EABBREHAEGNE (BEEL - EEESISEL X2 T N VA ABREFE)
H19 EESERRREE

TT AT 4 v 7 HEREROREMIZET 5%
— 7 Z)VEBET ATV DEHP & Z DIEHRBEY MEHP DIL&FEMEFAIFTE—

R EEEENRIZ B9 5 AEBISEIC K 5 MEHP & DEHP oD LL#HSE

SEMRE BARH BEYERAEAEHENER
ReMEYRBRRE ¥ — BHEHER

MAEE

WHEA G 272

EMRMABN TS MEHP I X BB T r 7 74 V&8
BN THELEBIZ. EONEFELYHTIT D FRT 0 b a2 — ERICRIIT
3T L& B#IZ, MEHP OFMICET 2NN DIFERERFIC, BE. B MK,
DM PO TR, MEHP 25 PPAR o DA 725§ PPARy D7 T =R
FThDZ LB LA, PPAR KR, B, ffk, LEEMHICBESLT
ﬂ%m%#otofﬁf\EFZVFUT\M%MﬂWum
CAMP. TEF A2 Y L EREE~OEBRHESATNE T Eh b, Zhb
O PPAR FEIRTFEIRERIC b ERE T HOMENRH S L Bbh i,

A. BIRE®
INECERAESE»OEBEHTHZ LA
G X T ied o7z MEHP 23, Bffic 7z -
T Ho<RBETDHZLICEDTIAT
4 v 7 BERBASEHOEHL TSI L
BEE SN0, ZOMEHP OFHTa 7
7ANDIERT DLENH D, £ Z T MEHP
WKEAEMET B 77 A NVEHALICTS L
EHiT, TORABEZHHETITO>ERT 0 b
a—LYERRICIRIL T Z & % HEYIZ, MEHP
DEHMEICET BRI DOEREINE LT
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%,
B. MRAGE
AAEFEIT, MEHP O—fREEME. ATEEM.
PR, BEHERHAA D = X KBRS
T AERE TOXMOFE LML T
EHTDHELBIC, BHEBTHD LS
RENTWARER, O, HREHE. BF

HIZERZH TTHERIEZITo .
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1) R REN

In vitro DFZRTT v hOEIL N Y KA
RIZFIZHT B MEHP DEBRTAR 5N T
W3, 18 AD F-344 5 v MM LBt
v b UIRE (78-84%) & MEHP 2 %I0¥ %
& MR ATP D L~L3Jb L, S5 H D FLER,
MR EMHEM L, BEARIZONT
TEBIRD LN o7, T har Ry
T D aNg BERKERER IR Ui (BN 4
B4, 3uM O MEHP THEIHEL), =0
MR I barFITHRELNYMEERT
MEHP RH)D— D Th D Z L 2 R&hiz
(Chapin RE et al., 1988),

THICBHELT, D 7 v MiFRBELN
7w bay U TITstd 2 8203 MEHP ©
FARSN TS, MEHP | =7 Bk Rl
FIEM L HFHEICHEELE
(ki=2. 1x10-4M), = 5T, BIILBRIER %R
L7, —75. FIRIZFA~ G- DEHP Tk
InM DRETH ZNODERITR L)
-7= (Melnick RL et al., 1985),

7 v bR UHBRR DOBEREIZ XT3 5 MEHP
DEBBRELIZAILNA TS, F-344 5
v LSRR Y KD FSH-#
BUZ KD cAMP DEFE% MEHP RRAE L /-
(ID50; 2-9u M), F 7= MEHP ITHLEED 5%
fR¥E L 7= (EDSO; 4-12uM), ZH 6D DD
ERDOBREL VIR CTHo T, P,
ATP LUV DR MENP I X D v b Ul
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RTRONEDN, 28 AU EDT v kb
B/BonEL FIBRTIIRON -T2
&b, ATP BANE. in vivo T DEHP
DYERBEF CEERERS TITA2W L HEH L
TV 5 (Heindel J.and Powell CJ, 1992),

%E%¢4z5—3ybmmm%$@
BRHIROFE L, 3, 6. 12 BrRBICHRIC
DWTHRE L7z, Germ cell D4yl & iR
NEEIN, B M BRNTERPET 4
TAVMDERCFURBELE, TUF
B Y x VRBFEDSIIIEA T ) o 12,
Testosterone-repressed—-prostatic
message-2 BARFDOFEIEA, 3 REHI IZHEHN
L7223, 6 BEIIZTTD LNV E T,
FARNR—E-3TEMWN 3 & 12 BT L
oo TNHDOEIMTIT R P— A LBFRL
TELT. BREOEVWNH~—b—LTH
FT#hd & LTS (Dalgaard M et al.,
2001),

FEERTMEHP (2 X %22 2 6T
BvA7aT LA ZHVTREER TN,
KECIIT DI NA—T13HEF344 5 > b 28 A
712 MEHP % 1000mg/kg D A & CHEER O#
H#&. 1. 2, 3. 6. 12 FRRICHERO~<A
7 a7 LA AT % Affymetrix 30D chip &
RAWTER L, &b, BEEICHEMLED
iX Thbsl (thrombospondinl) T -7z, %
Dft, EERF Nrobl, AT 1A NARE
{=F (Cypl7al, StAR), = L RF —A



BB F (Dher?) BSRABRKFINIEIL L
(Lahousse SA et al., 2006),

2) BEE

MEHP DB EEICEE T 55X E LT in
vitro DEBBTHONA TS,
Rothenbacher & I DEHP DREH MRS
ZHE N Z DI, BRE~OEENEH
SN TWRNWZ &I LFRAE B3k D 0K
#HRE (Oppossum (£¥F)
cell) IZ MEHP & B\ id 2-EHP % 0. 1-500 2 M
OYE T 3 B ALz, MEHP IXAfITiR
L BRAEFERD 2R Z Lizh
(ED50=25 1 M) . 2-EHP CTixE iz o fz,
¥ 72 MEHP (I HERQ B HEBRHED F-actin % )8
&7z (Rothenbacher K et al., 1998),

FAYD

kidney epithelial

ERELISMT. MEHP & BREEICBET 280
Rohighrofc, —J. DEHP L BIEEICR
THMXITRD LN,

B6C3F1 < 7 A {Z DEHP % 6000ppm D IRHE T
FRHZ RN L 104 AR 575 L I,
1500ppm THEITIBMEEITHER 7 0 RF—23
RN TV 5 (David RM et al., 2000),

DEHP DEEEIZOWTCPPARa / v 7 TV
F= O 2ZRAVWTEENRALNTWNS,
DEHP % 0. 05 ¥ 721% 0. 01% D E TEHHT
wmmL. 22y ARETHLPPARa / v I T
U b U RATRERBBRBR ORI L
5. PPAR o iXBEMEEIIR L TLe L ABHHE
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BN TWA Z EBRRBENRTWNS
(Kamijo Y. et al., 2007),

MEHP X PPARe D7 I=ZX hTH B Z &I

HHONTVWBA, &l MEHP 73 PPARy 2 1E
BEMHET A2 L BBEINR TV S (Feige
IN et al., 2007),

PPAR & BIEEIZBST A% in vitro T
TR TWA PPARa DT IT=RX h & LT,
WY14623 & 7 a7 ¢ 7 L— k3, PPARy D
7A=RA ML LT, pioglitazone &
ciglitazone SRV O, 3 DD R DL
RAEHIIS T 2 FHRTFALN TS,
Z DR, clofibrate & pioglitazone {Z
X100 u M DR EF THBEFMHRIIR O
Motz, —7F., WY14643 & ciglitazone |&
HERRIEZ M S Z & h b, KMATFEIX PPAR
DOEHAL LB/ L2WES S LHRIL T
V5 (Giral H et al., 2007),

MEHP {2 & 2 BEFOBFIZ OV TIL, 5REF
KRTIRALNATRY, R ha FY 7O
FEENH D Z L 2D RMEED ATP SALFH
ENAE L TRME OBEENEEZ LTS
2b LivZevy, DEHP IZBEL Tid
Na(+)-K+-ATPase 2PRE T2 Z L AWES
TV 5, FHMIEER S TRVAS, 7. 5mg/ke
D DEHP % 7 v MEENEE T D LM, AT,
RBC @ Na(+)-K+-ATPase BFE &7z
(Dhanya CR et al., 2003), Na (+)-K+-ATPase



DIAEIC & 5 BEEICOWCT I/ Bk
AR (oo~ ARNVT R=d
VUE) BRSEHONTWS, fE- T, MEHP
DRHMIE D Na(+)-K+ATPase ¥ FRE L TE
BELEZTAEELERO—2IHITS
NLETHAD, WTHITLTH MEHP DBRE
FEOBFIZ OV TS bR 2 RENRLET
H3s,

3) PR

MEHP DR m R CORBHRIEA.
in vitro DR TO Y AEBMEERAN D
MEHP ODfitd, #AR R T4 5 S EH R S,
XHRIRFR 21T > 72 A3, MEHP OfRIZxt3 28
BhE PRI LBRIT RO SR o7, —F.
MEHP 2 h U b7 7 VBREOBRETH 5 o
—amino- f3
-carboxymuconate—e~semialdehyde
decarboxylase #fHET 5 Z L IT & h #E
BEEEETEIX ) Y CBOEALEETS
LDOBENDHD, L, 7y MTBWT
MEHP X° DEHP 5 TRFD* /) U B
HAHIHE 2 TV A 23, #REEIIRFICRD
LI TWARWO T (Fukuwatari T et al.,
2004) . ZHUZ K D MEHP OfREM NG| X
Bz I TREIEV & Bbih b,

4) B2V T

DEMEZ OV T ORI 2 ERITE) -1z,
OB TIXEWA, in vitro THHES v ME
DFEEFAVTPCE2 R 7T EFLa Y i
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L BINFEERSMEHP I X v B L= D
5N B (Tavares et al., 1985),

E. ¥ |
MEHP DZMRBROXBMBAELFEE. B,
R, DR OISR R, MEHP
D3PPAR @ DA 72 5 FPPARy DT T=2 |
THHZ LPHBALE, L L, PPAR B3KE
B, B #E LEEHECESELTHW5H
DRI EN T, —F T, I bayv
KU 7. cAMP, Na+-K+-ATPase, 7 & F /L2
VU RBBE~DEEPBREINLTNE D
b, T 6D PPAR SERTFRIALERIC
BETOLENRH D L Bbhi,
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The Effects of Mono-(2-ethylhexyl)-phthalate on Rat Sertoli Cell-Enriched Primary Cultures.
CHapPIN, R. E,, GraY, T. J. B, PHELPS, J. L., AND DUTTON, S. L. (1988). Toxicol. Appl. Phar-
macol. 92, 467-479. There is considerable evidence from in vivo studies that the Sertoli cell is
an initial target cell for the actions of phthalates in the rodent testis. Because this metabolically
active cell type plays a central role in spermatogenesis, we examined the effects of a toxic phthal-
ate, mono-(2-ethylhexyl)-phthalate (MEHP), on the secretory and synthetic activities of primary
testicular cell cultures isolated from 18-day-old rats. These cultures were 78-84% Sertoli cells.
Exposure to MEHP decreased cellular ATP by ca. 20%, decreased production of radiolabeled
14CO, from acetate, and decreased media levels of pyruvate, while it increased media levels of
lactate and intracellular lipid. Protein synthesis, evaluated by radiolabeled leucine incorpora-
tion, was not affected by MEHP. Mitochondrial succinate dehydrogenase activity was decreased
in the presence of MEHP. Michaelis-Menton kinetic analysis indicated this was a mixed inhibi-
tion. There was no apparent change in mitochondrial Rhodamine 123 uptake. These data are
consistent with the concept that mitochondria are one target for the actions of MEHP in the

Sertoli cell. © 1988 Academic Press, Inc.

Esters of phthalic acid with specific chain
lengths have been shown to be toxic to the
liver (Lake et al., 1975; Thomas and Thomas,
1984) and reproductive system (Gray et al.,
1977; Creasy et al., 1983; Lamb et al., 1987).
In hepatocytes, phthalates have been shown
to disturb a number of mitochondrial func-
tions (Inouye et al., 1978; Lake et al., 1975;
Takahashi, 1977; Shindo et al., 1978). Di-(2-
ethylhexyl)-phthalate is one phthalate which
produces testicular atrophy (Foster et al,
1980). One of the major metabolites in vivo
i1s mono-(2-ethylhexyl)-phthalate (MEHP)
(Albro et al., 1973), which has been shown to
produce the same spectrum of effects as that

! Address reprint requests and correspondence to Rob-
ert E. Chapin, NIEHS, P.O. Box 12233, Mail Drop E2-
01, Research Triangle Park, NC 27709.

produced by the parent compound (Lake et
al., 1975; Gray and Beamand, 1984).

Histologic and X-ray microprobe analysis
have demonstrated that Sertoli cells and sper-
matids are the cells in the testis that first ap-
pear affected by the “active” phthalates
(those phthalates that are toxic to the testis)
(Foster et al., 1982; Creasy et al., 1983). The
initial effects observed ultrastructurally in-
volve dilation of the Sertoli cell smooth endo-
plasmic reticulum and mitochondrial con-
densation (Foster et al., 1982; Creasy et al.,
1983).

The Sertolt cells in adult animals are non-
dividing somatic cells that provide a permis-
sive milieu for spermatogenesis. They are
metabolically active and contribute to the
formation of seminiferous tubule fluid
(Waites and Gladwell, 1982). They are the

0041-008X/88 $3.00
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source of numerous proteins (Wright et al.,
1981; Skinner et al., 1984) and have been
shown to contain and secrete androgen bind-
ing protein (Kierszenbaum et al., 1980). In
vitro, they secrete lactate and pyruvate, which
support germ cell ATP production, protein
synthesis, and oxygen consumption (Jutte et
al., 1981; Mita and Hall, 1982; Nakamura et
al., 1984).

The objectives of these studies were two-
fold. Because of the known synthetic and se-
cretory activities of the Sertoli cells (above),
we wanted to examine the effects on these
functions of a compound which is known to
affect Sertoli cells in vivo. Additionally, we
wanted to determine whether some of the
effects of MEHP observed in hepatocytes
were also produced in Sertoli cells. Because
the Sertoli cells comprise less than 3% of the
cells in the mature testis, fractionation of
adult testes greatly dilutes the Sertoli-derived
products with material from other cells. Cell
culture provides a controlled, albeit some-
what artificial, alternative to the limitations
of whole-testis fractionation. The data pre-
sented below suggest that Sertoli cells and he-
patocytes differ slightly in their response to
phthalates.

METHODS

Chemicals. MEHP was synthesized by the method of
Albro et al. (1973), and its purity (>98%) established by
HPLC, NMR spectroscopy, and elemental analysis. For
use in vitro, MEHP was dissolved in dimethyl sulfoxide
and added at 4 ul/ml of culture medium. Eagle’s culture
medium with Earle’s salts (MEM), Hanks’ balanced salt
solution (HBSS), and cycloheximide were obtained from
GIBCO (Long Island, NY). All chemicals for the lumino-
metric determination of ATP and ADP were obtained
from LKB (Gaithersburg, MD). The ovine follicle stimu-
lating hormone (FSH) and growth hormone (GH) were
gifts of the National Hormone and Pituitary Distribution
Program. Radiochemicals were purchased from ICN Ra-
diochemicals (Irvine, CA), while [1-'*C]pyruvate was ob-
tained from Amersham (Arlington Heights, IL). Rhoda-
mine 123 was obtained from Kodak Chemical Co.
(Rochester, NY). All other chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO).

Cultures. Litters of rats were reared by F-344 parents in
the-NIEHS breeding colony under conditions described

CHAPIN ET AL.

previously (Chapin et al., 1987). Eighteen-day-old males
were killed by asphyxiation with carbon dioxide, the tes-
tes were removed, and enriched Sertoli cell cultures were
prepared as described (Chapin et al., 1987), following the
method of Kierszenbaum and Tres ¢1981). Briefly, de-
capsulated testes were minced and sequentially incu-
bated with trypsin, then collagenase. Fragments of semi-
niferous tubules were separated from single cells by grav-
ity sedimentation. The fragments were plated at
confluent density in 75-cm? culture flasks (26-ml initial
volume, 1.8-2.5 mg protein per flask for lactate, pyru-
vate, and ATP/ADP assays), 60-mm-diameter culture
dishes (for protein synthesis; both from Falcon), or cen-
ter-well flasks (Kontes No. K882360-0025, for "*CO,
generation studies). Cells were maintained at 32°Cin 5%
C0,/95% air in MEM without antibiotics or serum; the
medium was supplemented with transferrin (5 pg/mi),
insulin (5 pg/ml), retinol acetate (5 uM), testosterone and
dihydrotestosterone (0. uM each), epidermal growth fac-
tor (3 ng/ml), and GH (6.5 xU/ml) (Tres and Kierszen-
baum, 1983). Cultures were exposed to MEHP when
confluent, the third day after plating. FSH was used in
some experiments at a concentration of 0.1 ug/ml.
Culture composition. Greater than 2000 cells per isola-
tion were counted to determine the composition of each
isolation (Chapin et al., 1987). The cultures consisted of
78-84% Sertoli cells (judged by staining for oil red O),
1.5-6.5% peritubular cells (positive staining for alkaline
phosphatase), and the remainder (ca. 15%) were germ
cells, as determined by nuclear morphology and their po-
sition in the culture atop the Sertoli layer. :
For other histologic analyses, cells attached to cover-
slips were fixed with 4% neutral buffered formalin for 10
min, rinsed with water, and stained with hematoxylin
and oil red O by standard procedures (Luna, 1968).
Assays. Media lactate was assayed by the method of
Maurer and Poppendiek (1974), using 3-acetylpyridine
adenine dinucleotide (APAD) as cofactor. The method
was modified to use 33% less APAD after first determin-
ing that this did not change the rate or endpoint of the
reaction. Pyruvate in the medium was assayed by the
method of Czok and Lamprecht (1974). At the times in-
dicated under Results, 1 ml aliquots of media were re-
moved from the culture flasks and centrifuged to remove
any cells, and the cell-free supernatant was frozen in dry
ice and stored at —80°C until assayed (less than 7 days
after collection). At the end of the experiment, the layer
of cells was dissolved in 10 ml 0.5 M NaOH, and the pro-
tein was determined by the method of Bradford (1976),
using bovine serum albumin in NaOH as the standard.
The data are expressed as micrograms/milliliter/milli-
gram protein. Correcting for the volume of medium re-
moved did not affect the trend or significance of the re-
sults.
For determination of cellular ATP, the media was re-
moved and the cells were overlayed with 10 ml of 5%
trichloroacetic acid (TCA) containing 2 mM ethylene-
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diaminetetraacetic acid (EDTA) to inactivate phospha-
tases and extract the ATP. An aliquot of this was diluted
1:20 with 0.1 M Tris-acetate, pH 7.75, containing 2 mM
EDTA, and either assayed fresh or frozen on dry ice and
stored at —80°C for <5 days. Samples for medium ATP
determination were centrifuged, frozen on dry ice, and
stored at ~80°C until assayed. ATP was assayed on an
LKB 1251 Luminometer. The assay was linear from 10~7
M to 107'2 M ATP; standards were made up in Tris-ace-
tate (for cellular determinations) or MEM (for media lev-
els); each sample was corrected for internal quenching.
Cellular levels of ADP were determined by the method
supplied by LKB, wherein ATP was first measured as
" above, then ADP was converted to ATP, using phospho-
enolpyruvate and pyruvate kinase. The ADP assay was
linear from 107 M to 10~° M. After extraction of the cells
with TCA/EDTA, the protein was dissolved in 0.5 M
NaOH and assayed by the method of Bradford (1976).
The nucleotide data are expressed as nanomoles/milli-
gram protein.

Cellular protein synthesis was estimated by the
method of Villa et al. (1980), using [*H]leucine or [*H]-
tyrosine. Synthesis and release of secreted proteins were
assayed by adding 0.4 ml of a cold carrier solution (5 mg/
ml L-leucine or tyrosine, 0.15 M NaCl, 1% BSA) to 4 ml
of cell-free medium. After mixing, 4 ml of 10% TCA was
added, mixed, and allowed to precipitate. The precipitate
was pelleted by centrifugation, washed four times with
5% TCA (or until counts in the supernatant fell to back-
ground), and then dissolved in 500 ul of 0.1 M NaOH.
Cells in the monolayer were digested with 0.5 M NaOH,
and the protein was assayed by dye binding (Bradford,
1976). The data are expressed as dpm/ug cellular protein.

For generation of '“CO, from radiolabeled acetate,
cells were plated in glass center-well flasks. On the third
day after plating, the cells were dosed with medium con-
taining MEHP. At various times after dosing (indicated
under Results), the flasks were capped, and 1 Ci of [1,2-
"“Clacetate (sp act 40-60 mCi/mmol) was injected into
the media. The flasks were maintained in a shaking wat-
erbath (32°C, 60 cpm) for 1 hr, when the reaction was
stopped by addition of 500 nl of 30% perchloric acid. The

.'*CO, was trapped in 350 ul of benzethonium hydroxide

(1 M in methanol) for 2 hr at 32°C with shaking, after
which the center well was placed in 5 ml Aquasol (Du-
Pont) and counted in a Beckman 3800 scintillation
counter. The monolayer was dissolved in 2.5 ml 0.5 N
NaOH and assayed for protein by the method of Brad-
ford (1976). The data are expressed as dpm/hr/ug pro-
tein.

Pyruvate dehydrogenase activity in sit« was estimated
by incubating { uCi [1-"*C]pyruvic acid (10-30 Ci/mol)
per center-well flask. The incubations and subsequent
handling were as for '*CO, evolution from pyruvate
(above), except that only | and 4 hr of exposure to MEHP
were evaluated.

Succinate dehydrogenase (SDH) activity was mea-
sured in mitochondnia isolated from Sertoli cells treated
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in vitro. Cells were treated for 4 or 24 hr with MEHP,
after which the medium was removed and mitochondria
were isolated after the method of Stancliff er al. (1969).
Two milliliters of 0.33 M sucrose, 5 mM Tris-HCL, 0.5
mM EDTA (pH 7.6) was added, and the cells were
scraped off the plate with a rubber policeman and kept
on ice for ca. 10 min. The cells were then sonicated for
10 sec and centrifuged at 750g for 10 min. The pellet was
washed with 2 mi sucrose-Tris-EDTA and centrifuged
again. The two supernatants for each tube were com-
bined and centrifuged at 9000g for 10 min. The pellet
was washed with sucrose-Tris-EDTA once, resuspended
in | mi of 0.2 M potassium phosphate buffer, and kept
on ice until assayed. SDH activity was assayed by the
method of Pennington (196 1). The assay was linear with
time and protein; the data are expressed as micromoles/
minute/milligram protein. When SDH activity was eval-
uated in the presence of MEHP, MEHP was added to the
isolation and assay buffers in the same concentration as
had been used to dose the cells. These experiments were
performed three times; representative data from one ex-
periment are shown.

Rhodamine 123 (Rhi123) staining. Cells to be stained
with Rh123 were plated on glass 22 X 22-mm coverslips
and maintained and dosed as above. At 4, 8, or 24 hr
after dosing, the MEHP-containing medium was re-
moved and replaced with MEM containing MEHP and
5 ug Rh123/ml. Cells were incubated with this medium
in the dark for [0 min, after which they were rinsed once
through MEM without Rh123 and mounted with a drop
of MEM on a glass slide. The coverslips were examined
by two observers uninformed of the treatment of each
coverslip. :

Statistics. All the biochemical and morphologic exper-
iments above were done with four to seven flasks per
group and were repeated at least three times. However,
for clarity, data from one replicate are reported. Differ-
ences between groups were identified by analysis of vari-
ance, and the significance of the difference between
group means was assessed with Student’s ¢ test. Differ-
ences in slope of kinetics data were analyzed using the
SAS software package (SAS Institute; Cary, NC). For all
tests, the significance level was set at p < 0.05.

RESULTS

There were concentration-related changes
in the appearance of the cells in culture (Fig.
1); increasing concentrations -of MEHP in-
creased the neutral lipid content of the Sertoli
cells, as judged by staining with oil red O.
Greater MEHP concentrations also caused the
cells to retract into mounds of cells, producing
a discontinuous monolayer. There was an ap-
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FiG. 1. (A) Sertoli cell-enriched cultures, maintained in vitro for 96 hr, stained with hematoxylin and oil
red O. The germ cells (arrows) and lipid droplets (arrowheads) are readily visible. (B-F) Cultures after 24-
hr exposure to 0.003 mm (B), 0.01 mM (C), 0.03 mm (D), 0.10 mm (E), and 0.30 mm (F) MEHP. With
increasing concentration, the lipid droplets become more prominent and the monolayer is less confluent.
[All 230X.]
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FiG. |—Continued.

parent decrease in the number of germ cells
atop the Sertoli cell layer, but no increase in
the number of dead or dying Sertoli cells, as
assessed by nuclear pyknosis or chromatolysis
in the hematoxylin-stained cells. The germ cell

decrease was qualitatively similar to that re-
ported by Gray and Gangolli (1986) for testic-
ular mixed-cell cultures in vitro.

MEHP exposure produced time- and
concentration-dependent increases in the
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FiG. 1—Continued.

amount of lactate in the medium, but de- MEHP. The presence of FSH in the medium
creased the pyruvate (Fig. 2). All replicate ex- before or during exposure did not affect the
periments had a threshold concentration of response to MEHP (not shown).

0.01 mM MEHP for increasing lactate, while MEHP did not affect the amount of triti-
media pyruvate was affected at 0.003 mM ated leucine incorporated into acid-precipita-
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FIG. 2. (A and B) Concentrations of lactate and pyruvate in the medium during exposure to MEHP,
mean + SD, expressed as micrograms/milliliter/milligram cellular protein. Notice that while lactate in-
creases with concentration and time, pyruvate is decreased by all but the highest concentration of MEHP.

n = 4/group. *Significantly different from control.

ble protein from either the cellular mono-
layer or protein secreted into the medium
(Table 1). In these same experiments, a group
containing 2.5 uM cycloheximide was in-
cluded. Cycloheximide decreased leucine in-

TABLE i

INCORPORATION OF [PH]LEUCINE INTO ACID
PRECIPITABLE PROTEIN DURING MEHP EXPOSURE*

Dose (mM) 24 hr
Cells
0.0 28.7+4.9
0.003 326+3.1
0.030 299 +4.7
0.30 31.0+3.3
Medium
0.0 13.3+ .09
0.003 < 120+£27
0.010 13.4+£0.9
0.03 119+1.5
0.10 105+ 1.7
0.30 13.1£0.3

@ Values are expressed as means + SD, dpm/ug cellular
protein, n = 5. The incorporation times were 1 hr for
cellular protein, and 24 hr for proteins secreted into the
medium.
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corporation by >90% (not shown). Similar
data were obtained using tyrosine as the la-
beled amino acid (not shown). This was cor-
roborated by the cellular protein measure-
ments made for the lactate and pyruvate ex-
periments; there were no consistent changes
in the amount of protein present in those ex-
periments.

After 24-hr exposure to MEHP, levels of
ATP were decreased in the cells by 15-20%
(Table 2); ADP was unaffected. The thresh-

TABLE?2
CELLULAR ATP AND ADP LEVELS AFTER
24-HR MEHP EXPOSURE*
Dose
(mMm) ATP ADP

0.0 60.54 £ 3.01 X 107° 11.91 £ 1.34 % 107°

0.003 60.36 +0.50 X 107° 10.94 + 1.29 X 107°
0.01 52.47 £2.52 X 107%* 12.02 +0.26 X 107°
0.03 49.87 + 224 X 107%* 922 +0.62 % 107°*
0.10 51.94 + 0.64 X 107%* 1161 +0.70 X 107°
0.30 49.70 +2.20 X 107%* 10.94 +0.54 X 107°

2 Values are expressed as means * SD, moles/milli-
gram cellular protein, n = 4.
* Significantly different from control.
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FIG. 3. (A) Time course of “CO, production from ['*Clacetate during exposure to 0.1 mm MEHP.
Values are expressed as the mean + SD, dpms per minute per milligram cellular protein, n = 6. *Signifi-
cantly different from control. (B) Generation of '*CO, from ['*Clacetate after 4 hr of exposure to different

concentrations of MEHP. Values expressed as above.

old concentration for this effect was 0.01 mm
MEHP. Effects on ATP were delayed relative
to.changes in lactate and pyruvate, for there
was no change in ATP at 1, 4, or 8 hr. Levels
of ATP or ADP in the medium, which might
be expected to increase in the presence of cell
membrane damage, were not affected by
MEHP exposure (not shown).

Since the evidence of increased glycolysis
(media lactate levels) and decreased ATP sug-
gested a block in Krebs cycle or electron trans-
port, we examined the activity of the Krebs cy-
cle by evaluating the effect of MEHP on "*CO,
production from [1,2-'*C]acetate. Exposure to
0.1 mm MEHP for as little as 1 hr decreased

'4CO, production (Fig. 3A); this decrease was
maintained for up to 24 hr (not shown). This
response, like the ATP and pyruvate end-
points, gave a plateau-type effect; concentra-
tions greater than the minimal effective level
gave no increased effect (Fig. 3B). When [I-
14CJpyruvic acid was used as the substrate for
'4CO, evolution, MEHP had no effect after 4
hr of treatment with MEHP (485 + 84 dpm/
hr/ug protein for controls; 520 + 79 dpm/hr/
ug protein for 100 uM MEHP; mean = SD, n-
= 5). There was no effect at 1 hr or at other
doses of MEHP (not shown).

Because previous reports indicated that
SDH in hepatic mitochondria was affected by
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TABLE 3

SUCCINATE DEHYDROGENASE ACTIVITY®

MEHP (mMm) 4 hr 24 hr
Control 9.00 £ 1.67 1492 £ 1.11
0.003 7.89 £1.32 13.87 £0.63
0.01 8.33+1.93 14.16 £0.70
0.03 10.37 £ 1.22 1522+ 1.12
0.10 11.99 +0.86* 19.16 +2.32*

¢ Activity is measured in the absence of MEHP in mi-
tochondria isolated from Sertoli-enriched cultures
treated with various concentrations of MEHP for 4 hr.
Values are the means + SD of micromoles product
formed/minute/milligram cellular protein, n = 6.

* Significantly different from control.

MEHP, we examined SDH activity in mito-
chondria from MEHP-treated Sertoli cell-en-
riched cultures. Table 3 shows that when
these cells were exposed to MEPH for 4 hr
and mitochondria were isolated in the ab-
sence of MEHP, there was no decrease in
SDH activity, nor was a decrease noted at
any concentration after 24-hr exposure to
MEHP. Rather, there was an increase in SDH
activity. This suggested a compensatory in-
crease, so we added MEHP to the SDH assay
buffer at the same concentration present in
the cell culture medium and found a dose-re-
lated decrease in SDH activity (Table 4).
Double-reciprocal plots showed that both 1/
Vmax and -1/K,, changed upon addition of
MEHP, suggesting a mixed inhibition
(Fig. 4).

There was no visible difference in fluores-
cent intensity of Rh123 staining between
control cells and MEHP-treated cells, even
at concentrations and times (0.1 mM,
24 hr) which produced marked morphologic
changes in the cells. Although at these times
the distribution of the mitochondria was
different due to the changes in cell shape,
there was no observable decrease in the inten-
sity of the staining.

DISCUSSION

The studies reported above detail a series of
effects which occur after exposure to MEHP.

475

The time-course studies showed a relatively
quick (<60 min) decrease in the conversion
of [*“C)acetate to '*CO,. The effects on gly-
colysis took longer to become distinct,
though by 4 hr, levels of media pyruvate had
started to become lower than controls, and a
trend in lactate levels emerged. This increase
in glycolysis, manifest as increased media lac-
tate, apparently maintained cellular ATP lev-
els for a time, for these ATP levels had not
declined after 8-hr exposure, though they
were decreased at 24 hr. One hypothesis is
that the lactate resulting from this increased
glycolysis was extruded from the cell, while
the pyruvate, whose utilization through the
Krebs cycle was slowed, was used for lipid
synthesis and was subsequently visualized as
oil red O-positive droplets in the stained cov-
erslips (Fig. 1). This is consistent with most
of the above data, with the exception of the
[*“*Clpyruvic acid '*CO, generation experi-
ment. The lack of effect of MEHP on the pro-
duction of "*CO, from pyruvic acid might be
due to a change in the size of the pyruvate
pool in the cells, or to other unaddressed
events. Nonetheless, the decrease in SDH ac-
tivity in the presence of MEHP is consistent
with the interpretation that the Krebs cycle
is at least one of the biochemical targets for
MEHP in Sertoli cells.

A number of authors have described effects
of phthalate esters on mitochondnal function

TABLE 4

SUCCINATE DEHYDROGENASE ACTIVITY WITH MEHP?

MEHP (mm) 4 hr 24 hr
Control 18.7 £ 2.63 2.6 £2.64
0.003 13.9 £ 1.04* 1.5 £1.03
0.01 13.3+£3.36 11.2 £0.96
0.03 13.5 £3.32* 9.44 £ 0.62
0.10 8.32+091*

10.0 £0.74*

% Mitochondria were isolated from Sertoli-enriched

cultures exposed to MEHP in vitro and during isolation.
Values are means + SD, micromoles product formed/
minute/milligram protein, n = 6.

* Significantly different from control.
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FIG. 4. Dixon plot ('/V vs [I] at different [S]) of the inhibition of SDH activity by MEHP. The slopes are

not significantly different (p > 0.1).

in hepatocytes. This has been reported both
after dosing of animals (Lake et al., 1975;
Srivastava et al., 1975; Shindo et al., 1978)
and after in vitro incubation of isolated mi-
tochondria (Melnick and Schiller, 1985; In-
ouye et al., 1978; Ohyama, 1977). A com-
mon conclusion of these reports is that the
“active” monoester phthalates inhibit oxi-
dation of mitochondrial substrates, or act as
weak uncouplers. These studies have rou-
tinely used millimolar concentrations of
phthalates, with some exceptions (Melnick
and Schiller, 1985; Inouye et al,, 1978). It is
noteworthy that the effects seen above with
the Sertoli cells were seen at concentrations
as low as 0.01 mM. With a concentration of
0.1 mM, Melnick and Schiller saw effects on
SDH that were of the same magnitude
(~20% decrease) as were seen in the '*CO,-
generation experiments, using Sertoli cell-
enriched cultures.

Interestingly, one effect noted in hepatic
mitochondria was not evident in our studies.
Inouye ez al. (1978) and Melnick and Schiller
(1985) observed large decreases in the mem-
brane potential of hepatic mitochondna in-
cubated in vitro with MEHP. Because the
amount of Rh123 taken up by organelles de-
pends on the transmembrane potential of

those organelles (Johnson et al., 1981), we ex-
pected to find a visible decrease in the Rh123
fluorescent signal from mitochondria of
MEHP-exposed cells. Even though the un-
coupler CCCP decreased Sertoli mitochon-
dnal fluorescence to background levels (data
not shown), there was no observable differ-
ence between MEHP-treated cells and DM-
SO-treated control cells. It is easily conceiv-
able that a 20% decrease in this potential, in-
dicated by Rh123 fluorescence, would be
invisible to the human eye. Nevertheless, the
massive loss of membrane potential reported
by Inouye et al. (1978) was clearly not present
in Sertoli cell mitochondria.

Additionally, we found decreases in mito-
chondnal succinate dehydrogenase activity
only in the presence of MEHP. Incubation of
the cells with MEHP, followed by mitochon-
dnal isolation, and SDH assay in the absence
of MEHP produced an increasein SDH. The
kinetics observed for SDH in the presence of
MEHP are reminiscent of those proposed by
Friedenwald and Maengwyn-Davies (1954)
for the case where an inhibitor couples with-
the enzyme-substrate complex and not with
the free enzyme. How this mode of action
would explain the compensatory increase is
not yet clear.
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Creasy .et al. (1983) report histochemical
evidence of a loss of SDH activity in Sertoli
mitochondria in vivo. SDH activity has been
reported to be decreased in hepatic mito-
chondria exposed to DEHP or MEHP either
in vivo (Lake et al., 1975) or in vitro (Melnick
and Schiller, 1985). Data from Melnick and
Schiller (1985) support a competitive mode
of inhibition. The cause for the differences
between the hepatic and Sertoli cell SDH
effects may be related to the different “micro-
environments” and metabolic demands ex-
perienced by the two tissues and cell types.

An additional observation is that hepatic
mitochondria swell when exposed to specific
phthalate esters (Lake et al., 1975; Ohyama,
1977; Melnick and Schiller, 1985). The litera-
ture on Sertoli mitochondria are conflicting.
Foster et al. (1982) reported mitochondrial
condensation after phthalate exposure in
vivo. However, other authors found Sertoli
mitochondnal hypertrophy after phthalate
exposure, both in vivo (Creasy et al., 1987)
and in vitro (Creasy et al., 1983). This hyper-
trophy appeared distinct from swelling; the
latter is characterized by a decreased density
of the internal structure, which was clearly
not present in the MEHP-induced hypertro-
phy (Creasy et al., 1983). Both the SDH data
and the ultrastructural evidence in the litera-
ture suggest that hepatic mitochondria react
to MEHP differently than do Sertoli cell mi-
tochondria.

A paper by Reyes et al. (1986) reported ex-
periments on the effects of gossypol on cul-
tured TM4 cells, a line derived from mouse
Sertoli cells. The increased lactate output
from gossypol-treated TM4 cells was similar
to that reported above for MEHP. Reyes et
al. concluded from their experiments that
gossypol acts as an uncoupler in these cells.
However, the findings that (1) gossypol di-
minished Rh123 uptake by Sertoli mitochon-
dria in vitro (Tanphaichitr et al., 1983) and
(2) that the lesion produced by gossypol in the
testis is somewhat different from that pro-
duced by the phthalates (Hoffer, 1983) sug-
gest that MEHP and gossypol may have
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different mechanisms, even though they ap-
parently share a target organelle.

The Sertoli cell holds a pivotal place in
spermatogenesis; without normal Sertoli cell
function, complete spermatogenesis cannot
occur. Indeed, impaired Sertoli cell function
1s frequently invoked as a cause of germ cell
loss, although there are no specific Sertoli cell
functions whose impairment has been shown
to result in germ cell death. Because the germ
cells in vitro influence Sertoli cell function
(D’Agostino et al., 1984; Galdieri ez al., 1984;
Jegou et al, 1986; Welsh et al., 1985) and
may take up the lactate and pyruvate secreted
by the Sertoli cells (Jutte ez al., 1981), a toxi-
cant-induced decrease in the production of
these small organics has been postulated as
a cause of germ cell loss during alkoxy acid
exposure (Beattie et a/.,, 1984). It is notewor-
thy that MEHP caused only a small decrease
In pyruvate secretion in vitro and a large in-
crease in lactate; thus, this theory cannot ap-
ply to the lesion produced by MEHP. Other
patterns of changes have been reported for
cadmium, lead, and methoxyacetic acid
treatment of Sertoli cells in vitro (Clough et
al., 1986; Batarseh et al., 1986; Pavittranon
et al., 1986, respectively). How closely the in
vitro metabolic changes mimic the in vivo sit-
uation is, so far, unknown.

We observed no change in the synthesis of
either secreted or cellular proteins. Prelimi-
nary evidence (not shown) suggests that se-
cretion of androgen binding protein (ABP) in
vitro is not affected by MEHP. This is consis-
tent with Sertoli cells cultured under other
conditions (Gray, personal communication),
although in vivo exposure to toxic phthalates
dramatically reduces in vivo ABP secretion
(Gray and Gangolli, 1986). This is unlike the
previously demonstrated concordance be-
tween the in vivo and in vitro situations
(Gray, 1986); the reason for this variance is
unclear.

In summary, MEHP exposure produced
effects in Sertoli cell-enriched cultures that
were consistent with a mild effect on the mi-
tochondna of these cells, at concentrations
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that were significantly lower than those re-
ported by previous authors. The early effects
on mitochondrial activity were followed by
morphologic changes in the monolayer, al-
though necrotic Sertoli cells were not seen
over the times examined here. The changes in
Krebs cycle activity appeared consistent with
mixed-type inhibition of succinate dehydrog-
enase. Whether this is the principal target for
producing toxicity in these cells and the re-
sponse of cells from older animals remains
the subject of further investigations.
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Abstract

A single oral dose of 400 mg/kg body weight of mono(2-ethylhexyl)phthalate (MEHP), the testis toxic metabolite
of di(2-ethylhexyl)phthalate, was given to 28-day-old male Wistar rats and the testis toxic effects were investigated
3,6, and 12 h after exposure. Detachment and sloughing of germ cells were observed, and in the Sertoli cells the
cytoplasmatic intermediate filament vimentin collapsed. In the immunohistochemical investigation the androgen
receptor distribution was unchanged between the control group and treated groups. The expression of the
testosterone-repressed-prostatic-message-2 gene in rat testis increased after 3 h, but returned to control levels after 6
and 12 h. Caspase-3 activity increased 3 and 12 h after MEHP exposure. This increase could not be correlated to an
increase in DNA fragmentation or increase in apoptotic numbers of germ cells. In conclusion, the effect of MEHP
in testis is apparently not involving the androgen receptor. Vimentin localisation in the Sertoli cells, and increased
levels of caspase-3 activity appear to be sensitive and early markers of MEHP testis toxicity. © 2001 Elsevier Science
Ireland Ltd. All rights reserved.
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1. Introduction higher than generally expected. Several studies in
] laboratory animals demonstrate the potential re-
Di(2-ethylhexyl)phthalate (DEHP) and other productive hazard of human exposure.

phthalates are found widespread in food and the Young rats are more sensitive to DEHP than
environment due to their use as plasticizers in adults, since much lower doses (3.0-37 mg/kg bw
consumer products, food packaging materials, per day) are able to induce histopaihological ef-

and biomedical devices. A recent investigation by fects in the testes of young rats compared to adult

Blount ét al. (2000) has demonstrated that the
urinary levels of phthalates in humans are much ;Zt;&(];jgnn:%/ l;lg t;\;g,}a e;ﬂdc?gi g?gae;rw;llggzt) a:;],
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