pregnant Rats” and the second, “A Dose Response Study to
Assess Effects after Dietary Administration of Diisononyl Phthalate (DINP) in Gestation and Lactation
on Male Rat Sexual Development.”
 
The Hamner research on DINP is the most comprehensive study on DINP to date and showed no
evidence of the phthalate syndrome in adult male rats following fetal exposure. The studies have
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a  b  s  t  r  a  c  t


Pregnant  Sprague-Dawley  rats  received  50,  250,  and  500  mg/kg/day  diisononyl  phthalate  (DiNP)  from
GD  12  to 19  via corn  oil  gavage  to  study  the  dose  response  for  effects  on  fetal  male rat  sexual
development  as  well  as  metabolite  disposition  in  the dam  and  fetus.  Monoisononyl  phthalate  (MiNP),
mono(carboxy-isooctyl)  phthalate  (MCiOP),  mono(hydroxyl-isononyl)  phthalate  (MHiNP),  mono(oxo-
isononyl)  phthalate  (MOiNP),  and  monoisononyl  phthalate  glucuronide  (MiNP-G)  were  found  in all
measured  tissues.  MCiOP  was  the  major  metabolite,  followed  in  decreasing  order  by MiNP, MHiNP,

eywords:
hthalate
iNP
estation
etabolism


estosterone


MOiNP,  and  MiNP-G.  Percentage  of dose  absorbed  decreased  at 750  mg/kg/day.  Testosterone  concentra-
tion in  the  fetal  testes  was  reduced  at 250  and  750  mg/kg/day.  Multinucleated  germ  cells  were  increased
in the  testes  of rats  at  250  and  750  mg/kg/day.  The  no  observed  effect  level  (NOEL)  for  this  study  was
50  mg/kg/day  based  on  increased  MNGs  and  reduced  testes  testosterone  concentration  in  the  fetal  rat.


© 2012 Elsevier Inc. All rights reserved.


evelopmental effects


. Introduction


Administration of some phthalates (di-2-ethylhexyl phthalate;
EHP, di-n-butyl phthalate; DBP) to rats during gestation dis-


upts sexual development in the male offspring. Postnatal effects
f in utero exposure to DEHP and DBP include reduced anogenital
istance (AGD), nipple retention, hypospadias (cleft phallus), and
ryptorchid (undescended) testes. In addition to these permanent
alformations, studies in the perinatal rat identified temporary


lterations in the function and morphology of the fetal and neona-
al testes. DEHP and DBP decreased testosterone production in the


etal rat [1–4]. Both diesters also induced alterations in the fetal
nd neonatal rat testes: increased seminiferous tubule diameter,
ormation of multinucleated germ cells (MNGs) and Leydig cell


Abbreviations: AGD, anogenital distance; DiNP, diisononyl phthalate; DBP,
ibutyl phthalate; DEHP, diethylhexyl phthalate; FW,  fetal weight; GD, gestation
ay; LCA, Leydig cell aggregates; LW,  liver weight; MCiOP, mono(carboxy-isooctyl)
hthalate; MEHP, mono-(2-ethyhexyl) phthalate; MEHP-G, mono-(2-ethylhexyl)
hthalate glucuronide; MHiNP, mono(hydroxy-isononyl) phthalate; MiNP, monoi-
ononyl phthalate; MiNP-G, monoisononyl phthalate glucuronide; MOiNP,
ono(oxo-isononyl) phthalate; MNG, multinucleated gonocytes; NOEL, no adverse


ffect level; PND, postnatal day; RLW, relative liver weight; ST, seminiferous tubule.
∗ Corresponding author. Tel.: +1 919 558 1307; fax: +1 919 558 1300.


E-mail address: rclewell@thehamner.org (R.A. Clewell).


890-6238/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
ttp://dx.doi.org/10.1016/j.reprotox.2012.07.001

aggregation [5–9]. The biological significance of these temporary
alterations in fetal testis morphology is unclear. In particular, while
Leydig cell aggregates and MNGs have been consistently observed
after high doses of DBP in the fetus and early neonate (PND 2–3)
[5–9], they were absent in the adult animal [10,11].


The monoester metabolites of the diester phthalates are the
active forms of the toxicologically active phthalates. The ability of
the phthalates to alter male rat development depends on the struc-
ture of the alkyl chains. Phthalates that have alkyl side chains with
alcohol carbon backbones ranging from 3 to 6 carbons (C3–C6),
such as DEHP and DBP, have the greatest potential to disrupt sex-
ual development of the male rat. Phthalates with shorter (<C3) or
longer (>C6) alkyl chains have markedly reduced or no effects on
male rat development [12–14].


These differences in potency may  be related to either pharma-
cokinetic or pharmacodynamic properties of the different phthalate
structures. That is, structural differences could affect chemical
disposition and clearance or the chemical interaction with cel-
lular targets. The monoester metabolites of the inactive short
chain phthalates diethyl and dimethyl phthalate are efficiently
transferred to the fetal testes. Testis levels of monomethyl and


monoethyl phthalate were 2–30-fold higher than the monoester
metabolites of DBP and DEHP when equal doses (500 mg/kg) were
administered to pregnant rats [15]. Thus, the short chain alkyl
phthalates are pharmacodynamically distinct from the endocrine



dx.doi.org/10.1016/j.reprotox.2012.07.001

http://www.sciencedirect.com/science/journal/08906238
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ctive phthalates, such as DBP and DEHP, i.e.,  they do not cause
evelopmental toxicity in spite of their presence in testes at higher
oncentrations than the active monoesters of DBP and DEHP. The
inetic behavior of long chain alkyl phthalates (e.g., diisononyl
hthalate; DiNP) has not been characterized in the fetal rat. At
resent, it is not known whether pharmacokinetic or pharmaco-
ynamic differences are responsible for their reduced potency.


DiNP is a mixture of phthalates with alkyl chains of 8–10 car-
ons in length, primarily 9 carbons, and backbones of 7–9 carbons.
iNP has reduced effects on male rat development compared with
BP and DEHP, both in terms of the nature of effect and dose that
roduces that effect [3,13,16,17]. Perinatal studies show a reduced
otency of DiNP for testicular effects associated with phthalate
xposure in the fetal and neonatal rat (induction of multinucleated
erm cells and Leydig cell aggregates, and reduced testosterone in
he fetal rat). Hannas et al. [3] found that DiNP was  a 2.3-fold less
otent inhibitor of fetal testosterone production than DEHP. Eval-
ations of permanent reproductive tract malformations in male
ats show either no effect, or markedly reduced effects, with DiNP
ompared to DBP and DEHP [13,14,17–19].


Few studies have examined DiNP kinetics in rats. McKee et al.
20] measured total radioactivity in feces, urine, blood and sev-
ral tissues of adult male and female (nonpregnant) rats after


 single oral dose (50 or 500 mg/kg), five daily oral doses (50,
50, or 500 mg/kg/day) or topical administration of 14C-DiNP.
he absorption, distribution, metabolism and excretion (ADME)
f DiNP were similar to DEHP in the adult rat. DiNP was  rapidly
ydrolyzed to its monoester, MiNP, in the gut after oral adminis-
ration. Approximately 50% and 35–40% of the 50 and 500 mg/kg
oses, respectively, were excreted in the urine, with the remainder
f the dose found in the feces within 72 h. The major metabolites
n blood and urine were side-chain oxidative metabolites of MiNP,
lthough the structure of these metabolites (with the exception
f phthalic acid) was not identified. Silva et al. [21] characterized
3 metabolites in rat urine after DiNP administration. Similar to
EHP, oxidative metabolism appears to be primarily the product of


 and �-1 oxidation on the side chain esters. The major metabolites
ere mono(carboxy-isooctyl) phthalate (MCiOP), mono(hydroxy-


sononyl) phthalate (MHiNP) and mono(oxo-isononyl) phthalate
MOiNP) (Fig. 1). MiNP and DiNP were not found in significant
mounts in the urine. Glucuronide conjugation of MiNP (MiNP-G)
as not been characterized in vivo.


The current study examined fetal exposure to the major metabo-
ites of DiNP at doses routinely used in phthalate developmental
tudies (50, 250, and 750 mg/kg/day from GD 12 to 19) [1,12,13].
iNP, MCiOP, MHiNP, MOiNP, and MiNP-G were measured over


ime in maternal and fetal serum, maternal liver, placenta, urine,
nd fetal testes to more accurately characterize the absorption,
istribution, metabolism and elimination of DiNP in the pregnant
nd fetal rat. Fetal AGD, testes testosterone concentration, and
istopathology (seminiferous tubule development, MNGs) were
lso examined on GD 19–20. The purpose of the study was three-
old: (1) to better understand DiNP metabolite disposition, (2) to
etermine the dose response for fetal effects (including identifi-
ation of a NOEL), and (3) to correlate internal dose (fetal testes
iNP concentrations) with fetal testes effects. These data provide


ew information on the dose–response for DiNP, that when used
ogether with published studies, help to elucidate the role of


etabolism in the reduced potency of DiNP for fetal effects com-
ared to short alkyl chain phthalates such as DEHP.


. Methods

.1. Chemicals and analytical chemistry


All information on the analytical methods, including standards, the analytical
ethod and tissue preparation is provided in the Supplemental Materials (S1).

oxicology 35 (2013) 56– 69 57


2.2. Dose solutions


DiNP (Jayflex, CAS# 68515-48-0) was  provided by ExxonMobil. Corn Oil (90%
purity) was  purchased from MP  Biomedicals, LLC (Solon, OH). The quantity of DiNP
required to prepare a homogeneous mixture at 50, 200, or 750 mg/mL  was weighed
on an analytical balance in a volumetric flask. Corn oil was then added to reach the
appropriate volume and the solution was mixed thoroughly. Stock solution con-
centrations were verified by gas chromatography–mass spectrometry to be 47, 242,
and 760 mg DiNP/mL (see Supplemental Materials). Aliquots of the stock solutions
were taken daily for animal dosing. Stock solutions stable for at least 2 weeks when
maintained at room temperature in glass containers in the dark. Dosing solutions
were used within 2 weeks of preparation.


2.3. Animal husbandry


Timed-pregnant female Sprague-Dawley (Crl:CD(SD)) rats (sperm plug positive
GD  0) were used in this study. All rats were mated at Charles River Laboratories,
Inc.  and delivered to The Hamner Institutes animal care facility on GD 6. Animals
were acclimatized until dosing was started on GD 12. Animals were housed indi-
vidually in polycarbonate cages with Alpha-dri cellulose bedding and identified by
ear tags and cage cards. Animals were kept in the AAALAC accredited animal facility
at  The Hamner Institutes in a humidity- and temperature-controlled, HEPA-filtered,
mass air-displacement room. The room was maintained on a 12 h light-dark cycle at
approximately 18–26 ◦C with a relative humidity of approximately 30–70%. Rodent
diet NIH-07 (Zeigler Brothers, Gardners, PA) and reverse osmosis water were pro-
vided ad libitum. These studies were approved by The Hamner Institutes’ Animal
Care and Use Committee.


2.4. Animal dosing and necropsy


Rats were administered a daily dose from GD 12 to 19 via oral gavage (1 mL/kg)
between 8:00 and 9:00 AM.  Maternal body weights were measured daily prior to
dosing and entered into Provantis for calculation of administered dose volume.
Animals were euthanized at 0.5, 1, 2, 6, 12 and 24 h after the final dose by CO2 anes-
thesia and exsanguination. The 0.5, 1, 6 and 12 h time points contained 4 animals
per time-point/dose. For the 2 and 24 h groups, concurrent controls were included
(n  = 9/timepoint/dose group). The number of animals was  also increased in the DiNP
treatment groups (n = 8/time-point/dose) in order to have sufficient numbers of
animals for the assessment of effects on male fetal sexual development.


Maternal blood was obtained by cardiac puncture under CO2 anesthesia leading
to  exsanguination. Amniotic fluid was  collected from all fetuses and pooled. Fetuses
were removed by cesarean section and fetal blood was collected from the jugular
vein using heparinized capillary tubes. Fetal blood was  pooled by litter (both male
and  female) at the time of collection. All fetuses were euthanized by decapitation
and the sex was determined by internal inspection of the gonads. The testes pair
from each male fetus was isolated and stored individually by fetus in cryogenic vials.
Placentas (3/dam, pooled) and livers were collected from all dams. Placentas were
randomly chosen for analysis and were not distinguished by fetal sex. Maternal and
fetal blood were collected in heparinized (lithium heparin) tubes and stored on ice.
Plasma was obtained from blood samples within 1 h of blood collection by centrifug-
ing  samples at 300 × g for 20 min  and collecting the clear upper layer. Plasma and
amniotic fluid samples were stored in silanized glass vials at −20 ◦C. All tissues
(maternal liver, placenta and fetal testes) were snap-frozen in liquid nitrogen and
stored at −80 ◦C until metabolite analysis.


For animals in the 24 h time point groups, the same procedures as above were
followed, with the following additions. Animals were transferred to metabolism
cages at the time of the final dose (GD 19). Urine was  collected 7 and 24 h after
transfer to the metabolism cages and urine samples were stored at −80 ◦C until
metabolite analysis.


2.5. Analysis of markers of sexual development


2.5.1. Measurement of anogenital distance (AGD)
AGD was measured in all fetuses from the 24 h time point group by a single


individual with experience in performing this measurement in fetal rats. AGD was
assessed using a dissecting microscope and a micrometer lens (accuracy 0.05 mm).


2.5.2. Testis histopathology
One pair of fetal testes per litter from control (n = 9) and DiNP treated rats


(n  = 8) from the 24 h time points were immersion-fixed in modified Davidson’s fix-
ative. Testes for histopathological examination were immersion-fixed in modified
Davidson’s fixative for 24 h and then embedded in paraffin. Paraffin embedded sec-
tions (5 �m)  were mounted on glass slides, prepared, stained with hematoxylin and
eosin and cover-slipped. Testes slides were examined for general structural changes,
including alterations in seminiferous tubule morphology and organization, the pres-


ence of multinucleated gonocytes (MNGs) and the morphology and relative size of
interstitial Leydig cell aggregates. MNGs were defined as centrally located gono-
cytes containing two  or more nuclei. General morphological changes were recorded
using a semi-quantitative, 5-step grading system ranging from minimal (grade 1) to
severe (grade 5).
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Fig. 1. Oxidative metabolism of MiNP in the rat (shown for on


Slides  were initially examined by the primary pathologist (Gabrielle Willson,
xperimental Pathology Laboratories, Inc.) and then a secondary evaluation was
onducted by a peer reviewing pathologist (Dianne Creasy, Huntingdon Life Sci-
nces,) utilizing a semi-blinded method of evaluation. This involved an initial review
f  the slides with knowledge of positive and negative control groups so that potential
est chemical changes could be identified, followed by a blinded evaluation (without
nowledge of treatment group) of all animals. Following decoding of the blinded
valuation, any differences of opinion were discussed and a consensus diagnosis
eached. Seminiferous tubule diameter was evaluated quantitatively at The Hamner
nstitutes using Image Pro Plus software (version 4.5; Media Cybernetics, Carlsbad,
A)  as described previously [5].


.5.3. Testis testosterone analysis
Testosterone was  measured in the testes of 2 male fetuses per litter from the


 and 24 h time-points by radioimmunoassay. Testes from each fetus were mea-
ured individually and results were averaged by litter. All statistical analyses were
erformed using the litter as the statistical unit. Because testosterone concentra-
ions are influenced by a variety of factors, including time of day, temperature, age,
tc.,  concurrent controls were included in the necropsy for each treatment group
nd necropsy of control and treated animals were staggered each day. Analysis of
tatistical differences in testosterone was performed using concurrent controls (con-
rol animals sacrificed on the same day as treated animals). Testes from individual
etuses were assayed according to [22]. Each testes pair was homogenized in 100 �L
f  PBS-Gelatin buffer. The homogenate was extracted three times with a total of 1 mL
f  a fresh mixture of ethyl acetate and chloroform (4:1). Extracts were dried under
itrogen and resuspended in 120 �L steroid diluent (MP  Biomedicals, Solon, OH).
n aliquot (50 �L) of each testes sample was analyzed using a Testosterone Double
ntibody RIA kit (MP  Biomedicals, Solon, OH). Protein concentration in fetal testes
omogenate (5 �L) was measured using a commercially available bicinchoninic acid
ethod (Sigma–Aldrich, St. Louis, MO).


.6. Pharmacokinetic analysis of metabolite data


Pharmacokinetic parameters for each metabolite and tissue were calculated in
inNonlin® version 4.5 (Pharsight, Mountain View, CA). Data were averaged by


ime point and dose group and modeled using noncompartmental analysis with
xtravascular administration and no weighting.


. Results


.1. Tissue metabolite disposition


A subset of the control and high dose (750 mg/kg/day DiNP)


aternal plasma samples were evaluated for MEHP and MBP  to


nsure the absence of contamination by the other phthalates dur-
ng the in-life, necropsy, or sample preparation portions of the
tudy. Neither MBP  nor MEHP were present at detectable levels

er). Isomers were not distinguished by analytical chemistry.


by HPLC–MS/MS. All remaining plasma and tissue samples were
analyzed for DiNP metabolites only.


3.1.1. Maternal and fetal plasma
None of the DiNP metabolites were detected in control samples.


In all DiNP dose groups, MCiOP was the most abundant metabolite
in maternal plasma, followed in decreasing order by MiNP, MHiNP,
MOiNP, and MiNP-G (Fig. 2).


Maximum concentration (Cmax), time at Cmax, (Tmax), elimina-
tion rate constant (ke), half-life (T1/2), and area under the curve
(AUCinf) were determined for each of the 5 metabolites in the 3 dose
groups (Supplementary Materials; Table S2). A comparison of the
pharmacokinetic parameters across the dose groups revealed sig-
nificant dose dependent differences in the MiNP kinetics (Fig. 3). As
expected, the Cmax and AUCinf for maternal plasma MiNP increased
approximately 5-fold between the 50 and 250 mg/kg/day dose
groups. However, despite a 3-fold increase in dose, Cmax and
AUCinf did not increase between the 250 and 750 mg/kg/day groups
(Fig. 3). The saturation in Cmax and AUCinf indicates a significant
change in the kinetics of this chemical between these two  doses.
In contrast, ke and T1/2 remain unchanged across doses (Fig. 3),
indicating that clearance of MiNP is linear across dose groups.


All five of the measured metabolites were present in the fetal
plasma. The trend in relative concentrations of the unconjugated
metabolites was similar to that seen in the dam: MCiOP was the
most prevalent metabolite, followed by MiNP, MHiNP, and MOiNP.
However, in contrast to the maternal plasma, MiNP-G was not the
least abundant metabolite in the fetal plasma. In all dose groups,
MiNP-G levels were similar to MHiNP, and approximately 2–3-
fold higher than MOiNP when compared on a molar basis. Fetal
plasma MiNP-G levels were also generally higher than the maternal
plasma. In fact, whereas the average fetal:maternal plasma ratios
for MiNP, MHiNP, MOiNP, and MCiOP were 0.8, 0.5, 0.3, and 0.3, the
fetal:maternal plasma ratio for MiNP-G was 5 at 6 h post-dosing
(fetal:maternal plasma ratio averaged across all dose groups). PK
parameters are shown for MiNP in Fig. 3 and all metabolites in the
Supplementary Materials (Table S3). The time-course for MiNP and


MHiNP in fetal plasma was  similar to that of the dam, with calcu-
lated T1/2 values of ∼4.5 and 6–7, respectively, versus 4 and 6 h in
the maternal rat (across all dose groups) (Supplemental Materials;
Table S3). However, the kinetic profiles of MCiOP, MOiNP, and
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2  to 19. Points and crossbars represent mean ± SD of 4 litters (0.5, 1, 6, 12 h time p


iNP-G in fetal plasma were somewhat delayed; the half-lives
or these metabolites were in some cases 2-fold greater than the


aternal values (Supplemental Materials; Table S3).


.1.2. Maternal tissues
Metabolite concentrations were generally higher in the mater-


al liver than plasma (Fig. 4). Liver:maternal plasma ratios were
etween 2.5 and 4.4 for MiNP, MCiOP, MHiNP, and MOiNP at 6 h
ost-dosing (average across all dose groups). The liver:plasma ratio


or MiNP-G was 56 at 6 h post-dosing in the 50 mg/kg/day dose
roup, and 5 and 10 at 6 h post-dosing in the 250 and 750 mg/kg/day
roups (Fig. 5). The oxidative metabolites MCiOP, MHiNP and
OiNP are cleared more slowly from the maternal liver than from

right) after the last daily dose of 50, 250, or 750 mg/kg DiNP administered from GD
 or 8 litters (2 and 24 h time points).


the maternal plasma. Clearance of MiNP and MiNP-G, however, are
similar in the liver and plasma.


In contrast to the liver, concentrations of all measured metabo-
lites were lower in the placenta than in maternal plasma (Fig. 4).
Placenta:maternal plasma ratios were between 0.3 and 0.4 for
MiNP, MCiOP, MHiNP, and MOiNP, 0.6 for MiNP-G at 6 h post-dosing
(average across all dose groups). Time course data showed sim-
ilar kinetics (Tmax, clearance) in the placenta and plasma for all
metabolites (Fig. 5).


Maternal urine metabolites were measured at 7 and 24 h after


the final dose (Fig. 6). The combined oxidative metabolites in urine
accounted for 54 ± 9, 47 ± 8, and 22 ± 5% of the nominal GD 19 dose
at 24 h after the final administration of 50, 250, and 750 mg/kg
DiNP, respectively. Both MiNP and MiNP-G were found in the urine
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D  12 to 19. Average calculated values are represented by black circles and solid lin


t very low concentrations in all dose groups; each accounted for
0.1% of the administered dose. MCiOP accounted for the majority
f the urine metabolites (76–81%), followed by MHiNP (15–20%)
nd MOiNP (4%).


.1.3. Amniotic fluid
Metabolite concentrations were generally lower in the amni-


tic fluid when compared to fetal plasma levels (Fig. 7). Amniotic
uid:fetal plasma ratios were between 0.2 and 0.3 for all measured
etabolites at 6 h post-dosing (average across all dose groups).
ith the exception of MiNP, amniotic fluid metabolite kinetics
ere notably delayed with respect to fetal plasma (Table S4). Tmax


or the oxidative and glucuronide metabolites ranged from 6 to 24 h
s opposed to 1–6 h in the plasma. Clearance of some of the metabo-
ites from the amniotic fluid was also slower than the clearance
rom the fetal plasma. The calculated T1/2 was similar for the amni-
tic fluid and fetal plasma for MiNP and MOiNP, but was at least
-fold higher for MCiOP, MHiNP, and MiNP-G. It was not possible
o calculate ke accurately for MCiOP and MiNP-G at the 250 and
50 mg/kg/day doses; concentrations in the amniotic fluid were
till increasing at the 24 h time-point (Fig. 8).


.1.4. Fetal testes
Fetal testes metabolite concentrations were measured in pooled


amples from each litter at 0.5, 1, 6, and 12 h post dosing (Fig. 8).
enerally, metabolite concentrations were similar to the fetal


lasma levels (Fig. 7). Testes:fetal plasma ratio was between 1 and
.3 for all measured metabolites except MiNP-G. The testes:fetal
lasma ratio was 1.9 for MiNP-G at 6 h post-dosing (combined
cross doses).

 fetal plasma after the final dose of 50, 250, and 750 mg/kg/day administered from
maternal plasma and gray squares and dashed line for fetal plasma.


3.2. Body and maternal liver weights


Absolute liver weight (LW) and relative liver weight
(RLW = LW/BW × 100) were significantly increased at
doses ≥ 250 mg/kg/day (p < 0.05, 1-way ANOVA with Dunnett’s
post-test) (Table 1). Fetal weight (FW) was not altered in any of the
DiNP treatment groups. DiNP did not induce spontaneous abortion
or increased incidence of fetal resorption at any of the tested doses
(data not shown).


3.3. Effects on male sexual development


3.3.1. Anogenital distance
Measurements (Table 2) are shown for the absolute AGD (mm)


and bodyweight adjusted AGD (mm/fetal BW1/3). Neither the abso-
lute nor the scaled AGD was  altered with DiNP treatment at any of
the tested doses.


3.3.2. Fetal testes histopathology
The number of animals with MNGs was statistically significantly


increased over control in the 750 mg/kg/day dose group (p < 0.05)
(Fig. 9; Table 2), but not the 50 or 250 mg/kg/day groups. The num-
ber of MNGs was also quantified by counting the number of MNGs
in each testis section. The number of MNGs/testis section was  sig-
nificantly increased in the 250 and 750 mg/kg/day dose groups
(Table 2).

Cross sections of seminiferous tubules from control testes con-
tained a small number (generally <5) centrally located germ cells,
but 2 animals from the 750 mg/kg/day dose had cross sections of
tubules that contained increased numbers (10–15) of germ cells.
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Fig. 4. DiNP metabolite concentrations in maternal tissues after the last daily dose of 750 mg/kg DiNP administered from GD 12 to 19. Points and crossbars represent
mean  ± SD of 4 litters (0.5, 1, 6, 12 h time points) or 8 litters (2 and 24 h time points).


Table 1
Body and liver weights after DiNP administration from GD 12 to 19.


GD Control 50 mg/kg/day 250 mg/kg/day 750 mg/kg/day


Maternal wt gaina (g) 19 74.9 (2.3) 83.4 (3.9) 83.1 (3.2) 76.1 (4.7)
Terminal maternal wt  (g) 19 348.3 (4.6) 353.8 (9.8) 362.2 (3.5) 355.4 (6.2)
Terminal fetal weight (g) 19 2.38 (0.03) 2.41 (0.06) 2.45 (0.07) 2.52 (0.07)


20  3.99 (0.06) 4.05 (0.08) 3.86 (0.09) 4.08 (0.07)
Maternal liver wt  (g) 19 15.7 (0.3) 15.6 (0.5) 18.3 (0.4)** 18.1 (0.7)**


Relative maternal liver wt  (% BW) 19  4.51 (0.06) 4.58 (0.11) 5.04 (0.09)*** 5.07 (0.13)***


Values shown for mean (SE) treated (n = 8/group) dams and controls (n = 9/group = 27/GD) unless otherwise specified. All values for GD 19 and GD 20 animals were obtained
2  and 24 h (respectively) following the final dose of corn oil or DiNP.


a Initial weight on GD 12.
** p < 0.01, 1-way ANOVA with Dunnett’s post-test.


*** p < 0.001, 1-way ANOVA with Dunnett’s post-test.
Fetal BWs  were averaged by litter; the litter is used as the statistical unit.
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ig. 5. Metabolite concentration time-course in placenta (left) and liver (right) afte
nd  crossbars represent mean ± SD of 4 litters (0.5, 1, 6, 12 h time points) or 8 litter


his finding was not present in any of the lower dose groups or in
ny control testes (Table 2). Leydig cells in the control testes were
rranged singly or in small aggregates that were generally ≤3 cells
n diameter. Larger Leydig cell aggregates (4–10 cells in diameter)


ere occasionally seen in control testes (2/27 animals) but were
resent in 7/8 of the high dose testes (p < 0.05) (Table 2, Fig. 9).


.3.3. Fetal testes testosterone concentration


Testosterone in the testes of male fetuses from the 250 and


50 mg/kg/day dose groups was significantly reduced (Table 2)
t 2 h post-dosing when compared to concurrent controls. Both
he 250 and 750 mg/kg/day groups remained significantly different

ast daily dose of 50, 250, or 750 mg/kg DiNP administered from GD 12 to 19. Points
d 24 h time points).


(p < 0.05) when treatment groups were compared to combined con-
trols (1-way ANOVA, with Dunnett’s post-test using litter as the
statistical unit). The no observed effect level was 50 mg/kg/day
for effects on testosterone. At 24 h post-dosing, testosterone levels
appeared to be increased in the 250 and 750 mg/kg/day animals
(Table 2). However, testosterone concentrations of control and
treated animals were not statistically different at 24 h post-dosing.


To directly relate the internal dose for the active phthalate


metabolite concentration to measured changes in testosterone on
GD 19, the fetal testes testosterone concentration (as percent con-
trol) is shown versus the average MiNP concentration in the GD 19
fetal testes in Fig. 10.







R.A. Clewell et al. / Reproductive Toxicology 35 (2013) 56– 69 63


Fig. 6. DiNP metabolites in maternal urine 24 h after the last daily dose of 750 mg/kg DiNP. Bars and crossbars represent mean ± SD of cumulative urine collected after
administration of the final dose (n = 8).


Table 2
Effects on markers of sexual development at 2 and 24 h following the final dose of 50, 250, or 750 mg/kg/day DiNP from GD 12 to 19.


Time pointa Control 50 mg/kg 250 mg/kg 750 mg/kg


Number of litters examined 2 25 8 8 7
24 27 8 8 8


Absolute  AGD (mm)b 24 2.48 (0.03) 2.43 (0.06) 2.43 (0.05) 2.52 (0.04)
Scaled  AGD (AGD/BW1/3)b 24 15.53 (0.17) 15.14 (0.40) 15.29 (0.29) 15.64 (0.24)
#  Animals with MNGsc 24 0 0 2 6*


# MNGs per testis sectiond 24 0 (0) 0 (0) 0.75 (0.31)** 1.25 (0.45)***


MNGs per ST cross-sectiond 24 0 (0) 0 (0) 0.02 (0.01)* 0.03 (0.01)***


Increased # of germ cellsc 24 0 0 0 2
#  Animals with large LC aggregatesc 24 2 3 1 7*


ST diameter (�m)d 24 58 (1) 56 (1) 58 (2) 60 (1)
Testis testosterone (% control)e 2 100 (9) 104 (19) 50 (11)** 35 (5)***


Testis testosterone (% control)e 24 100 (12) 84 (19) 161 (33) 122 (25)


Values shown for actual count (histopathology) or mean (SE) for treated and control groups.
a Time following the final dose of 50, 250, or 750 mg/kg/day from GD 12 to 19.
b Measured in all pups and averaged by litter. The litter was  used as the statistical unit.
c Histopathology was  performed on one randomly assigned male pup per litter. Morphological changes were scored using a semi-quantitative, 5-step grading system


ranging from minimal (grade 1) to severe (grade 5). Value shown represents the number of animals with increased severity of MNGs or LC aggregates.
d Measurements performed on one randomly assigned male pup per litter.
e Testosterone was  measured separately for the testes pairs of two male pups per litter and averaged by litter. The litter was used as the statistical unit.
* p < 0.05, 1-way ANOVA with Dunnett’s post-test.
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** p < 0.01, 1-way ANOVA with Dunnett’s post-test.
*** p < 0.001, 1-way ANOVA with Dunnett’s post-test.


.3.4. Comparison of potency for testosterone reduction to other
hthalates


The administered dose required to cause 50% reduction in
estosterone (ED50) and the internal concentration associated with
0% reduction in fetal testes testosterone (IC50) for DiNP are shown


n Table 3. IC50s represent the average concentration of the active
etabolite (monoester) in the maternal and fetal plasma on GD


9/20. Values for DiNP were available from the current study. Val-
es for DBP and DEHP were determined as described elsewhere
2,23,24]. While data exists for fetal MBP  concentrations associ-


ted with decreased testosterone [2],  little data has been collected
or fetal MEHP concentrations. Thus, the values shown in Table 3
ere predicted using a published physiologically based pharma-


able 3
omparison of the potencies of DiNP, DEHP, and DBP for reduced testosterone in


etal  testes based on external ED50 and internal IC50 values.


DBP DEHP DiNP


External dose (ED50) (mg/kg/day) 39a 100a 250c


Maternal plasma monoester (IC50) (�M) 15b 10b 51c


Fetal plasma monoester (IC50) (�M)  10b 6b 42c


a ED50 calculated from current data and data of [1,25] (DEHP) or [2,4] (DBP) using
ne-site inhibition non-linear regression algorithm in Prism 4.0 (GraphPad Software,
nc., La Jolla, CA).


b Fetal or adult rat average monoester plasma concentrations (AUC/h) predicted
rom ED50 values as described in [23,24].


c Experimentally determined from current study.

cokinetic model for DEHP in the pregnant and fetal rat [24]. While
the administered dose ED50 for DEHP is more than 2-fold higher
than that of DBP, the potency of the monoesters are very similar in
relation to plasma concentrations in the fetus. MiNP, however, is
less potent than either MEHP or MBP  based on internal dose.


4. Discussion


4.1. Metabolite disposition


The relative amounts of MCiOP, MOiNP, MHiNP, and MiNP
excreted in the urine (Fig. 7) were similar to published studies.
Silva et al. [21] found that MCiOP was the major metabolite in
urine after a single dose of 300 mg/kg DiNP to non-pregnant rats.
In the current study, urine concentrations of MCiOP were >10-
fold higher than MHiNP and MOiNP and >1000-fold higher than
MiNP. Metabolite composition was  significantly different between
the urine and the tissues. While MiNP and MiNP-G were negligible
in the urine, all of the metabolites were present in both mater-
nal and fetal plasma and tissues. In fact, MiNP was present in the
plasma at similar concentrations to MCiOP. The difference between
the urine and plasma/tissue MiNP concentrations has been noted


with the structurally similar phthalate, DEHP. From this study, it
is clear that urinary clearance of both MiNP and MiNP-G is lim-
ited and urine metabolites are poor predictors of plasma and tissue
disposition.
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ig. 7. DiNP metabolite concentrations in fetal tissues and maternal plasma after th
epresent mean ± SD of 4 litters (0.5, 1, 6, 12 h time points) or 8 litters (2 and 24 h t


The data from this study represent the last day of multiple dos-
ng days and initial tissue concentrations at time of dosing on the
ast day cannot be assumed to be zero. Plasma half-lives for each
f the metabolites were 4–7 h in the dam and 4–15 h in the fetus,
ndicating that the animals would have reached steady-state by day
D 19. Thus, the metabolite concentrations at the 24 h time-point
hould be equivalent to the 0 h time-point (immediately preceding


he final dose on GD 19). The kinetic parameters calculated in this
aper represent steady-state parameters.


The dose dependence in AUCinf, Cmax, and Tmax, but not T1/2
nd ke indicates that oral absorption is limited at higher doses.

 daily dose of 750 mg/kg DiNP administered from GD 12 to 19. Points and crossbars
ints).


Reduced oral absorption is consistent with lower urinary excretion
(as % dose) at high doses observed in this study, and the increased
unmetabolized DiNP in the feces of rats given 500 versus 50 mg/kg
14C-DiNP [20]. Limited oral absorption is likely due to saturation
of intestinal lipases, which convert the poorly absorbed diester
phthalates to their more readily absorbed monoesters [26–30].
Other diester phthalates such as DEHP show a similar reduction


in bioavailability at high doses [31].


MiNP-G had not been measured in rat plasma prior to our
study. While the structurally similar MEHP-G is either absent or
present at very low levels in rat urine [32,33], data in rat liver
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ig. 8. Metabolite concentration time-course in fetal testes (left) and amniotic fluid
9.  Fetal testes and amniotic fluid were pooled by litter. Points and crossbars repres


icrosomes and cultured hepatocytes have confirmed the abil-
ty of the rat liver UGTs to conjugate phthalates with longer alkyl
hains [34]. MiNP-G was not present in appreciable amounts in
he urine of DiNP treated rats, but was found in the maternal and
etal plasma and the other measured tissues. MiNP-G was the least
bundant of the measured metabolites in the maternal plasma,
ith concentrations that were well below the oxidative metabo-

ites. However, peak liver MiNP-G concentrations were nearly an
rder of magnitude higher than plasma levels, with peak concen-
rations that were similar to or slightly higher than either MOiNP
r MHiNP. Thus, the low levels of glucuronide conjugate in rat

) after the last daily dose of 50, 250, or 750 mg/kg DiNP administered from GD 12 to
ean ± SD of 4 litters (0.5, 1, 6, 12 h time points) or 8 litters (2 and 24 h time points).


plasma are not indicative of a lack of hepatic UGT transferase
activity.


All the metabolites have peak liver concentrations that are well
above plasma concentrations, but there are significant differences
in how quickly these metabolites clear from liver. Time course data
for MiNP and MiNP-G indicate similar kinetic profiles in the liver
and plasma. The oxidative metabolites, however, are retained in


the liver for a period after dosing. This reduced clearance is not
apparent in the maternal plasma, where the half-lives for MCiOP,
MHiNP and MOiNP in plasma are very similar to MiNP. Apparently,
the modification of the alkyl chain allows greater persistence in the
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Fig. 9. MNGs and LC aggregates in fetal testes after administration of 0 or 750 mg/kg/day DiNP to maternal rats from GD 12 to 19 by oral gavage. At 750 mg/kg/day, DiNP
e  arrow
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xposed animals had increased numbers of multinucleated gonocytes (indicated by
avidson’s fixative, embedded in paraffin, sectioned at 5 �m and stained with hem


he  same for all photomicrographs.


iver. The slower clearance of the oxidative metabolites from liver
ould result from differences in protein binding, biliary excretion,
r transporter affinity.


In addition to the maternal rat plasma kinetics, this study pro-
ides the first description of DiNP metabolite concentrations in
lacenta, fetal plasma, fetal testes and amniotic fluid. With other
hthalates (DEHP, DBP), the monoester metabolites MEHP and
BP, and the glucuronide conjugate of MBP  (MBP-G), were found


n the fetal plasma at levels similar to or slightly less than mater-
al plasma concentrations [23,31,35].  The glucuronide conjugate
f MEHP and the oxidative metabolites of MEHP and MBP  have not
een measured in the fetus. The current study shows that MiNP,


ts oxidative metabolites and MiNP-G were all present in the fetal
lasma, testes and amniotic fluid. Fetal plasma MiNP and MHiNP
inetics were similar to the maternal plasma. The fetal T1/2 for MiNP
as 4.5 h versus 4 h in the dam and fetal:maternal plasma ratio
as ∼0.8 shortly after Tmax. Fetal clearance of MCiOP, MOiNP, and
iNP-G, on the other hand, was somewhat delayed with respect to
aternal clearance. In particular, the T1/2 for MCiOP and MiNP-G


ere about 2-fold higher in fetal plasma compared to the mater-
al plasma. The slower fetal clearance of MCiOP and MOiNP may
rise from the increased polarity of the modified alkyl chain. Mod-
fication of the alkyl chain appears to affect placental transfer of


ig. 10. Testis testosterone versus average MiNP concentration in fetal testes after
dministration of 50, 250, or 750 mg/kg/day DiNP from GD 12 to 19. Testes testos-
erone concentrations are shown versus concurrent controls for the 2 h time point.
verage testis concentration of MiNP was calculated from AUC/time from values
easured in the fetal testes from 0.5 to 12 h after the final DiNP dose.

s) and Leydig cell aggregates (indicated by asterisks). Testes were fixed modified
lin and eosin. Images were taken at 40× magnification. Scale bar is 200 �M and is


the metabolites, which could be a result of alterations in passive
diffusion or facilitated transport. The more basic environment of
the fetus and amniotic fluid would reduce clearance of weakly
acidic small molecules to maternal blood. However, the role of
pH trapping or active transport in fetal clearance of the oxida-
tive metabolites of long alkyl chain monophthalates has not been
specifically studied for these compounds.


Like MCiOP, MiNP-G was cleared more slowly from fetal plasma
than from maternal plasma. MiNP-G was  also present at higher con-
centrations in the fetal plasma than the maternal plasma. While
MiNP and the oxidative metabolites had fetal:maternal ratios that
were less than 1, the fetal:maternal plasma ratio for MiNP-G was
20 at 6 h post-dosing. Increased fetal:maternal ratios of MiNP-G
may  result from placental transfer of the maternal conjugate or
from formation of the glucuronide within the fetus. The presence of
MiNP-G in the fetus could be interpreted as an indication of placen-
tal transfer of the conjugated metabolite. Traditionally, glucuronide
conjugates of drugs are thought to be poorly transported across the
placenta. While placental transfer of MiNP-G cannot be completely
ruled out, a more likely explanation is that MiNP-G conjugation
occurs in the fetus. UGTs become active in the fetal liver as early as
GD 16 in the rat [36].


Metabolite concentrations in the amniotic fluid were consis-
tently the lowest of the measured tissues. Amniotic fluid:fetal
plasma ratios were less than 0.5 for all measured metabolites.
The kinetic behavior varied among metabolites, however. MiNP
showed similar time dependent behavior to the fetal plasma: Tmax


and T1/2 were quite similar between the two fluids. In comparison,
transfer of MHiNP and MOiNP showed similar clearance from the
amniotic fluid, but transport into amniotic fluid was  slow. Tmax for
both metabolites was  12 h in the amniotic fluid compared to 2–6 h
in the plasma. The reduced clearance of MCiOP  and MiNP-G was
even more dramatic – MCiOP and MiNP-G were still increasing at
24 h post-dosing. The reason for this reduced amniotic clearance is
unknown. In the case of DBP, which is admittedly kinetically quite
different from DiNP, the MBP-G may  undergo acyl rearrangement in
the amniotic fluid. This rearrangement would lead to formation of
MBP-glucuronide conjugates that are more resistant to hydrolysis
than the original metabolic products [35]. MBP-G also shows evi-
dence of accumulation in the rat amniotic fluid, though to a much


greater extent than is indicated by the current data for MiNP-G.
Another factor in the amniotic fluid kinetics is the reduction in
amniotic fluid volume during the last few days of gestation [37].
The loss of volume is associated with increased protein and urea
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oncentrations near term in the rat. Similarly, decreasing volume
ould play a role in the amniotic fluid metabolite kinetics, i.e.,  sig-
ificant reduction in amniotic fluid volume on GD 20 would cause


ncreased concentrations of metabolites, thereby interfering with
learance rate calculations.


.2. Dose–response for effects in the maternal and fetal rat


After 8 days of exposure, both absolute and relative (body weight
djusted) liver weight were increased in the maternal rat at the
50 and 750 mg/kg/day dose groups. This increased liver weight is


ikely due to activation of PPAR�; MiNP activates PPAR� in both
n vivo rodent studies and in vitro assays [38–42].  The role of the
PARs in testosterone regulation and phthalate induced develop-
ental effects in the rat is a matter of debate. While PPAR activation


as been identified as a potential mechanism of testicular toxicity
2,43], studies in knockout mice show that PPAR� cannot account
or the full range of effects seen in the testes of male mice [44].
urthermore, the trend seen when comparing the potency of dif-
erent phthalates is not consistent with PPAR� as a regulator of
estosterone synthesis and disruption of sexual development in
he rat. For example, while DEHP and DBP cause similar effects on
etal sexual development and testosterone production [31], DEHP
s a significantly more potent activator of PPAR�. Thus, increased


aternal liver weight, which is likely a response to PPAR� acti-
ation, should not be considered a biomarker of altered sexual
evelopment.


.2.1. Dose–response for effects on male sexual development
The 65% reduction in testosterone observed at the


50 mg/kg/day dose was consistent with other reports. Borch
t al. [1] found approximately 67% reduction in fetal testes testos-
erone of Wistar rats after administration of 750 mg  DiNP/kg/day
rom GD 7 through 21. Ex vivo testosterone production was also
educed by 45% in fetal testes explants from Harlan Sprague-
awley rats after administration of 750 mg  DiNP/kg/day from
D 14 through 19 [3].  These previous studies did not evaluate


estosterone at DiNP doses lower than 500 mg/kg/day. In our study,
educed testes testosterone concentration was observed in the
50 mg/kg/day dose group (50%), which was only slightly less than
hat observed in the high dose group despite the 3-fold difference
n administered dose. When considered in light of the kinetic data,
his non-linearity in response is not unexpected. As a result of the
imited oral absorption at higher doses, there was less than a 2-fold
ifference in fetal testes concentrations of MiNP at the 250 and
50 mg  DiNP/kg/day doses. Thus, the dose-dependent decreases in
ptake are likely responsible for the non-linearity in testosterone
esponse, as well as the similarity in liver enlargement in the 250
nd 750 mg/kg/day groups.


At 24 h post-dosing, fetal testes testosterone levels were not
tatistically different from controls in any of the dose groups, indi-
ating that hormone levels recovered with cessation of dosing. In
act, mean testosterone levels in the 250 and 750 mg/kg/day groups
t 24 h were higher than those of control animals. This increase was
ot statistically significant, but the trend is consistent with previous
tudies that reported temporary over-compensation of the testes
fter cessation of chemical treatment [2].


On GD 20, an increased incidence of Leydig cell aggregates was
bserved in the testes of the 750 mg/kg/day dose group, and MNGs
ere significantly increased in both the 250 and 750 mg/kg/day
ose groups. The long-term biological significance of MNG and Ley-
ig cell aggregates remain unknown. However, they have been


onsistently identified in the testes of fetal and neonatal rats
xposed to DBP in utero and are often used as endpoints in phthalate
ster toxicity studies [1,5,6].  Leydig cell aggregates and MNG  induc-
ion appear to be independent of testosterone effects, but typically

oxicology 35 (2013) 56– 69 67


occur in concert with alterations in seminiferous tubule (ST) effects,
such as increased cord diameter [5,6,45]. In the current study, MNG
induction and LC aggregation were noted, but ST diameter was not
altered in any of the DiNP dose groups.


AGD, a marker of androgenic action in the male rat, was  not
altered in any of the DiNP treatment groups. This observation is
consistent with other DiNP studies at similar time points (GD 19
– PND 2) [13,18]. In contrast, several low molecular weight phtha-
late esters – DBP, DEHP, butylbenzyl phthalate (BBP), and diisobutyl
phthalate (DiBP) – reduce AGD in the male rat fetus and neonate
at lower doses than those used in the current study [1,8,13,46].
Alterations in AGD result from disruption of testosterone signaling
during fetal development. In the case of endocrine active phthalates
like DBP, this response results from reduced testosterone synthe-
sis. However, in our study, a 67% reduction in testosterone did not
affect AGD. There are two  possible explanations for these obser-
vations about reduced AGD and testosterone: (1) nearly complete
inhibition of testosterone is required to affect AGD  development,
or (2) AGD is not solely dependent upon testosterone signaling.
The role of testosterone in AGD is well-supported by the ability
of both testosterone synthesis inhibitors and androgen receptor
antagonists to reduce AGD (feminization) [47] and the ability of
exogenous testosterone to increase AGD (masculinization) [48].
The more likely explanation for the lack of effect of DiNP on fetal
AGD is the reduced potency for inducing a reduction in testos-
terone synthesis compared to other phthalates. In studies where
AGD and testosterone were measured concurrently, reduction in
AGD was  associated with ≥90% reduction in fetal testes testos-
terone [1,4]. In contrast, doses up to 1500 mg  DiNP/kg/day reduced
fetal testosterone production by only 70% [3].  This indicates that
at doses beyond those expected to saturate oral absorption, DiNP
does not reduce testosterone synthesis to the same extent as
DBP and DEHP and therefore should not have the same influence
on AGD.


4.3. Determination of a no effect level (NOEL) for DiNP in fetal rats


In our study, even very high doses (750 mg/kg/day) of DiNP
failed to induce the full complement of fetal effects that are typically
observed after administration of the more potent developmentally
active phthalate esters (i.e., BBP, DBP, DEHP), which include reduced
testosterone, reduced AGD, induction of MNGs, and increased sem-
iniferous tubule diameter. In this study, ST diameter and AGD
were not altered at doses as high as 750 mg  DiNP/kg/day. The only
observed effects were reduced fetal testes testosterone concentra-
tion and increased MNGs at doses ≥250 mg/kg/day, and increased
Leydig cell aggregate formation in the fetal testes at 750 mg/kg/day.


This study establishes a NOEL of 50 mg/kg/day based on reduced
fetal testosterone and increased MNGs. This NOEL is consistent
with the NOEL determined from the postnatal dietary exposure
study [13], which had a NOEL of 760 ppm DiNP (∼50 mg/kg/day)
for MNG  induction on postnatal day 2. Our NOEL of 50 mg/kg/day
does not necessarily equate to a no adverse effect level, as the
effects observed at these doses are reversible and DiNP has not been
shown to induce permanent alterations in the male reproductive
tract or fertility at doses that are well in excess of 50 mg/kg/day
[13,14,17–19]. Further research into the mechanism and biological
significance of perinatal MNG  and LC aggregate formation could
be conducted in order to establish whether these effects should
be considered adverse. By simultaneously measuring metabolite
disposition and markers of developmental effects, we directly cor-


related fetal effects to internal dose. It is possible to express the
observed NOEL in terms of average concentration (AUC/time) of
MiNP in maternal plasma (9 �M),  fetal plasma (7 �M),  or fetal testes
(10 �M).
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.4. Comparison of potency for testosterone reduction to other
hthalates


These studies emphasize the importance in considering tissue
ose when comparing toxicity assays, even within the same class
f chemical compounds. In the current study, we found that DiNP
inetics are highly similar to DEHP in both the dam and fetus
26,31]. However, DiNP does not induce the full suite of effects on


ale sexual development observed with DEHP. Based on adminis-
ered dose, DiNP was reported to be 2.3-fold less potent inhibitor of
estosterone than DEHP. The similarity in kinetics between DEHP
nd DiNP [31] indicates that it may  be reasonable to compare the
wo chemicals based on dose administered to the pregnant rat.
owever, studies with lower molecular weight phthalates, such as
BP, showed differences in metabolite disposition when compared


o DEHP and DiNP [2,24,31].
When the potency of DBP, DEHP and DiNP for testosterone


eduction is compared based on the testis concentration of the
ctive monoesters, MiNP is 4–7-fold less potent than MBP  and
EHP. In contrast, MEHP and MBP  have a similar ability to inhibit


estosterone production. It should be noted that that the analysis
erformed in this paper was conducted for the free, unmetabolized
onoesters only, which are considered the active metabolites and


or which there is published concentration data. However, the role
f the oxidative metabolites in altered testes testosterone levels
nd downstream effects has not been thoroughly tested for the
ndividual phthalates, and it is possible that they may  contribute
o phthalate activity. Data is not currently available on fetal lev-
ls of the oxidative metabolites for MEHP or MBP. However, if the
xidative metabolites were included in the analysis, the difference
etween DiNP and DBP would likely be greater than the predicted
-fold, as MBP  is primarily metabolized via glucuronidation, not
xidation [2] and our study shows a significant portion of the DiNP
ose existing as oxidative metabolites. Thus, a considerably higher
estis concentration of DiNP metabolites is required to cause testos-
erone reduction than DBP metabolites. Our data strongly indicates
hat the difference in potency between DEHP and DiNP are due to
ifferences in pharmacodynamics, not pharmacokinetics.
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a  b  s  t  r  a  c  t


Male  rat  sexual  development  was  evaluated  after  dietary  administration  of  0,  760,  3800,  11,400  ppm
diisononyl  phthalate  (DiNP)  and  7600  ppm  dibutyl  phthalate  (DBP)  from  gestation  day  (GD)  12  to  post-
natal  day  (PND)  14.  Maternal  weight  was  reduced  on  GD  20,  PND  2 and  14  at  11,400  ppm  DiNP. Pup
weight  was  reduced  on  PND  2 and  14  at 11,400  and  3800  ppm  DiNP.  DBP  induced  multinucleated  germ

eywords:
hthalate
iNP
ostnatal


cells  (MNGs)  and  Leydig  cell  aggregates  (LCAs)  in  PND  2 testes.  7600  ppm  DBP  reduced  anogenital  distance
(AGD)  on  PND  2  and  14, and  increased  nipple  retention  and  reproductive  tract  malformations  on  PND
49.  DiNP  induced  MNGs  (3800  ppm)  and  LCAs  (11,400  ppm)  on  PND  2, and  reduced  AGD  (11,400  ppm)
on  PND  14.  DiNP  did  not  alter  AGD,  nipple  retention  or reproductive  tract  malformations  on  PND  49.
Global  endpoint  analysis  showed  no evidence  of  a  rat  “phthalate  syndrome”  on  PND  49  with  DiNP

evelopment administration.


. Introduction


The phthalate diesters are a class of chemicals in which phthalic
cid is esterified to two alkyl chains that may  vary in carbon chain
ength and structure. The length of the carbon backbone of the alkyl
hain determines the potency of the phthalate esters for effects
n testosterone synthesis and sexual development in the male rat
1–3]. Phthalates that contain alkyl chains with carbon backbones
–6 carbons in length, such as DEHP (di-2-ethylhexyl phthalate)
nd DBP (di-n-butyl phthalate), have the greatest potential to dis-
upt sexual development of the male rat [3,4]. Phthalate esters with
horter backbone carbon chains, such as diethyl phthalate (DEP)
nd dimethyl phthalate (DMP), do not affect sexual development of
he male rat at doses up to 750 mg/kg-day [3,4]. Compared to DBP
nd DEHP, phthalates containing alkyl chains with carbon back-
ones of 7 or more carbons in length (e.g., diisononyl phthalate;


iNP) show reduced effects on male rat development, both in terms
f the nature of effect and dose that produces that effect [2,3,5,6].


Abbreviations: AGD, anogenital distance; DiNP, diisononyl phthalate; DBP,
ibutyl phthalate; DEHP, diethylhexyl phthalate; DEP, diethyl phthalate; DMP,
imethyl phthalate; GD, gestation day; LCA, Leydig cell aggregates; MNG, multinu-
leated gonocytes; NOEL, no adverse effect level; PND, postnatal day; PPS, preputial
eparation.
∗ Corresponding author. Tel.: +1 919 558 1307; fax: +1 919 558 1300.


E-mail address: rclewell@thehamner.org (R.A. Clewell).


890-6238/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
ttp://dx.doi.org/10.1016/j.reprotox.2012.07.008
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High doses of some phthalate esters (DBP and DEHP) lead
to a number of effects on male rat sexual development when
administered during gestation. Perinatal administration of DBP
(>100 mg/kg-day) and DEHP (>300 mg/kg-day) caused reduced
anogenital distance (AGD), nipple retention, hypospadias (mal-
formed penis), cryptorchid (undescended) testes, as well as
incomplete development or agenesis of some reproductive organs,
such as the seminal vesicles, ventral prostate, testes and epi-
didymides [7–11]. Permanent reduction in AGD and retained
nipples have been associated with feminization of the male rat.
Malformations of the reproductive tract may  also contribute to
reduced fertility in rats administered DBP and DEHP [9,12].  Many of
the effects on the developing male reproductive system are thought
to result from inhibition of testosterone synthesis in the fetal testes
during a critical window in sexual development [13]. However,
some of the observed testicular effects may  have mechanistic ori-
gins other than inhibition of testosterone. Cryptorchid testes, for
example, are associated with inhibition of insulin-like peptide 3
signaling in addition to testosterone reduction during develop-
ment [14]. Alterations in seminiferous tubule (ST) development and
increased incidence of multinucleated gonocytes (MNGs) occur in
the testes of both perinatal rats and mice after DBP administra-
tion. However, there is no reduction in testosterone in mice [15],
indicating that ST diameter and MNG  effects are not testosterone


dependent.


DiNP is a high molecular weight phthalate used as a plasti-
cizer in polyvinyl chloride for general purpose applications, such
as hoses, shoe soles, wire and cable and flooring. DiNP is a mixture
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f phthalates with alkyl chains of 8–10 carbons in length, primarily
 carbons, and backbones of 7–9 carbons. DiNP has a significantly
educed effect on male rat sexual development compared to the
ower molecular weight phthalates, DBP, DEHP, and butyl benzyl
hthalate (BBP) [3,6]. 750 mg/kg-day DiNP increased areolae in the
repubertal rat (22%), permanent nipples in adult rats (4%) and low


ncidence of epididymal agenesis, small testes, and fluid-filled testis
1 rat pup each) versus a control incidence of 0%. These results
ontrasted with high incidences of permanent nipples, reduced
GD, hypospadias, cryptorchid testes, and seminal vesicle and epi-
idymal agenesis with equivalent doses of DEHP or BBP. DiNP was
onsidered a low-potency antiandrogen [3].


Two studies examined the dose-response for DiNP on male rat
exual development. Masutomi et al. [16] exposed rats to DiNP
n the diet during gestation and lactation and examined AGD on
ND 2, adrenal and testis weight on PND 2 and 77, and the age
f puberty (preputial separation; PPS). No effect was  observed in
GD or PPS with diet concentrations of 400, 4000, or 20,000 ppm
iNP. The only effect observed in the reproductive tract of the
ale rat was reduced testes weight on PND 14 at 20,000 ppm


1164 mg/kg-day during gestation). However, this effect was tem-
orary; at PND 77 there was no difference in testes weights. In a
ore comprehensive study [17], DiNP was administered to rats via


ral gavage at doses of 0, 300, 600, 750 or 900 mg  DiNP/kg/day
rom GD 7 to PND 17 and biomarkers of male sexual development
ere examined in the fetal, postnatal and adult male offspring.


n the fetus, MNGs were increased at doses ≥ 600 mg/kg-day and
he incidence of enlarged seminiferous tubules was  increased at
750 mg/kg-day. Nipples/areolae were significantly increased at
750 mg/kg-day and absolute AGD was reduced at 900 mg/kg-
ay on PND 14. However, no permanent changes were seen in
ipple retention, reproductive organ weights, or AGD (absolute
nd scaled) at doses up to 900 mg/kg-day on PND 90. DiNP did
ot induce permanent nipple development or alter reproductive
ract morphology in the adult [3].  In the adult rat, sperm motility
as decreased (≥600 mg/kg-day), but the sperm count was  sig-
ificantly increased (900 mg/kg-day) at the highest doses. These
light alterations in sperm count do not appear to affect reproduc-
ive capability. In one and two generation reproduction studies,
ertility was not affected at doses up to 1000 mg/kg-day [6].


The utility of these studies for estimating a NOEL are limited
y a number of factors, including the number of animals required
or statistical validity with low incidence effects, the breadth of the
ndpoints examined, or the range of doses. The goal of the current
tudy was to collect dose response data to define a NOEL for the
ffect of DiNP on male sexual development. This study included: (1)


 large number of litters in all treatment groups (n > 20) to ensure
alidity of statistical significance, (2) three DiNP doses ranging from
0 to 750 mg/kg-day to allow determination of a NOEL, (3) blind-


ng of all observations to ensure objectivity and eliminate bias, (4)
oncurrent positive (DBP) and negative (no treatment) controls to
nsure accuracy of observations, and (5) a comprehensive suite of
ormone, histopathology, organ weight and morphology endpoints
reviously identified as biomarkers for disruption of male rat sexual
evelopment [3,11,15,17,18].


Together with concurrent studies investigating the effect of
iNP sexual development in the fetal rat and disposition of DiNP in


he maternal and fetal rat [19], this study provides a comprehen-
ive examination of the dose response for DiNP in male rat sexual
evelopment.


. Methods

.1. Chemicals


DiNP (JayflexTM, CAS# 68515-48-0) was provided by ExxonMobil Chemi-
al  Company. DINP was  analyzed by the manufacturer and found to be 99.9%

oxicology 35 (2013) 70– 80 71


diester phthalates primarily with alkyl chains of isononyl alcohols (C9H19)
with different branching structures. Estimated composition ranges of the diester
phthalates (based on alkyl side chain length) are: C9/C9 (55–65%), C9/C10
(25–35%), C10/C10 (<5%), C8/C9 (<5%), and C8/C10 (<1%). DBP (99%; Lot #
A0256753) was purchased from Acros Organics (Geel, Belgium). Isotopically
labeled standards for analytical chemistry including, phthalic acid (ring-1,2-
13C4 dicarboxyl)-mono(4-methyloctyl)ester (13C4-MiNP), phthalic acid (ring-1,2-
13C4 dicarboxyl)-mono(7-carboxy-4-methylheptyl)ester (13C4-MCiOP), phthalic
acid (ring-1,2-13C4 dicarboxyl)-mono(7-oxo-4-methyloctyl)ester (13C4-MOiNP),
and phthalic acid (ring-1,2-13C4 dicarboxyl)-mono(7-hydroxy-4-methyloctyl)ester
(13C4-MHiNP) were purchased from the Institute of Thin Film and Microsensoric
Technology (IDM; Teltow, Germany) at >97% purity.


2.2. Feed preparation


Target feed concentrations were 760, 3800, 11,400 ppm DiNP and 7600 ppm
DBP. The amount of DiNP required for 40 kg batches of feed (31, 152, 456 g DiNP,
and 204 g DBP) were weighed in new, clean glass jars and provided to The Hamner
Laboratory Animal Resources and Technical Support Facility. The neat chemical was
added to 20 kg of the rodent diet. The remaining 20 kg of feed was  then added and the
contents were mixed with a twin shell mixer for 1 h. Samples from the top, middle
and  bottom of each 40 kg batch of feed were provided to Analytical Chemistry Ser-
vices for analysis of chemical concentration by gas chromatography. No significant
difference was observed in samples taken from the top, middle, or bottom. Aver-
age  measured concentrations were 757 + 23, 3886 + 56, 11,149 + 248 ppm DiNP and
7607 + 151 ppm DBP (mean + SD). Measured concentrations of DiNP and DBP at the
end  of the study (3 months post-mixing) were within ±8% of initial concentrations.


2.3.  Animals


2.3.1. Animal husbandry
Timed-pregnant female Sprague–Dawley (Crl:CD(SD)) rats (sperm plug posi-


tive GD 0) were mated at Charles River Laboratories, Inc. (CRL) and delivered to
The  Hamner Institutes animal care facility on GD 6. The dams were nulliparous and
between 8 and 10 weeks of age when mated and they came from a specific pathogen
free source (CRL). Animals were acclimatized until dosing started on GD 12. Average
weight of the dams at the start of the study (GD 12) was 285 g. All dams were healthy
and  showed no signs of illness at the start of the study. Animals were housed indi-
vidually in polycarbonate cages with Alpha-dri cellulose bedding and identified by
ear tags and cage cards. Animals were kept in the AAALAC accredited animal facility
at  The Hamner Institutes in a humidity- and temperature-controlled, HEPA-filtered,
mass air-displacement room. The room was maintained on a 12-h light–dark cycle at
approximately 64–79 ◦F with a relative humidity of approximately 30–70%. Rodent
diet NIH-07 (Zeigler Brothers, Gardners, PA) and reverse osmosis water were pro-
vided ad libitum. These studies were approved by The Hamner Institutes’ Animal
Care  and Use Committee.


A  total of 20–24 litters were included in all treatment groups. Because of the
large number of animals and observations in the study, it was  impossible to necropsy
all animals on the same day. Therefore, the animals were divided into 5 necropsy
groups. Each group contained 4–5 litters from the control group, and 4 litters from
each  of the 760, 3800, and 11,400 ppm DiNP and 4–5 litters from the 7600 ppm DBP
treatment groups. The five groups of animals were treated identically (i.e., same
acclimatization, dosing, and housing conditions).


Rats were administered 0, 760, 3800, and 11,400 ppm DiNP or 7600 ppm DBP
in  the diet from GD 12 to PND 14 (Fig. 1). Target daily doses were 0, 50, 250, and
750  mg/kg-day DiNP or 500 mg/kg-day DBP, respectively, based on predicted food
consumption in gestation. Body weights and food consumption were recorded 4
days/week throughout the dosing using ProvantisTM 8 (Instem, Conshohoken, PA)
software. Beginning on GD 20, cages were checked for litters twice a day. Any pups
born after 4:00 PM were designated PND 0 the following day.


2.3.2. Evaluation of sexual development and necropsy
PND 2: All pups were weighed and anogenital distance (AGD) was  measured


using a magnifying glass and calipers by an animal care technician
with experience in AGD evaluation. One male pup (determined by
AGD) from each litter was randomly selected for necropsy. Litters were
then culled to 8 pups total, up to 5 male pups were kept and females
were used to make each litter a total of 8. Pups were not transferred to
different litters. Male pups designated for necropsy were euthanized
by decapitation, trunk blood was collected in heparinized capillary
tubes and plasma was  obtained by centrifugation. Plasma was  stored
in silanized glass vials at −20 ◦C. Testes and epididymides of 1 male
pup/litter were collected for histopathology and testosterone analysis.


The right testis and epididymis from 1 pup/litter were fixed in modified
Davidson’s fixative. The corresponding left testis and epididymis were
weighed and the testis was snap-frozen in liquid nitrogen and stored at
−80 ◦C for future analysis. Extra male pups were euthanized, and blood
and testes were collected for metabolite or testosterone analysis.
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PND  14: All rats were returned to the basic NIH-07 feed (no DiNP or DBP).
Male pups were weighed, examined for nipples/areolae and AGD was
measured.


PND 21: Maternal rats and female pups were euthanized by CO2 asphyxiation
and exsanguination. Male pups remained housed with litter-mates.


ND 49–50: All remaining male rats were weighed and euthanized by CO2 asphyx-
iation followed by decapitation. AGD was  measured and pups were
examined in situ for retained nipples and alterations of the genital
tract (e.g., hypospadias, cleft phallus) by a single animal care technician
with experience in identification of these endpoints. Internal inspec-
tion of the urogenital tract was performed on all male rats, the right
and  left gubernacular cord lengths were measured and observations
such as undescended testes and epididymal agenesis were recorded.
Testes, epididymides, gubernacular cords, vas deferens, seminal vesi-
cles, LABC and prostate, as well as the non-reproductive tissues were all
examined in situ and were then removed for weighing. The testes and
epididymides were separated and examined before and after removal
of the fat. The following organs were removed after external exami-
nation and weighed: testes (right and left), epididymis (right and left),
seminal vesicles (pair), glans penis, ventral prostate, levator ani plus
bulbocavernosus muscles (LABC), Cowper’s glands (pair), kidney (pair),
liver, adrenal glands (pair). The right testis and epididymis of one male
rat  per litter were fixed in modified Davidson’s fixative. The corre-
sponding left testis was snap frozen in liquid nitrogen and stored at
−80 ◦C. Due to the large number of observations and animals at termi-
nation, the necropsies were divided over 2 days. All 5 treatment groups
were represented on each necropsy day. All tissues were identified by
dam and pup number. Pup numbers were determined based on the
order in which they were euthanized.


Initially, PPS was performed as a dichotomous measurement (complete vs.
ncomplete). However, during the first two necropsies, it was  determined that many
f the animals, including some controls, were in the advanced stages of PPS but had
ot reached complete separation. Thus, for the last three groups (15 control ani-
als and 12 animals/treatment group) PPS was  evaluated according to the following


cale: 0 = separation not started, 1 = prepuce still attached to tip of glans, 2 = prepuce
o  longer attached to tip of glans but not fully separated, 3 = complete separation of
repuce from glans. This PPS score is a subjective measurement based on the expe-
ience of our staff with identifying the stages of PPS. It has not been validated across
aboratories.


.4.  Nipple retention


On PND 14, nipples were counted in all pups (male and female). Any darkened,
ircular areas that were located in the torso area where nipples are typically found
n  female rats were counted. Thus, the final count includes both true nipple buds
nd areolae. On PND 49, the torsos of the rats were shaved using electric hair clippers
nd wiped down with saline. Because the nipples on male rats were not expected to
e  fully formed and were not generally colored, any protrusion on the surface of the
orso in the areas where nipples are generally found in female rats were noted. On
ccasion, a site was  identified that appeared to indicate that a once-present nipple
ad been clipped off when the torso was  shaved. Those incidences were included in


he  nipple count. To ensure that the method used to identify nipples was consistent
cross animals, by a single observer with experience evaluating nipple retention
n  male rats was responsible for all nipple identification (to reduce inter-personal
ariability) in a blinded manner (no information on treatment group was given to
he  observer).

design.


2.5. Anogenital distance


All AGD measurements were made utilizing electronic calipers (±0.01 mm).  To
ensure consistency across animals, measurements were made by a single technician
in a blinded manner (no information on treatment group was  given to the observer).
Scaled AGD was AGD normalized to the cubed-root of body weight.


2.6. Histopathology


Testes and epididymides for histopathological examination (1 male pup/litter)
were immersion-fixed in modified Davidson’s fixative for 24 h and then embed-
ded  in paraffin. Paraffin embedded sections (5 �m)  were mounted on glass slides,
prepared and stained with hematoxylin and eosin and coverslipped. Testes slides
were examined for general structural changes, including alterations in seminifer-
ous tubule morphology and organization, the presence of multinucleated gonocytes
(MNGs) and the morphology and relative size of interstitial Leydig cell aggregates.
MNGs were defined as centrally located gonocytes containing two or more nuclei.
Leydig cells in the control testes were arranged singly or in small aggregates that
were generally ≤3 cells in diameter. Aggregates 4–10 cells in diameter were con-
sidered large Leydig cell aggregates. Epididymis slides were also evaluated for test
chemical related changes. General morphological changes were recorded using a
semi-quantitative, 5-step grading system ranging from minimal (grade 1) to severe
(grade 5). Slides were initially examined by the primary pathologist (Dr. Gabrielle
Willson, Experimental Pathology Laboratories, Inc.) and then a secondary evaluation
was  conducted by a peer reviewing pathologist (Dr. Dianne Creasy, Huntingdon Life
Sciences,) utilizing a semi-blinded method of evaluation. This process involved an
initial review of the slides with knowledge of positive and negative control groups so
that potential test chemical changes could be identified, followed by a blinded eval-
uation (without knowledge of treatment group) of all animals. Following decoding
of  the blinded evaluation, any differences of opinion were discussed and a consensus
diagnosis reached.


2.7. Testosterone analysis


Testosterone concentrations are influenced by a variety of exogenous factors,
including time of day, temperature, age, etc. Thus, concurrent control animals were
included in the necropsy for each treatment group and necropsy of control and
treated animals were staggered each day. Analysis of statistical differences in testos-
terone was performed using concurrent controls (control animals sacrificed on the
same day as treated animals).


A modified version of Parks et al. [13] was used to measure testosterone in the
PND 49 testes to accommodate the increased size of tissue from these older animals.
One testis from each pair was placed in a 20 mL  glass vial and homogenized with a
plastic pestle in 500 �L of deionized water. The homogenate was extracted 2 times
with 3 mL  of diethyl ether (total extraction volume of 6 mL), vortexed for 20 s, and
allowed to separate for 10 min. Samples were snap-frozen in an acetone/dry ice bath
until the aqueous fraction was  frozen. The diethyl ether fraction was then poured
into a clean glass tube and the ether was allowed to evaporate by placing the tubes
in  a fume hood overnight. Samples were reconstituted in 250 �L of extraction buffer
provided with the testosterone ELISA kit (Neogen Corporation, Lexington, KY). An
aliquot (50 �L) of each testis sample was analyzed with the testosterone ELISA kit.


2.8. Analytical chemistry

2.8.1. Standard preparation
Stock solutions of all internal standards were prepared gravimetrically in


HPLC grade acetonitrile and stored at 4 ◦C. Final concentrations of all stock solu-
tions, including MiNP-G, were confirmed by HPLC with UV/Vis detection (230 nm
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ignal,  360 nm reference). All internal standards analyzed presented no observable
ontamination related to the other metabolites.


.8.2. Analysis of DiNP and DBP in feed
Stock solutions were made gravimetrically for both DiNP (Jayflex) and DBP


Sigma–Aldrich, St. Louis, MO) in hexane (Pesticide grade, Mallinckrodt, Phillips-
urg, NJ). Standards were prepared by spiking control diet samples (approximately


 g per standard) with known amounts of either DiNP or DBP. All standards were
repared and analyzed on the same day as sample analysis. For diet concentration
erification, diet samples (approximately 1 g) were added to screw-top test tubes
ith 5 mL  of hexane. For each diet concentration, a top, middle, and bottom sam-
le of the feed mix  was  prepared in triplicate for analysis. Samples were extracted
or 1 h with constant agitation before placing aliquots of the supernatant in snap-
ap microfuge tubes and centrifuging at ∼10,600 × g for 5 min. Samples were then
nalyzed using an Agilent 6890 GC/FID with a RTX-1, 100% dimethyl polysiloxane
olumn 60.0 m × 320 �m × 0.25 �m (Restek, Bellefonte, PA). The front inlet was set
t  280 ◦C with a pressure of 19.20 psi and split ratio 1:5. The oven program was as
ollows: 150 ◦C for 3 min  and 30 ◦C/min to a final temp of 300 ◦C held for 7 min. Total
un time was  15 min.


.8.3. PND 2 plasma sample analysis
Plasma samples were mixed 2:3:5 of sample:water:acetonitrile and spiked with


 known amount of the isotopically labeled internal standard stock solutions of
3C MiNP, 13C MHiNP, 13C MOiNP, and 13C MCiOP. Samples were briefly vortexed,
llowed to stand at room temperature for 5–10 min  then centrifuged at 10,000 × g
or  5 min. The supernatant (50 �L) was mixed with 200 �L of 0.1% formic acid in
ater in a silinated vial insert. Vial inserts were placed into labeled autosampler


ials, capped, and analyzed using the instrumental parameters described below.
Samples were analyzed using an API 3000 triple quadrupole mass spectrometer


Danaher, Washington, DC) with a LC200 Perkin Elmer HPLC system (Perkin Elmer,
altham, MA)  as described elsewhere [19].


.9. Statistical analysis


The statistical analysis of the incidence data (e.g., presence of nipples) was  per-
ormed using the jackknife approach described by [20]. Haseman and Kupper [21]
eport that this estimator is almost fully efficient for the nested (non-binomial)
istributions encountered because of litter effects and that it provides a good
escription in the small sample size case because litters are weighted according
o  size. For comparing a treated group to its control group (groups labeled 1 and 0,
espectively):


(ptilda1 − ptilda0)


(Stilda2
1 + Stilda2


0)
1/2


s distributed as an approximate t-distribution (with l1 + l0 − 2 degrees of freedom); it
as  used to estimate p-values and assess significance of the difference in proportions


f  affected fetuses across the two groups. Here, ptildai is the jackknife estimator of
he probability of response in group i, Stildai is its standard error, and li is the number
f  litters in group i (see Haseman and Kupper [21]).


The variability of the continuous pup responses within litters was  substantially
ess than the variability across litters. Therefore a standard (non-nested) one-way
NOVA was  conducted to assess treatment differences for the continuous measures.
he  parameter associated with each litter was the mean across pups within that
itter. Any adjustments (e.g., AGD scaled by body weight to the 1/3 power) were
erformed for each pup before computing the litter average.


. Results


.1. Maternal body weight, food consumption, and calculated
ose


Maternal body weight was decreased in the 11,400 ppm DiNP
ose group on GD 20, PND 2 and PND 14 (Table 1). Weight gain in
estation (GD 10–20) was also significantly decreased (p < 0.001).
ood consumption was decreased in the high dose DiNP group
Table 1), indicating that food palatability may  be responsible
or reduced maternal weight. Food consumption and maternal
eight measurements, as is the traditional practice, allowed back-


alculation of daily dose for each dose group (Fig. 2). Actual
aternal doses during gestation were similar to the target doses

f 50, 250, 750 DiNP and 500 DBP (Table 1). However, doses to
he lactating rat were >2-fold higher than the target doses due to
ncreased food consumption and decreased body weight following
arturition (Table 1).
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3.2. Effect of DiNP on male pup development


3.2.1. PND 2
The average body weight of male pups was only significantly


decreased (p < 0.01, 1-way ANOVA) in the high dose DiNP group
(11,400 ppm). Absolute testis and epididymis weights were not
altered in any of the treatment groups (Table 2). However, when
adjusted for body weight, testis weight in pups exposed to DBP
in utero was significantly reduced compared to controls (p < 0.05,
1 way  ANOVA, Dunnett’s post-test). Scaled AGD (absolute AGD
divided by the cube root of the BW [22,23]) was also significantly
reduced compared to controls (Table 2).


Generally, there was an increased incidence of MNGs in the
seminiferous cords and Leydig cell aggregation in the testicu-
lar interstitium with both DBP and DiNP treatment (Table 3 and
Fig. 3A–C). An apparent increased incidence and severity of Leydig
cell aggregation was observed in the testes from the 3800 ppm and
11,400 ppm DiNP treatment groups. When evaluated using a 1-way
ANOVA (Dunnett’s post-test), the increase in Leydig cell aggre-
gates was  only significant in the 11,400 ppm DiNP group (Table 3).
The number of animals with MNGs was significantly increased
in both the 3800 and 11,400 ppm DiNP group (p < 0.05 and 0.01,
respectively). In the DBP group, Leydig cell aggregation and MNG
induction were increased compared to controls. Increased numbers
of gonocytes were found in 5 of the 21 DBP animals (Table 3). When
the number of MNGs was  counted in each section, the number of
MNGs per animal was significantly increased over controls in the
11,400 ppm DiNP and 7600 ppm DBP groups (Fig. 3D).


Segmental dilation of the epididymal ductus, associated with
thinning of the epithelial lining, occurred in 2 DBP pups. This effect
was  absent in animals from the control or DiNP dose groups. In the
high dose DiNP and DBP groups, there was a possible decrease in
the number of ductular profiles. However, due to the difficulty in
obtaining consistent tissue sections from the PND 2 epididymides,
a definitive conclusion could not be made for this endpoint.


In all groups, some animals had macroscopic evidence of hem-
orrhage within the testes on PND 2. Three animals (1 control, 2
DBP treated) had a single testis that was dark red and filled with
blood. Additional animals in the control and treatment groups had
focal lesions visible on the surface of the testes (petechia). No dif-
ference was observed across control and treatment groups (data
not shown).


3.2.2. PND 14
PND 14 pups were weighed and examined for nipple devel-


opment and alterations in AGD. Only the DBP group showed a
significant increase in nipple/areola development on PND 14. DBP
caused a significant decrease in both absolute and body weight
adjusted AGD. Pups in the 11,400 ppm DiNP group had reduced
absolute and scaled AGD (Table 2).


3.2.3. PND 49–50
Despite the decreased weight of pups at 3800 and 11,400 ppm


DiNP during dosing (Table 2), the body weights of male offspring
were not significantly different between the DiNP treatment groups
and control animals on PND 49–50, i.e., 28–29 days after cessation
of dosing (Table 4). Relative testis and epididymis weights were
similar to controls in all treatment groups at this time (including
DBP). Only the LABC, ventral prostate, and seminal vesicles with
were statistically significantly reduced with DBP treatment com-
pared to controls. The absolute weight of the LABC was  altered at
11,400 ppm DiNP. However, when adjusted for bodyweight, no dif-


ferences were seen between the control and DiNP treatment groups
at any dose.


No difference was observed in AGD of control, DiNP or DBP  rats
on PND 49–50 (Table 2). Only DBP caused an increase in nipples
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Table  1
Maternal body weights, calculated daily dose and pup body weights.


Day Control 760 ppm DiNP 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


Maternal Wt  (g) GD 20 377 (32) 367 (34) 367 (30) 345 (24)** 366 (34)
PND  2 308 (21) 298 (25) 292 (24) 270 (21)*** 294 (27)
PND  14 334 (24) 330 (24) 321 (25) 287 (32)*** 324 (34)


Maternal Wt  gain (g) GD 10–20 100 (16) 96 (18) 94 (23) 70 (23)*** 93 (28)
PND 2–14 26 (11) 32 (11) 30 (17) 17 (19) 29 (13)


Average food
consumptiona (g/day)


GD 13–20 24 (2) 24 (2) 24 (2) 20 (3)*** 27 (3)
PND 2–14 53 (7) 49 (4) 47 (6)* 38 (4)*** 53 (7)


Average maternal
dosea (mg/kg-day)


GD 13–20 N/A 56 (8) 288 (47) 720 (138) 642 (79)
PND  2–14 N/A 109 (25) 555 (123) 1513 (273) 1138 (274)


Values shown for mean (SD) DiNP treated (n = 20/DiNP treatment group), DBP treated (n = 21) and control (n = 24) dams.
a Calculated for each dam based on individual BW and food consumption measurements (measured 4×/week), then averaged over gestation (GD 13–20) or lactation (PND


2–14).
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* p < 0.05, 1-way ANOVA with Dunnett’s post-test.
** p < 0.01, 1-way ANOVA with Dunnett’s post-test.


*** p < 0.001, 1-way ANOVA with Dunnett’s post-test.


p < 0.001, 1 way ANOVA, Dunnett’s post-test). PPS score was not
ltered with any of the DiNP treatments. The average PPS score was
educed from 2.8 (nearly complete separation) in control animals to
.0 (prepuce no longer attached to tip of glans, but not completely
eparated) with DBP, which may  indicate delayed puberty. How-
ver, as preputial separation was not complete in the control rats,
he diagnosis of delayed puberty from this study is not definitive.


Except for a low incidence of flaccid epididymis (2/111), there
ere no epididymal effects in control animals (Table 5). In the DBP


roup, 2 animals had agenesis of the epididymis (complete lack of
ubules), 9 had an incomplete (hypoplastic) epididymis and 17 had
t least one epididymis characterized as flaccid (abnormally soft
ith a fatty appearance). The only statistically significant alter-


tions in epididymal development were flaccid epididymis and
ncomplete epididymis in the DBP treatment group. In the DiNP
reatment groups, there were no instances of epididymal agenesis
r atrophy and no statistically significant alterations in flaccid or
ncomplete epididymis.


One animal from the DBP group had a unilateral undescended,
uid-filled testis and another had an atrophic testis associated


ith the atrophic epididymis. Histopathology of the atrophic testis


nd epididymis revealed necrosis, inflammation and mineraliza-
ion of the testis and the entire epididymis. DiNP treatment was
ot associated with atrophic or enlarged testes. One animal from
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each of the 760 and 3800 ppm DiNP treatment groups had a single
undescended testis. However, there were no undescended testes in
the 11,400 ppm DiNP group. There were no statistically significant
testisticular effects in DiNP treated animals.


Reduced gubernacular cord length associates with cryp-
tochidism (undescended testes). Gubernacular cord length was not
reduced with either DBP or DiNP. No malformations of the guber-
nacular cord (agenesis, atrophy, unattached gubernacular cord,
etc.) were observed in any of the treatment groups.


DBP caused hypospadias in 9 rats, of which 3 rats had an exposed
os penis. One animal from the control group and two  animals from
the high dose DiNP group had slight or borderline hypospadias.
The severity of the effect with DiNP was  much less in comparison
to the DBP animals. Hypospadias are uncommon in control rats and
this case was extremely mild. The alteration observed in the penile
morphology of the control rat is likely due to the incomplete PPS
also noted in the animal, rather than a permanent malformation.
One of the mild hypospadias in the DiNP group was also associated
with incomplete PPS.


There were no significant differences in testosterone levels of


PDN 49 pups exposed to DBP or DiNP from GD 12 to PND 14 when
compared to concurrent or combined controls (Table 2).


Histopathological evaluations for PND 49–50 testes in DBP ani-
mals (Table 6) showed one rat with marked tubular dilation, and


760 ppm DiNP


3800 ppm DiNP


11400 ppm DiNP


128


7600 ppm DBP


l Day
60, 3800 and 11,400 ppm DiNP or 7600 ppm DBP from GD 12 to PND 14. Points and
.
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Table  2
Effects on development in PND 2, 14, and 49–50 male rats after administration of DiNP or DBP in the diet from GD 12 to PND 14.


Day Control 760 ppm DiNP 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


Litters 24 20 20 20 21
Live  pups PND 2 287 244 237 232 249
Live  pups/litter PND 2 12 12 12 12 12
Male  pup weight (g) PND 2 8.3 (0.2) 8.2 (0.2) 7.8 (0.1) 7.3 (0.2)** 8.0 (0.2)


PND  14 37.7 (0.8) 36.9 (0.8) 34.1 (1.0)** 27.5 (0.7)*** 36.8 (0.5)
PND  49–50 299 (5) 302 (5) 297 (5) 286 (5) 305 (5)


Absolute AGD (mm) PND 2 4.58 (0.09) 4.68 (0.07) 4.58 (0.09) 4.35 (0.1) 4.09 (0.08)***


PND 14 11.39 (0.19) 11.21 (0.26) 10.80 (0.18) 9.57 (0.27)*** 10.36 (0.16)**


PND 49–50 36.02 (0.49) 36.75 (0.44) 36.47 (0.61) 35.20 (0.38) 35.85 (0.34)


Scaled  AGD
(AGD/BW1/3)


PND 2 2.27 (0.04) 2.32 (0.03) 2.31 (0.04) 2.24 (0.04) 2.04 (0.04)***


PND 14 3.40 (0.04) 3.37 (0.07) 3.34 (0.04) 3.17 (0.08)* 3.11 (0.04)**


PND 49–50 5.40 (0.06) 5.48 (0.07) 5.47 (0.08) 5.34 (0.05) 5.33 (0.06)


Testis  Wta (% BW) PND 2b 0.046 (0.002) 0.043 (0.001) 0.046 (0.002) 0.044 (0.002) 0.037 (0.002)*


PND 49–50 0.432 (0.007) 0.427 (0.007) 0.447 (0.009) 0.436 (0.007) 0.440 (0.010)


Epididymisa Wt  (%
BW)


PND 2b 0.027 (0.001) 0.024 (0.002) 0.025 (0.003) 0.027 (0.003) 0.022 (0.002)
PND 49–50 0.070 (0.002) 0.071 (0.003) 0.070 (0.002) 0.071 (0.002) 0.065 (0.002)


Testis  testosterone (ng/testis) PND 49–50 28 (3) 23 (3) 29 (4) 23 (3) 26 (3)
Testis  testosterone (% control) PND 49–50 100 (8) 82 (8) 105 (15) 87 (10) 89 (12)
Gubernacular cord length (mm)  PND 49 4.3 (0.1) 4.8 (0.1)* 4.4 (0.1) 4.6 (0.1) 4.5 (0.2)


Nipples/areolaec


(ave #/pup)
PND 14 1.8 (0.4) 1.7 (0.3) 1.9 (0.3) 2.1 (0.3) 5.8 (0.8)***


PND 49–50 0.6 (0.3) 0.8 (0.2) 0.4 (0.1) 0.4 (0.1) 2.5 (0.5)***


Mean (SE) from DiNP (n = 20/group), DBP (n = 21) and control (n = 25) litters unless otherwise noted.
a Individual weights for left testis and left epididymis.
b n = 19 for control animals, n = 16 for DiNP treatment groups, n = 17 for DBP treatment.
c Nipples/areolae based on visual identification – no histology confirmation.
*
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p < 0.05, 1-way ANOVA with Dunnett’s post-test, using litter as statistical unit.
** p < 0.01, 1-way ANOVA with Dunnett’s post-test, using litter as statistical unit.


*** p < 0.001, 1-way ANOVA with Dunnett’s post-test, using litter as statistical unit.


hree rats, sampled due to macroscopic abnormalities (fluid-filled),
ith moderate to marked unilateral dilation of the testis and rete


estis. Compared with controls, the DBP group had an increased
ncidence of tubule malformation. Minimal numbers of multin-
cleated germ cells, reflecting germ cell degeneration (which is
nrelated to multinucleated germ cells observed on PND 2), were
lso present in a few tubules in 3 rats from the DBP treatment
roup. The incidence of testes with tubular dilation and occasional
trophic tubules were similar to controls in all of the DiNP treat-
ent groups. One rat in the high dose group had minimal numbers


f multinucleated germ cells in occasional tubules. There were no
bnormalities in Leydig cell morphology in DBP or DiNP treatment
roups.


In the DBP group, one rat had failed development of the
pididymis (aplasia), with no ducts present in the section and
wo rats had slight interstitial edema. When animals that were
ampled due to macroscopic abnormalities were examined, an
dditional DBP rat had aplasia and two additional rats showed


nterstitial edema. DBP treatment also caused a slight increase
n incidence and severity of segmental ductular dilation. DiNP
reatment was not associated with altered histopathology of the
pididymis.


able 3
istopathology findings in PND 2 testes.a


Control 760 ppm DiN


Number of animals examined 24 20 


#  Animals with MNGs 1 2 


# Animals with large Leydig cell aggregates 4 4 


# Animals with increased number of gonocytes 0 0 


airwise tests for differences between treated and control groups performed using the j
20,21].


a Histopathology was  evaluated in the testis of one male pup per litter.
* p < 0.05.


** p < 0.01.

3.3. Metabolite analysis in neonatal plasma


Plasma was collected from a subset of PND 2 pups and analyzed
for metabolites of DiNP and DBP. MiNP and its three major oxidative
metabolites, monohydroxyisononyl phthalate (MHiNP), monocar-
boxyisooctyl phthalate (MCiOP), and monooxoisononyl phthalate
(MOiNP) were present in plasma samples DiNP treated animals
(Table 7). MBP  was present in DBP treated animals. None of the
measured metabolites were detected in the plasma of control ani-
mals.


4. Discussion


4.1. Pup dose


We observed a dose-related increase in DiNP metabolites in PND
2 pup plasma for the DiNP treatment groups. MBP  was  present in
the pups from the DBP treatment group (Table 7). However, the pup


plasma levels were low in comparison to published fetal concen-
trations [19,24].  In a recent study, 50 mg/kg-day DiNP administered
via oral gavage resulted in peak fetal plasma levels of 20 �M MiNP
[19], which is more than 100-fold higher than the levels achieved in


P 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


20 19 21
7* 18** 21**


8 19** 18**


0 0 5*


ackknife methodology for estimating and comparing proportions of affected pups
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Fig. 3. MNGs and LC aggregates in PND 2 testes after administration of DiNP or DBP in the diet from GD 12 to PND 2. Photomicrographs of testes sections stained with H&E
from  the (A) control, (B) 11,400 ppm DiNP, and (C) 7600 ppm DBP treatment groups. Images are shown at 40× magnification. (A) Control testes with Leydig cells distributed
around  tubules, occasional small Leydig cell clusters, and mononucleated gonocytes. Scale bar is 100 �m.  Scale is the same for all photomicrographs. (B and C) Testes from
DBP  and high dose DiNP treatment groups with large Leydig cell aggregates (*) and increased frequency of binucleated and multinucleated gonocytes (designated by arrows).
(D)  Total number of MNGs was  counted in testis sections from all litters. Bars represent mean ± SE of the MNGs counted in one section of testis (5 �M) obtained from 1
fetus/litter. ***p < 0.001, 1 way ANOVA with Dunnett’s post-test.


Table 4
Body and organ weight in PND 49–50 male rats after administration of DiNP or DBP in the diet from GD 12 to PND 14.


Control 760 ppm DiNP 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


Body Wt  (g) 297 (5) 302 (5) 296 (5) 287 (5) 305 (5)


R  testis (g) 1.28 (0.02) 1.30 (0.02) 1.30 (0.02) 1.25 (0.03) 1.35 (0.02)
R  testis (% BW) 0.43 (0.01) 0.43 (0.01) 0.44 (0.01) 0.44 (0.01) 0.44 (0.01)


L  testis (g) 1.28 (0.02) 1.28 (0.02) 1.32 (0.03) 1.25 (0.02) 1.34 (0.03)
L  testis (% BW) 0.43 (0.01) 0.42 (0.01) 0.45 (0.01) 0.44 (0.01) 0.44 (0.01)


R  epididymis (g) 0.21 (0.01) 0.23 (0.01) 0.22 (0.01) 0.21 (0.01) 0.21 (0.01)
R  epididymis (% BW)  0.07 (0.002) 0.08 (0.002) 0.07 (0.003) 0.07 (0.002) 0.07 (0.002)


L  epididymis (g) 0.21 (0.01) 0.22 (0.01) 0.21 (0.01) 0.20 (0.01) 0.20 (0.01)
L  epididymis (% BW)  0.07 (0.002) 0.07 (0.003) 0.07 (0.002) 0.07 (0.002) 0.07 (0.002)


Seminal  vesicles (g) 0.47 (0.02) 0.46 (0.01) 0.48 (0.02) 0.42 (0.02) 0.36 (0.02)***


Seminal vesicles (% BW)  0.16 (0.004) 0.15 (0.01) 0.16 (0.01) 0.15 (0.01) 0.12 (0.01)***


Ventral prostate (g) 0.24 (0.01) 0.26 (0.01) 0.24 (0.01) 0.22 (0.01) 0.21 (0.01)
Ventral  prostate Wt (% BW)  0.08 (0.002) 0.09 (0.003) 0.08 (0.003) 0.08 (0.002) 0.07 (0.003)**


Glans penis (g) 0.09 (0.002) 0.09 (0.002) 0.09 (0.003) 0.09 (0.003) 0.09 (0.002)
Glans  penis (% BW)  0.03 (0.000) 0.03 (0.001) 0.03 (0.001) 0.03 (0.001) 0.03 (0.001)


LABC  (g) 0.61 (0.01) 0.61 (0.01) 0.58 (0.02) 0.55 (0.01)** 0.51 (0.01)***


LABC (% BW)  0.21 (0.004) 0.20 (0.004) 0.20 (0.004) 0.19 (0.004) 0.17 (0.01)***


Cowper’s glands (g) 0.05 (0.001) 0.05 (0.002) 0.05 (0.002) 0.05 (0.002) 0.04 (0.002)
Cowper’s glands (% BW)  0.02 (0.000) 0.02 (0.001) 0.02 (0.001) 0.02 (0.001) 0.01 (0.001)


Adrenals  (g) 0.04 (0.001) 0.04 (0.002) 0.04 (0.001) 0.04 (0.001) 0.04 (0.001)
Adrenals  (% BW)  0.01 (0.000) 0.01 (0.001) 0.01 (0.000) 0.01 (0.000) 0.01 (0.000)


Kidney  pair (mg) 2.64 (0.06) 2.68 (0.04) 2.70 (0.05) 2.55 (0.06) 2.59 (0.05)
Kidney  pair (% BW)  0.89 (0.01) 0.89 (0.01) 0.91 (0.01) 0.89 (0.01) 0.85 (0.01)*


Liver (mg) 15.54 (0.41) 16.21 (0.40) 15.41 (0.36) 15.26 (0.37) 16.13 (0.455)
Liver  (% BW)  5.23 (0.07) 5.37 (0.06) 5.21 (0.07) 5.32 (0.07) 5.29 (0.086)


Values shown for mean (SE) for all control (n = 24) and DiNP (n = 20/dose) or DBP exposed (n = 21) litters, unless otherwise specified.
* p < 0.05, 1-way ANOVA with Dunnett’s post-test, using the litter as the statistical unit.


** p < 0.01, 1-way ANOVA with Dunnett’s post-test, using the litter as the statistical unit.
*** p < 0.001, 1-way ANOVA with Dunnett’s post-test, using the litter as the statistical unit.
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Table  5
Reproductive malformations in PND 49–50 male rats after administration of DiNP or DBP in the diet from GD 12 to PND 14.


Control 760 ppm DiNP 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


Epididymal agenesis
(Incidence, total pups) 0/111 0/87 0/83 0/84 2/84
(Incidence, total litters) 0/24 0/20 0/20 0/20 2/21


Incomplete epididymis
(Incidence, total pups) 0/111 2/87 0/83 0/84 9/84
(Incidence, total litters) 0/24 2/20 0/20 0/20 8/21**


Flaccid epididymis
(Incidence, total pups) 2/111 3/87 8/83 4/84 17/84
(Incidence, total litters) 2/24 2/20 4/20 3/20 7/21*


Undescended testes
(Incidence, total pups) 0/111 1/87 1/83 0/84 1/84
(Incidence, total litters) 0/24 1/20 1/20 0/20 1/21


Unilateral enlarged testisa


(Incidence, total pups) 0/111 0/87 1/83 0/84 5/84
(Incidence, total litters) 0/24 0/20 1/20 0/20 5/21*


Atrophic testis/epididymis
(Incidence, total pups) 0/111 0/87 0/83 0/84 1/84
(Incidence, total litters) 0/24 0/20 0/20 0/20 1/21


Hypospadias
(Incidence, total pups) 1/111b 0/87 0/83 2/84b 9/84
(Incidence, total litters) 1/24 0/20 0/20 1/20 5/21


Exposed Os
(Incidence, total pups) 0/111 0/87 0/83 0/84 3/84
(Incidence, total litters) 0/24 0/20 0/20 0/20 1/21


Absent  seminal vesicles
(Incidence, total pups) 0/111 0/87 0/83 0/84 1/84
(Incidence, total litters) 0/24 0/20 0/20 0/20 1/21


Pairwise tests for differences between treated and control groups performed using the jackknife methodology for estimating and comparing proportions of affected pups
[20,21].


a Unilateral enlarged testis (left or right) defined as weight > 150% of average control (≥2 g).
b Very slight/borderline hypospadias.
* p < 0.05.


** p < 0.01.


Table 6
Histopathology findings in PND 49–50 testes.a


Control 760 ppm DiNP 3800 ppm DiNP 11,400 ppm DiNP 7600 ppm DBP


Number examinedb 24 20 20 20 26
Tubular/rete dilation 1 0 0 1 4b


Occasional atrophic tubules 2 1 0 1 6
Tubular  dysplasia 0 0 0 0 1
Multinucleate germ cells 0 0 0 1 3
Necrosis/hypoplasia/mineralization 0 0 0 0 1c


No statistical differences were found in DiNP or DBP treated rats using 1-way ANOVA.
a Histopathology was  evaluated in the testis of one male pup per litter and tissues with macroscopic findings.
b Includes tissues with macroscopic findings (3 pups from DBP group sampled for enlarged or fluid filled testis).
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c Tissue sampled for macroscopic findings (atrophic testis).


he pups from lactating dams given a similar dose (760 ppm DiNP


r 81 mg/kg-day). Similarly, MBP  levels in the PND 2 pups were
pproximately 3 �M,  while fetal plasma levels were 45 �M with
imilar exposure conditions [28] (7600 ppm DBP in diet from GD


able 7
up plasma concentrations of MBP, MiNP and MiNP metabolites on PND 2.a


DiNP 760 ppm DiNP 3800 pp


MiNP (�M)  0.02 ± 0.13 0.13 ± 0.15 


MCiOP (�M)  1.7 ± 1.1 7.8 ± 3.6 


MHiNP (�M) 0.1 ± 0.0 0.27 ± 0.14 


MOiNP (�M)  0.0 0.07 ± 0.06 


MBP  (�M)  


a MiNP, MHiNP, MOiNP and MBP  levels near the limit of detection (<3-fold signal:noise

12–19). There are no studies of lactational transfer of DiNP and


DBP. However, the low milk:plasma ratios of phthalate monoesters
[26,27] indicate, in agreement with our pup dosimetry, that pup
dose from suckling is likely to be very low.


m DiNP 11,400 ppm DBP 7600 ppm


0.49 ± 0.28
14.5 ± 3.5
0.45 ± 0.18
0.15 ± 0.05


2.81 ± 2.31


 ratio).
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.2. Food consumption and palatibility


The concurrent reduction in food consumption indicates that
ood palatability is likely responsible for reduced weight gain in
1,400 ppm DiNP dams. When DiNP was administered via oral gav-
ge at doses up to 900 mg/kg-day during gestation, no alteration
n maternal or fetal bodyweight was observed [17,19].  Palatabil-
ty of milk and feed is also likely responsible for the temporary
eduction in bodyweight of the PND 14 pups, as body weight was
ithin control values in either PND 2 or PND 49 pups. In a recent


tudy, Boberg et al. [17] reported reduced pup bodyweights on
ND 13, but not PND 0 or 90, when maternal rats were adminis-
ered 750 or 900 mg/kg-day DiNP via oral gavage. Masutomi et al.
16] had similar findings: PND 27 rats had decreased body weights
fter administration of 4000 ppm and 20,000 ppm DiNP in the diet
rom GD 15 to PND 10, while PND 2 and PND 77 bodyweights were
imilar to controls. Cross fostering studies with diisodecyl phtha-
ate (DiDP) supported the hypothesis that the reduced palatability
f milk contributes to low postnatal bodyweight. Control PND 0
ups cross-fostered to dams administered DiDP at 0.8% in the diet
ad significantly decreased body weights by PND 14, while pups
witched from DiDP to control feed immediately after weaning
xhibited body weight recovery [5].


.3. Dose paradigm for low molecular weight phthlate effects on
exual development


The vast majority of developmental studies performed to eval-
ate the effect of phthalates on the male reproductive tract have
sed oral gavage dosing. Usually the diester exposures to the mater-
al rat occur by daily gavage, starting at GD 12–14 and continuing
ither through the end of gestation (GD 21) or through weaning.
igh gavage doses (>100 mg/kg-day) of diesters such as DBP, DEHP,
nd BBP consistently cause permanent alterations in male rat sex-
al development, including reduced anogenital distance and nipple
evelopment in the postnatal rats (PND 14), and retention of nip-
les, reduced reproductive organ weights, and malformations of
he penis, epididymis and testis in the adulthood. Here, rats were
dministered DBP in the diet at a dose sufficient to induce the suite
f developmental effects observed with oral gavage (500 mg/kg-
ay). The DBP treatment group served two purposes: (1) to compare
ffects of dietary exposure to published data from oral gavage expo-
ures, and (2) to provide a concurrent positive control for the DiNP
ose response studies.


.4. Postnatal effects of dietary DBP exposure


Effects on sexual development of the PND 49–50 male rats
xposed to DBP via the diet were consistent with those reported
reviously for older male rats exposed via oral gavage dosing.
e found reduced AGD, permanent nipple retention, and reduced
eight of seminal vesicles, ventral prostate and LABC well after


essation of dosing. While testis and epididymis weights were not
ltered in this study, this result is consistent with another dietary
tudy [29], which reported no reduction in the testis or epididymis
eight of adult rats after perinatal exposure to 10,000 ppm DBP.


Morphology of the male reproductive tract also exhibited effects
oted previously after gavage administration, including epididy-
al, testis and phallus malformations on PND 49–50 [11]. Agensis


r incomplete epididymis was observed in 13% of the animals
10/21 litters). The phallus malformations were much less severe
han those observed with androgen receptor antagonists (e.g.,


utamide), but were consistent with those observed after DBP
xposure via oral gavage [11,30]. Dietary DBP was  associated
ith hypospadias in 11% of the rats. In comparison, when DBP
as administered to pregnant dams via oral gavage during late

oxicology 35 (2013) 70– 80


gestation or late gestation through lactation, the incidences of
hypospadias ranged from 9 to 40% at a dose similar the current
study (500 mg/kg-day [10,11,31]). The incidence of exposed os (4%)
was  also quite similar to published data (3%) [31]. The effects seen
at PND 49–50 were highly consistent with reported effects in adult
male rats (>PND 90), both in terms of the types of effects observed
and the incidence and severity of the effects. Thus, it appears that
morphological effects present at PND 49–50 are indicative of per-
manent alterations in the male phenotype due to DBP exposure.


The period of greatest susceptibility of the male rat reproductive
tract to DBP is late gestation (GD 12–20). Because fetal exposure is
responsible for the permanent effects observed in adult male rats,
many studies have been performed to define the mechanism of
phthalate toxicity and to identify early indicators of developmental
disruption [10,11,15,31–33]. These studies have identified several
effects in the perinatal rat that are consistently observed with DBP,
including testicular pathology in the fetus and neonate. In the cur-
rent study, PND 2 testes from the DBP treatment group exhibited
the same pathology reported for oral gavage administration (i.e.,
500 mg/kg-day) [15,32], including increased incidence and severity
of large Leydig cell aggregates and MNGs. Collectively, the pathol-
ogy and the morphology results indicate that the dose route does
not significantly affect outcome of perinatal DBP exposure. Both
the temporary effects on neonatal testis pathology and the perma-
nent effects of male reproductive tract development were similar
in scope and severity to those reported previously for oral gavage
studies.


4.5. Postnatal effects of dietary DiNP exposure


In contrast to DBP, none of the DiNP treatments were associ-
ated with increased nipple retention (PND 14 or 49–50), atrophic
testis, or reduced AGD on PND 2. While absolute and scaled AGD
were significantly reduced at 11,400 ppm DiNP on PND 14, this dif-
ference disappeared at later times (PND 49). Two animals from
the high dose DiNP group had slight hypospadias, but the sever-
ity was  notably reduced compared to the DBP animals and similar
to the single case of slight hypospadias observed in the control ani-
mal. There were no statistically significant effects of perinatal DiNP
exposure on development of the reproductive organs (malforma-
tions of epididymis, testis, etc.) of adult male rats.


In the perinatal rat, the statistically significant effects observed
in the testes after DiNP exposure were increased MNGs and LC
aggregates at 3800 and 11,400 ppm DiNP, respectively, in the PND 2
testes. Increased MNGs and LC aggregates [34] have been observed
in the fetal testes of rats given similar doses (250 and 750 mg/kg-
day) via oral gavage [17,19].


Our other findings in the postnatal male rat reproductive tract
were similar to those of previous studies. There were no effects
on AGD in PND 2 rat pups at doses up to 11,400 ppm DiNP
(∼750 mg/kg-day). Likewise, AGD was  not reduced in PND 2 rats
with diet DiNP concentrations up to 20,000 ppm, or oral gavage
doses up to 750 mg/kg-day [3,16,17,34]. On PND 14, the absolute
and scaled AGD were significantly decreased at 11,400 ppm DiNP
(∼750 mg/kg-day), a slightly lower dose than that previously asso-
ciated with reduced AGD on PND 13 (900 mg  DiNP/kg/day [17]). As
noted by Boberg et al. [17], the reduction in AGD on PND 13/14 was
temporary. In the older rats (PND 49–50 or PND 90), absolute and
scaled AGD was not altered with DiNP treatment (>750 mg/kg-day).


As did Gray et al. [3],  we observed very low incidences of repro-
ductive tract malformations with high doses of DiNP. Here, these
effects were not statistically significant or dose-related. Boberg


et al. [17] reported a small increase (3.1 vs. 2.0 nipples per rat) in
nipples on PND 14 that reached significance at 750 and 900 mg/kg-
day. We observed a similar trend – a slight increase in the number
of nipples in high dose DiNP pups on PND 14 (2.1 vs. 1.8 nipples
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n control rats). However, this difference was not significant with
ur sample size (n ≥ 20). Neither the current study nor the study
f Boberg et al. [17] found statistically significant increase in per-
anent nipples. In contrast to both the current study and Boberg


t al. [17], Gray et al. [3] found a statistically significant increase in
ermanent nipples in adult male rats following perinatal exposure
o 750 mg/kg-day DiNP (2/52 rats). The contrasting results between
hese studies may  arise from differences in background incidence.
ray had a background incidence of 0% for areolae on PND 14 and for
ermanent nipples in adult male rats. In our study, Boberg et al. [17],
nd others [35,36],  there was a low background incidence in areo-
ae on PND 14 and/or permanent nipples. The increased number of
nimals used here enhances sensitivity for detecting low incidence
ackground observations. Our results strengthen the conclusion
hat DiNP does not significantly increase permanent nipples over
he background incidence in Sprague–Dawley rats at doses as high
s 750 mg/kg-day.


Lower molecular weight phthalates such as DEHP and DBP cause
 very consistent suite of permanent malformations in the male
eproductive tract that have been referred to as the rat “phtha-
ate syndrome”: nipple retention, cryptorchidism, hypospadias, as


ell as incomplete development (or agenesis) of the testes, seminal
esicles, prostate, vas deferens and epididymis [37]. Manifestation
f these effects varies widely among pups from the same treat-
ent groups. As is the traditional practice, the primary statistics


n the current study were performed for each type of malforma-
ion. An alternative method determines statistical significance of
eproductive malformations using global analysis [3,37] to identify
hether a phthalate behaves similarly to DEHP or DBP in induc-


ng this suite of effects. The results from the current study were
lso evaluated using this global approach. All effects (except PPS
ue to uncertainty in the measurement) observed in the morphol-
gy of the reproductive tract of the DBP or DiNP treated rats on
ND 49–50 were included in the analysis, including: nipple reten-
ion, incomplete and flaccid epididymis, epididymal and testicular
trophy, enlarged and undescended testes, hypospadias (including
light/borderline diagnoses), and absent seminal vesicles. Every rat
hat displayed any malformations of the reproductive tract became


 positive responder, regardless of the type of response (i.e., nip-
les and incomplete epididymis are considered equal). These data
ere then evaluated using the litter as the statistical unit with nest-


ng to account for multiple observations per litter. Using this global
pproach, DBP was statistically different from controls (p = 0.0002).
ll DiNP treatment groups were similar to controls (p > 0.1). Exclu-
ion of borderline hypospadias associated with incomplete PPS did
ot alter statistical significance–only DBP was statistically different


rom controls in all cases. Thus, in this study, there was no evidence
f the rat phthalate syndrome with DiNP at doses up to 11,400 ppm
∼750 mg/kg-day).


.6. Determination of a no effect level (NOEL) for DiNP


We calculated NOELs for three endpoints – increased MNGS on
ND 2, increased LC aggregates on PND 2, and reduced AGD on PND
4 – that were statistically significantly altered in a dose-dependent
anner. The NOEL for alterations in male sexual development


ased on induction of MNGs in the PND 2 testis was 760 ppm
iNP (∼50 mg/kg-day). The NOELs for LC aggregate induction and


educed AGD based on increased incidence in the high dose group
n PND 2 and 14 were 3800 ppm DiNP (∼250 g/kg-day). Each of
hese effects resolved on maturation (i.e., they did not correlate
o alterations in adult rat morphology). Because the biological


ignificance of these temporary observations following DiNP treat-
ents is unclear; the call that they are adverse is questionable.


ndeed, no alteration in fertility or reproductive performance was
bserved in male rats in a two generation reproduction toxicity


[
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study [6] indicating that temporary alteration in perinatal AGD and
testicular morphology observed at the doses used in the current
study (250–750 mg/kg-day) would not negatively affect reproduc-
tion and fertility. In this study, a NOEL based only on statistically
significant effects present in weaned animals would be 11,400 ppm
DiNP (∼750 mg/kg-day).


4.7. Differences in potency of DiNP and DBP


The weight of evidence arising from this study and others [16,17]
indicates that there is a marked difference between DiNP and
DBP in permanent adverse outcomes related to male rat sexual
development. Structural differences could affect the disposition
and clearance of the metabolites or their interaction with cel-
lular targets which lead to down-stream effects on reproductive
tract development. Our recent studies show that the difference in
potency between phthalates with long term effects on the male
reproductive tract (DBP, DEHP) and those with reduced (DiNP) or no
effects (DEP) are not from differential pharmacokinetics (i.e., dose
to the fetal testes) [1,19].  DiNP is simply less potent than DBP and
DEHP, i.e., it has lower potency in causing any adverse responses.
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