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Di(n-butyl) phthalate (DBP) is a commercially important plas-
ticizer and ubiquitous environmental contaminant. Since previous,
limited dose-response studies with DBP that reported alterations
in male reproductive development and function failed to establish
a NOAEL (no-observed-adverse-effect level), an extensive dose-
response study was conducted. Pregnant CD rats were given DBP
by gavage at 0, 0.5, 5, 50, or 100 mg/kg/day (n = 19-20) or 500
mg/kg/day (n = 11) from gestation day 12 to 21. In male offspring,
anogenital distance was decreased at 500 mg DBP/kg/day. Re-
tained areolas or nipples were present in 31 and 90% of male pups
at 100 and 500 mg/kg/day, respectively. Preputial separation was
not delayed by DBP treatment in males with normal external
genitalia, but cleft penis (hypospadias) was observed in 5/58 rats
(4/11 litters) at 500 mg/kg/day. Absent or partially developed
epididymis (23/58 rats in 9/11 litters), vas deferens (16/58 animals
in 9/11 litters), seminal vesicles (4/58 rats in 4/11 litters), and
ventral prostate (1/58 animals) occurred at 500 mg/kg/day. In
110-day-old F, males, the weights of the testis, epididymis, dorso-
lateral and ventral prostates, seminal vesicles, and levator ani-
bulbocavernosus muscle were decreased at 500 mg/kg/day. At 500
mg/kg/day, widespread seminiferous tubule degeneration was seen
in 25/58 rats (in 9/11 litters), focal interstitial cell hyperplasia in
14/58 rats (in 5/11 litters), and interstitial cell adenoma in 1/58 rats
(in 1/11 litters). For this 10-day prenatal (embryonic and fetal)
exposure to DBP, the NOAEL and LOAEL (lowest-observed-
adverse-effect level) were 50 and 100 mg/kg/day, respectively. This
is currently the lowest NOAEL described for the toxicity of DBP.
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plasticizers to impart flexibility to nitrocellulose, polyvinyl
acetate, and products containing polyvinyl chloride. DBP is
also a component of adhesives, coatings for paper and other
materials, printing inks, aerosols, nail polish, and hair spray.
Other prominent uses of DBP are as a lubricating oil, an
antifoaming agent, a skin emollient and a solvent in cosmetics.
In western industrialized countries, annual production of DBP
is 10-50,000 tons, and 1-4 million tons for di(ethylhexyl)
phthalate (DEHP), the most commercially important phthalate
ester plasticizer. DBP is ubiquitous but not very persistent in
the environment, probably because it is rapidly metabolized in
the environment and in exposed animals. The monoester me-
tabolite mono §-butyl) phthalate (MBP), not the parent com-
pound, is believed to be the toxic species, but little is known
about environmental levels. Human exposure occurs primarily
through contaminated food, particularly foods with high-fat
content, that may have been in contact with plastic, inks,
adhesives, and other packaging materials that contain DBP.
In laboratory animals, DBP and some other phthalate esters
elicit liver, testicular, and developmental toxicity at relatively
high doses. Subchronic oral exposure to DBP causes peroxi-
some proliferation and hepatomegaly in rats; the lowest re-
ported NOAEL (no-observed-adverse-effect level) and
LOAEL (lowest-observed-adverse-effect level) for liver effects
are 138 and 279 mg/kg/day, respectively (NTP, 1995). Unlike
DEHP, which is a more potent peroxisome proliferator, DBP
does not induce liver tumors in rats. Following exposure during
major organogenesis, DBP is embryotoxic at 630 mg/kg/day
and is teratogenic at even higher and frankly maternally toxic
doses in rats (Emat al., 1993). DEHP, DBP and some other

Di(n-butyl) phthalate (DBP) is a constituent of a large grouphthalate esters produced extensive testicular toxicity in rats
of chemicals called phthalate esters that are mainly usededgosed to extremely high subacute oral doses (1-2 g/kg/day)

(Cateret al, 1977, Grayet al, 1977) and somewhat lower
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143



144 MYLCHREEST ET AL.

rats, with adults being the least sensitive (Dog]aal_, 1988, mass air-displacement room that was maintained on a 12-h light-dark cycle
Fosteret al. 1980). at approximately 18—-26°C with a relative humidity of 30—-70%.

. . . . Female Sprague-Dawley CD rats, approximately 8 weeks-old, were mated
Exposure to chemicals with hormone- or antihormone-like agvernight at Charles River Laboratories, Inc. (Raleigh, NC), and sperm-

tivity is one possible cause for the alleged decline in male rePisitive females were received at the CIIT animal facility the following

ductive health in humans (Toppat al, 1996) and the increasesmorning. The day sperm was found in the vagina of the mated female was
in reproductive deficits in wildlife (Kendalét al, 1998). These considered gestation day 0 (GD 0). Upon arrival, animals were allocated to
so-called endocrine disruptors are chemicals that interfere wifffe 9roups, using randomization of body weights to ensure equal weight

. . . istribution among groups. Timed pregnant rats were housed individually and
normal male reproductive development in laboratory animals §§Stweamng offspring, in groups of up to 4 by gender and dose group, in

acting like estrogen, antiandrogens, and potentially by Oth&fiycarhonate cages with cellulose fiber chips (ALPHA-dri, Shepherd Spe-
mechanisms. There is growing concern that phthalate esters maly Papers, Kalamazoo, MI) as bedding. Rodent feed (NIH-07, Zeigler
cause endocrine disruption, more so recently since DBP has been., Gardner, PA) and deionized water were providedibitum We used
shown to produce severe alterations in male reproductive de\#ss: rather than plastic, water bottles with Teflon-lined caps.

opment. DBP caused abnormal development of the epididymigreatment. From GD 12 to 21, timed pregnant female rats were admin-

P isas istered DBP (99.8%, Aldrich Chemical Co., Milwaukee, WI) or the corn-oil
and testis in rats eXposed at lower da era neonata"y’ oras vehicle by daily gavage at 1 ml/kg/day between 0830 and 1130. The dose

adults in a Iong-term breedlng StUdy (66' 320, 651 mg/kg/da\X els were 0, 0.5, 5, 50, 100, and 500 mg/kg/day. The stability of DBP in corn
(NTP, 1991), when compared with doses given to adult animalsat the low and high concentrations (0.5 and 500 mg/kg/day) over a 21—day
that produce liver toxicity or other adverse effects. We haweriod was verified by gas chromatography. DBP was stable in corn oil at these
shown that a much shorter exposure throughout gestation &pipentrations, which fell within 4-7% of expected values at the end of the

i _ udy.
lactation at 250750 mg DBP/kg/day also prOduced rnalform%The study was conducted in 2 blocks, each comprising half the total number

tions of reproductlve organs, namely of the epldldymIS, as well Banimals per dose level. The targeted number of pregnant dams delivering
seminiferous tubule degeneration reported in the NTP study (Myters was 10 in the 500-mg/kg/day group and 20 at the other dose levels. Two
chreestt al, 1998). The major period of male sexual differentiadditional dams (one per block) were included and designated as replacements
ation in the rat (days 12-21 of gestation) was a sensitive devleriori in each dose group, should the targeted number of litters not be

opmental window for the reproductive tract malformationgcmeved; these potential replacements were retained only to substitute for

anjmals that were removed from the study (e.g., nonpregnant or dead animals).

degenerativg and prolifer'ative lesions in the testis, feminiz ms were examined for clinical signs of toxicity and their body weights
anogenital distance, and nipple development induced by DBP. WWebrded daily immediately prior to dosing and weekly during lactation. Food
previously proposed that the embryonic/fetal testis is the primamgnsumption of dams was monitored twice weekly throughout the dosing

target and that DBP produces antiandrogenic effects by a|termegiod and during lactation. Dams were killed by carbon dioxide asphyxiation
androgen-signaling pathways during prenatal male sexual diff&fe" their pups were weaned at postnatal day (PND) 21. Tissues were
examined grossly, and weights of liver, kidneys, adrenals, uterus, and ovaries

entiation. DBP disrupts the development of tissues that requifg; , mbers of implantation sites were recorded.

androgens for their differentiation, but it does not do so by dlreCtLitters. On the day of delivery, which was considered to be post-natal day

interaction with steroid receptors (Mylchreestal, 1999). 1 (PND 1), the following end points were recorded: numbers of live and dead
A NOAEL for male reproductive and developmental toxicityups, clinical signs of toxicity, pup weight (by sex and litter), and anogenital

has not been identified for DBP. The current LOAEL is 6@istance (Mylchreeset al, 1999). Litters were weighed weekly by gender

mg/kg/day for absent testis and epididymis, and redugexip during the lactation period. The location and number of nipples and areolas

. . . : ere recorded for each,fale pup on PND 14 by examining the epidermis
W6|ght in the NTP Contmuous'breedmg StUdy (NTP' 199%, the region of the nipples. Observations were scored based on the presence

The purpose of this study was to determine the NOAEL for thg absence of a nipple bud or a discoloration of the skin surrounding the nipple
effects of DBP on male reproductive development in ratse., areola). At weaning (PND 21), pups were identified individually by ear

exposed during the major period of prenatal male sexual dif9 and housed by gender, in groups of 3—4 animals, according to treatment.

ferentiation ion D1 12-21). Th lev If ps were examined daily for vaginal opening or preputial separation (sepa-
erentiation (gestation days [GD] ) e dose le ea§tlion of the prepuce from the glans penis) from PND 30 and 38, respectively,

sglected were 0, 0.5, 5, 50, 100, anq 500 mg DBP/kg/day. 'Iju | acquisition.

highest dose was _Chosen because It, was prewou;ly ShOW,n Wecropsy and pathology of Fanimals. F; pups were killed at sexual
produce reproductive tract malformations and testicular toXigmturity (postnatal day 11@ 10 for males and 8@ 5 days for female) and

ity in the absence of maternal toxicity and fetal death (Mybody weights recorded. The internal and external genitalia were examined for
chreestet al, 1998). The mid-dose levels encompass thealformations and undescended testes. The following organ weights were
LOAELs of 66 and 100 mg DBP/kg/day established in preV[_ecorded: liver, kidneys, adrenals, uterus, ovaries, testes, seminal vesicles with

. . coagulating glands and seminal fluid, epididymides, vas deferens, ventral
ous studies (MyIChree‘ﬂt al, 1999, NTP, 1991)' while the prostate, dorsolateral prostate, and the levator ani-bulbocavernosus muscle

lower dose levels were selected to achieve a NOAEL. complex. The right testis and epididymis were fixed in Bouin’s and embedded
in paraffin; 5um sections were stained with hematoxylin and eosin. Two
transverse sections of the testis (from median and cranial regions) and one
MATERIALS AND METHODS longitudinal section of the epididymis were evaluated for the presence of
lesions. Glycol methacrylate/toluidine blue was used instead of paraffin/he-
Animals. This study was approved by the CIIT Institutional Animal Carenatoxylin and eosin in the preparation of the cranial testis section of two
and Use Committee and followed Federal guidelines for the care and useanimals per litter. Focal proliferative lesions of the interstitial cells were
laboratory animals (NRC, 1996). Animals were housed in a HEPA-filteredlassified using current established criteria: lesions having a diameter greater
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TABLE 1
Reproductive Parameters in Rats Treated with Di(n-Butyl) Phthalate during Late Gestation (GD 12-21)

DBP (mg/kg/day)

0 (n = 20) 0.5 (n = 20) 5° (n = 19) 50 (h = 20) 100 @ = 20) 500 (n = 11)

Body weight gain GD 12-21 1016 3.8 99.5+ 3.8 102.1+ 4.0 102.7= 3.9 93.3+ 3.8 879+ 55
Daily body weights

GD 8 259.8+ 4.3 252.8+ 4.3 257.6+ 4.4 260.1+ 4.3 257.4+ 4.3 253.8+ 5.8

GD 12 285.5+ 4.0 279.3x 4.1 281.9+ 4.2 289.0+x 4.1 281.8+ 4.1 276.1+ 55

GD 16 313.3+ 4.6 304.3+ 4.6 309.5+ 4.7 315.4+ 4.6 304.3+ 4.6 302.9£ 6.3

GD 20 369.6+ 5.4 359.9+ 5.4 366.2+ 5.5 3749+ 54 359.1+ 54 348.7+ 7.3
Daily food consumption

GD 8-19 25.2+ 0.6 247+ 0.6 26.0*= 0.6 26.0+ 0.6 24.2+ 0.6 25.0+= 0.8

GD 20-PND 20 547+ 1.4 56.1+ 1.4 58.4+ 1.5 59.1+ 1.4 57.6x1.4 5.0+ 1.9
Implantation sites per litter 132 0.5 13.0+ 0.5 12.7+ 0.5 13.3+ 0.5 12.7+ 0.5 11.6+ 0.7
Live pups per litter 12.# 0.5 12.2+ 0.5 11.8+ 0.5 12.6= 0.5 12.0= 0.5 11.0= 0.7
Proportion of live male pugs 514+ 3.8 49.9+ 3.8 46.7*+ 3.9 48.7+ 3.8 59.0+ 3.8 47.4+ 5.2
Live pup weight at birth (g)

Males 6.4+ 0.1 6.4*x 0.1 6.8 0.1 6.5+ 0.1 6.5+ 0.1 6.3+ 0.2

Females 6.1 0.1 6.0+ 0.1 6.3+ 0.1 6.0+ 0.1 6.2+ 0.1 5.9+ 0.2
Survival to weaning 99.7+ 0.5 99.6+ 0.5 99.2+ 0.5 98.4+ 0.5 99.6+ 0.5 100+ 0.7
Pup weight at weaning (g)

Males 445+ 1.2 46.9+ 1.2 50.0+ 1.2* 482+ 1.2 48.3+ 1.2 49.0+ 1.6

Females 41.4 1.2 45,0+ 1.2 48.9+ 1.3* 46.4+ 1.3* 46.6+ 1.2* 48.3+ 1.7*

Note.All values are means: SE except for pup weights, which are litter meansSE.

*Parturition was delayed in one dam that delivered one female pup and had one implantation site. Data from this animal were excluded.
®One dam that was not pregnant and had no uterine implantation sites at necropsy on PND 21 was excluded from analysis.

‘One dam died and one was euthanized due to severe dehydration.

“No. male pups/no. pups born alive.

°No. pups at weaning/no. pups born alive.

*Significantly different from controlp < 0.05.

than that of one seminiferous tubule were identified as interstitial cell adenoresd pup weight at birth, or survival to weaning (Table 1). No

while those of lesser diameter were considered interstitial cell hyperplagigdatment-related clinical signs of toxicity were observed. DBP
(Boormanet al., 1987). Degeneration of the seminiferous tubules was grad % . . .
by subjective evaluation of the percentage of tubules affected in the t\% d no effect on liver, kldney’ adrenal, uterus, or ovary WEIth

sections examined microscopically. of dams (data not shown). Female pups were significaptty (
Statistical analysis. The litter was used as the experimental unit unles9-05) heavier than controls in the 5-mg/kg/day group at PND 7
stated otherwise. Statistical analyses were conducted using JMP (SAS Insti@ifi in the 5-, 50-, 100-, and 500-mg/kg/day groups at PND 14
Inc., Cary, NC). Because this study was conducted in 2 blocks (of eqyaksults not shown) and at weaning on PND 21 (Table 1). Male
number of pregnant dams), differences between least-squares estimateﬁl_ﬂﬁ Weights were increased in the 5-mg/kg/day group at PND

mean values were evaluated (F-test). Treatment and block were fixed effects in . . .
the model, while litter (nested for treatment and block) was a random effect. 14 and 21 (Table 1). After weaning, no differences in pup

Body weight was used as a covariate for the analysis of anogenital distarle@dy Weights were seen between treatment and control groups

nipple retention, preputial separation, and organ weight data from the results not shown).
animals. Post hoc contrasts of least squares means of each DBP level and of the

control group were analyzed by an F-test. A logistic regression analysis vwBevelopmental Landmarks
performed on preputial separation data (Fig. 4) and differences between control

and treated groups were evaluated by comparing the slopes of the regressiokxposure to DBP resulted in a statistically significant de-
curves using a 95% confidence interval. The level of significance for all tegipagse (12% lower than controls) in anogenital distance,in F
wasp < 0.05. males at 500 mg/kg/day only (Fig. 1) in the absence of changes
in male pup weight (Table 1, Fig. 1). Anogenital distance was
also significantly reduced when pup weight was used as a
covariate. A dose-dependent increase in the incidence of tho-
racic areola and nipple development was also observed in F
At the dose levels tested, DBP had no statistically significamtales on PND 14 (Fig. 2) and was highly correlated with
effect on maternal body weight or body weight gain, foodnogenital distance, but not with pup weight, on PND 1. At 500
consumption, number of implantation sites, live pups per litteng/kg/day, male pups had nipple buds similar to those of

RESULTS

Reproductive Performance
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d anagen-al dszance W Male pap wzichi and testis weights were only marginally decreased at 500
- - mg/kg/day, and no changes in organ weights were seen at
. ' lower dose levels (Table 2). Enlarged testes (2.7-3.9 g) were
j seen in 1, 2, and 8 animals at 0.5, 100, and 500 mg/kg/day,
X . - i respectively. Testis weight was significantly decreased
(1.589 = 0.053; p < 0.0003) when enlarged testes were
- 35
= = 5 excluded. Liver weight was not significantly affected at any
T __ dose level.
42
b . £ Reproductive Organ Weights in, Females
= - 9]
E 5 ﬁ At sexual maturity, Ffemales showed no treatment-related
§ a changes in body, liver, kidney, adrenal, ovary, or uterus weight
k= . or gross morphology of the reproductive organs (data not
15 shown).
1 Reproductive Tract Malformations
. a Malformations of the male reproductive tract were observed

only at the highest dose level (Fig. 5). Absent or malformed
o epididymis was observed in 40% of the animals (82% of
DOF frighay] litters). The malformed epididymis consisted of missing body
FIG. 1. Anogenital distance at birth (PND 1) in, finale rats exposed to OF head, or tail and head not attached to the rete testis. Twenty-
di(n-butyl) phthalate (DBP) daily from GD 12 to 21. Values are litter means eight percent of males (82% of litters) had an absent or mal-
SE for 19-20 litters per group except at 500 mg/kg/day=(11). Asterisk formed vas deferens and was generally associated with a mal-
represents significant difference from control gropp<( 0.05). formed epididymis. Hypospadia was present in 9% of animals
at 500 mg/kg/day. This malformation of the external genitalia
) ) . consisted of small penis with a cleft on the ventral aspect near
females. The areolas and nipples in the thoracic area were fhe tip and a cleft prepuce in some instances. Two of the 5
most prominent. In contrast to the marked nipple bud devehajformed animals had more severe hypospadias in which the
opment at 500 mg/kg/day, nipple development was more rgs penis was exposed; these animals also had a cleft prepuce.
dimentary at 100 mg DBP/kg/day but was still clearly differentoyr animals had unilaterally absent seminal vesicle. One

from control males. The nipple bud was rarely visible, but gnimal had no ventral prostate and 4 animals (in 3 litters) had
dark spot on the skin was apparent at the position of the nipple,

also mainly in the thoracic area. In the control group, only one
male pup had nipple buds; others had a discoloration of the -
skin in the nipple region, but it was faint and did not show a
predilection for the thoracic area. Typical nipple development ...
in females, and in male pups at 100 and 500 DBP/kg/day NN
compared to a control male, is shown in Figure 3. - & s

No significant change in the age at preputial separation was o
seen at any dose level (Fig. 4). Least squares means, tested _:for .
dose, block, litter, and body weight effects, were 45.0.3, = % "
44.9* 0.4,44.1* 0.4,44.3+ 0.4,45.0+ 0.3,and 44.6- 0.6 ; - -
at 0, 0.5, 5, 50, 100, and 500 mg DBP/kg/day, respectivelyi. =--
Preputial separation could not be evaluated in the 5 animafs
with malformed penis (hypospadia) at 500 DBP/kg/day. Thé‘ -
age of onset of vaginal opening was similar in ajlfemales
(data not shown).

q 05 3 af 10 502

ol

Reproductive Organ Weights in, Males

At sexual maturity, E males in the 500-mg/kg/day group I_JIG. 2. Effect of di(n-butyl) phthal_ate (DBP) treatmen_t during late ges-
tation (GD 12-21) on areola and nipple development innfale rats on

had S|gn|f|cant'ly smaller epldldymldes, dorsolateral prOSta}%stnatal day 14. The ratio of affected to total number of rats or litters is
and levator ani-bulbocavernosus muscle (Table 2)-' Body, K'iqdicated above each bar. Asterisk represents significant difference from con-
ney, adrenal, ventral prostate, vas deferens, seminal vesiete group ¢ < 0.05).



REPRODUCTIVE DEVELOPMENT IN MALE RATS ALTERED BY PRENATAL DBP 147

FIG. 3. Comparison of nipple development in control female (A), male (B), and male pups exposed to DBP from GD 12-21 at 100 (C) and 500 mg/kg/day
(D). Note the prominent thoracic nipple buds at 500 mg DBP/kg/day (D) and the areolas at 100 mg DBP/kg/day (C) compared to the control male, which ha

no visible areolas in the thoracic area (B).

a small intraabdominal testis. Malformations of the externaiterstitial-cell hyperplasia. In one animal, the focal hyperpla-
genitalia, prostate, or seminal vesicles occurred in animals tls& was of a diameter sufficiently large to be considered an
had testicular lesions or malformed epididymis, and affectéaterstitial cell adenoma. The significance of a grade-4 testic-
animals usually had multiple malformations. ular lesion in one animal at 100-mg/kg/day group is equivocal

(see Discussion).
Histopathology

The testicular lesions induced by DBP consisted of seminif- DISCUSSION
erous tubule degeneration, focal interstitial hyperplasia, and
adenoma at 500 mg/kg/day (Table 3) and have been previousiAndrogen-dependent nipple regression was the most sensi-
described morphologically in more detail (Mylchreestal., tive marker of altered male sexual differentiation by DBP.
1998, 1999). Decreased tubule size and partial-to-compl&tellowing 10 consecutive days of oral exposure during the
depletion of the germinal epithelium, usually with retention ahajor period of prenatal male sexual differentiation, a dose-
Sertoli cells, characterized the lesion of the seminiferous tdependent increase in retained nipples occurred in male pups at
bule. At 500 mg/kg/day, 43% of animals (82% of litters) had00 and 500 mg DBP/kg/day. Previously, nipple development
degeneration of the seminiferous epithelium in more than 50#&s seen at 250 and 500 mg DBP/kg/day but not at 100
of tubules (grade 4) in the 2 cross-sections of testis that wang/kg/day (Mylchreesgt al.,, 1999), possibly because the less
examined for each animal. A significant number of theswticeable nipple development at 100 mg/kg/day was previ-
animals (24% of animals in 45% of litters) also had focalusly overlooked. Development of the nipple anlagen is de-
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FIG. 4. Effect of exposure to ditbutyl) phthalate (DBP) during late Sy 1ML e feTemh s lar el peansiz
gestation (GD 12-21) on the onset of preputial separation indfe rats. Data UL L L

are expressed as the percentage of males with preputial separation as a functii}i}G 5

of age. This landmark of pubertal development was evaluated in males W%?BP) in F, male rats following exposure during late gestation (GD 12—21).

gro§s morphologically normal external genitalia, not'ln .?”'ma's W'th hypo alformations occurred only at 500 mg DBP/kg/day. The number of affected
padias. Slopes of all DBP-exposed groups were not significantly different from. . R
control (o < 0.05) animals or litters is indicated above each bar.

Reproductive tract malformations induced byrdi{utyl) phthalate

status during the critical window for imprinting of nipple
pendent on androgen produced by the fetal testis (Imperasexual dimorphismin utero. Whether the nipples found in
McGinley et al., 1986, Neumanmt al., 1970, Neumann and neonatal males were permanent as they are following antian-
Goldman, 1970). Furthermore, nipple retention appears to bdragen exposure was not evaluated in the present study.
very sensitive marker of prenatal exposure to the environmen-Aside from nipple retention at 100 mg/kg/day, other effects
tal antiandrogen vinclozolin (Gragt al, 1999a), p, p—DDE induced by DBP were restricted to the high-dose group. We
(You et al., 1998) and procymidone (Ostley al., 1999). Thus observed decreased anogenital distance, reproductive tract
the development of nipples in male pups exposed to 100 mmalformations, seminiferous tubule degeneration, interstitial
DBP/kg/day can be considered indicative of altered androgeell hyperplasia and adenoma in the testis, and small reproduc-

TABLE 2
Effect of Prenatal (GD12-21) Exposure to Di(n-Butyl) Phthalate on Body and Organ Weights in F; Rats

DBP (mg/kg/day)

0°® (n = 20) 0.5 (h = 20) 5 (O = 19) 50 f = 20) 100 @ = 20) 500 (n = 11)
Males

Body weight () 568.0- 7.5 577.0= 8.2 582.8+ 9.2 586.0+ 8.0 575.2+ 7.2 555.4+ 12.9
Liver (g)° 20.71+ 0.29 20.45+ 0.29 21.24+ 0.30 20.23+ 0.28 20.18+ 0.28 20.04+ 0.41
Kidneys (g) 3.663+ 0.055 3.713+ 0.055 3.694*+ 0.057 3.731+ 0.054 3.583* 0.054 3.506+ 0.079
Adrenals (mg) 58.5- 1.4 59.6+ 1.5 58.9+ 1.5 57.0+ 1.4 559+ 1.4 55.2+ 2.1
Right testis (g) 1.84@ 0.035 1.870+ 0.038 1.834+ 0.043 1.900+ 0.037 1.844+ 0.034 1.701+ 0.061"
Right epididymis (g) 0.644 0.008 0.652+ 0.009 0.645*+ 0.010 0.664*+ 0.009 0.641+ 0.008 0.562+ 0.016*
Vas deferens (g) 0.12% 0.002 0.129+ 0.002 0.128+ 0.002 0.129+ 0.002 0.128+ 0002 0.118+ 0.004
Seminal vesicles (g) 1.6060 0.031 1.668+ 0.034 1.669+ 0.038 1.647+ 0.033 1.636+ 0.030 1.467+ 0.051
Dorsolateral prostate 0.6960.015 0.711* 0.016 0.707+ 0.018 0.704*+ 0.016 0.666+ 0.014 0.579*+ 0.026*
Ventral prostate 0.61& 0.019 0.595*+ 0.021 0.610+ 0.023 0.586+ 0.020 0.597+ 0.018 0.514+ 0.033
Levator ani (g) 1.226- 0.021 1.229+ 0.023 1.194+ 0.026 1.170+ 0.022 1.161+ 0.020 0.933* 0.036*

Note.All weights are litter means: SE.

One litter had four females and no males.

®Malformed reproductive organs were excluded.

‘Liver, kidneys and adrenal weights are means of two randomly selected males per litter.

YMean testis weight was significantly decreased (1.%80.053;p < 0.0003) when enlarged>@ g) right testes were excluded.
*Significantly different p < 0.05) from the control group.
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TABLE 3
Histopathologic Lesions in the Testis of Adult F, MaleRats Exposed Prenatally (GD 12-21) to Di(n-Butyl)Phthalate

DBP (mg/kg/day)

0 0.5 5 50 100 500

No. of animals (litters) examined 134 (19) 118 (20) 103 (19) 120 (20) 140 (20) 58 (11)
Seminiferous epithelium, degeneration:

Gradé

0 129 (19) 111 (20) 100 (19) 117 (20) 133 (20) 27 (8)

1 (minimal) 5(4) 6 (5) 3(3) 3(3) 5(5) 4(3)

2 (mild) 0 1(1) 0 0 1(1) 2(2)

3 (moderate) 0 0 0 0 0 0

4 (severe) 0 0 0 0 1(1) 25(9)
Interstitial cell hyperplasfa 0 0 0 0 0 14 (5)
Interstitial cell adenoma 0 0 0 0 0 1(1)

’Degeneration was estimated for subsequent grading based on the approximate percentage of affected tubules in the 2 cross sections exaneimadeT he perc
of degenerated tubules was greater than 50% (grade 4), 21-50% (grade 3), 6—20% (grade 2), less than 5% (grade 1), or no affected tubules (grade 0). Les
consisted of more than one seminiferous tubule with partial or complete degeneration.

"Hyperplasia was defined as an increase in the number of Leydig cells with focal or irregular distribution.

tive organs in F males at 500 mg/kg/day. Overall, thesg@roduction in the fetal testis exposed to DBP. The Wolffian
observations are in good agreement with our previous studisct may be more sensitive to decreases in testosterone than
showing these effects on male sexual differentiation at 250e urogenital sinus and genital tubercle, which are dihydrotes-
500, and 750 mg/kg/day. The single incidence of severe setosterone-dependent. High levels of testosterone may need to
iniferous tubule degeneration at 100 mg/kg/day may not be doe reached and maintained between GD 17 and 18, the critical
to DBP treatment, since there is a low spontaneous occurrepegiod of Wolffian duct stabilization (Jost al., 1973). Also,
of severe testicular lesions in the Sprague-Dawley rat. the timing of testosterone production may be critical for Wolf-
Preputial separation, a noninvasive marker of androgefimn-duct differentiation, which begins at GD 16.5, concurrent
dependent postnatal pubertal development (Korenbral., with the rise in fetal testosterone in the rat (Warmnal.,
1977), was not affected by DBP exposure from GD 12 to 21984). DBP could possibly interfere with the timing or the
This finding contrasts with previous observations of a delay k&vel of androgen produced by the fetal testis. In contrast,
500 mg DBP/kg/day and an equivocal change at 100 mg/kgjfferentiation of the urogenital sinus and external genitalia in
day (Mylchreeset al.,, 1999) but confirms earlier data revealthe rat begins just prior to birth along with local expression of
ing no statistically significant change in preputial separation B&-reductase, the enzyme that produces dihydrotestosterone
250-750 mg/kg/day (Mylchreest al., 1998). Nipple retention from testicular testosterone. Thus the greater sensitivity of the
and anogenital distance also appear to be the most uséfldlffian duct to DBP may be due to its unique requirements
noninvasive markers of altered male sexual differentiatidor testicular testosterone. In addition to this early develop-
uponin uteroexposure to other chemicals (Grayal.,, 1999a, mental toxicity, the absence of a functional epididymis may
You et al, 1998). contribute to the severe seminiferous tubule degeneration ob-
The incidence of malformed epididymis and seminiferouserved in the adult rats exposiduteroto DBP. Lack of fluid
tubule degeneration (generally occurring in the same animetabsorption by the initial segment of the epididymis causes
was highly consistent across studies with DBP, which is meflux of luminal fluids and increased pressure in the testis that
contrast with the low and variable occurrences of other malan result in severe tubule damage and testicular atrophy (Hess
formations (Mylchreeset al.,, 1998, 1999). Our present obseret al., 1997).
vations thus support those made in the NTP study (NTP, 1991)Evaluation of risk to humans from exposure to DBP should
This outcome suggests that the fetal testis and upper Wolffieonsider its possible toxicity to the developing male reproduc-
duct (the anlage of the epididymis) are more sensitive to DBRe system, since this is the most sensitive toxicity for DBP.
toxicity compared with the urogenital sinus and genital tubeAlthough the effects on male reproductive development de-
cle (the anlagen of the prostate and external genitalia). Sirsm@ibed in our study were seen at relatively high doses, they
testosterone produced by the fetal testis is essential for Watcurred at lower dose levels and with a shorter exposure
fian duct differentiation, potential effects of DBP on fetal testigeriod than any other known toxicity elicited by DBP. For
androgen could lead to impairment of normal Wolffian dudhstance, testicular toxicity occurs after subacute high doses (1
differentiation. We have preliminary evidence of Leydig celyy DBP/kg/day and higher) to neonates, and pubertal or adult
proliferation, germ cell degeneration, and reduced testostergats (Dostalet al., 1988, Fosteret al., 1980, IPCS, 1997).
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Hepatic peroxisome proliferation, which is believed to inducdK MAFF, 1996b). Thus the risk to the human fetus from
liver tumors in rodents, requires chronic high-dose exposuredrposure to DBP is extremely low. Although the human male
DBP. Unlike rats, humans do not appear to respond to per@mbryo/fetus is at low risk from exposure to DBP alone, the
isome-proliferating compounds (Cattlest al, 1998). Thus combined risk associated with exposure to other phthalates
toxicity to male reproductive development may be more rel¢e.g., DEHP) that perturb male sexual differentiation through
vant to humans than liver toxicity of DBP. the same basic mechanism should be considered. In fact, the
MBP is probably the metabolite responsible for abnormaeveloping male reproductive system of rats appears to be
male sexual differentiation in rats exposed to DBP. DBP more sensitive to DEHP than to DBP (Arcadial., 1998, Gray
cleared rapidly from the body; both DBP and MBP cross thet al., 1999b, Pooret al., 1997). Consequently, total exposure
placental barrier but MBP does not accumulate in the rat fettesthose phthalate esters found to be toxic should be considered
(Saillenfait et al., 1998). It has been proposed that specieghen establishing acceptable exposure levels for humans.
differences in pharmacokinetics of phthalate esters may protettiwever, dose-response and NOAELSs for the effects on male
humans against the toxic effects seen in rats. Indeed, at higkproductive development, using the appropriate study design,
dose levels, hydrolysis of DEHP to the monoester metaboliee not presently available for phthalate esters other than DBP,
mono(ethylhexyl) phthalate (MEHP) is much lower in nonhuncluding DEHP.
man primates than in rodents (Rhodetsal., 1986). At low
levels, however, pharmacokinetic differences do not appear to ACKNOWLEDGMENTS
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