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Wyeth-14,643 (WY) and ammonium perfluorooctanoate (C8)
belong to a diverse class of compounds which have been shown to
produce hepatic peroxisome proliferation in rodents. From previ-
ous work, WY, but not C8, has been shown to produce hepatocel-
lular carcinoma in rats, while C8 has been shown to produce
Leydig cell adenomas. In addition, based on a review of bioassay
data a relationship appears to exist between peroxisome-prolifer-
ating compounds and Leydig cell adenoma and pancreatic acinar
cell hyperplasia/adenocarinoma formation. To further investigate
the relationship between peroxisome-proliferating compounds and
hepatic, Leydig cell, and pancreatic acinar cell tumorigenesis, a
2-year feeding study in male CD rats was initiated to test the
hypothesis that peroxisome proliferating compounds induce a tu-
mor triad (liver, Leydig cell, pancreatic acinar cell), and to exam-
ine the potential mechanism for the Leydig cell tumors. The study
was conducted using 50 ppm WY and 300 ppm C8. The concen-
tration of WY in the diet was decreased to 25 ppm on test day 301
due to increased mortality. In addition to the ad libitum control, a
second control was pair-fed to the C8 group. Interim sacrifices
were performed at 1- or 3-month intervals. Peroxisome prolifera-
tion measured by B-oxidation activity and cell proliferation were
measured in the liver and testis at all time points and in the
pancreas beginning at the 9-month time point (cell proliferation
only). Serum hormone concentrations (estradiol, testosterone, LH,
FSH, and prolactin) were also measured at each time point. In-
creased relative liver weights and hepatic B-oxidation activity
were observed in both the WY- and C8-treated rats at all time
points. In contrast, hepatic cell proliferation was significantly
increased only in the WY-treated group. Neither WY nor C8
significantly altered the rate of Leydig cell B-oxidation or Leydig
cell proliferation when compared to the control groups. Moreover,
the basal rate of -oxidation in Leydig cells was approximately 20
times less than the rate of hepatic B-oxidation. There were no
biologically meaningful differences in serum testosterone, FSH,
prolactin, or LH concentrations in the WY- and C8-treated rats
when compared to their respective controls. There were, however,
significant increases in serum estradiol concentrations in the WY-
and C8-treated rats at 1, 3, 6, 9, 15, 18, and 21 months. At 12
months, only the C8-treated rats had elevated serum estradiol
concentrations when compared to the pair-fed control. His-

topathological evaluation revealed compound-related increases in
liver, Leydig cell, and pancreatic acinar cell tumors in both WY-
and C8-treated rats. The data support the hypothesis that the
peroxisome-proliferating compounds induce the previously de-
scribed tumor triad. In addition, both C8 and WY produced a
sustained increase in serum estradiol concentrations that corre-
lated with the potency of the 2 compounds to induce Leydig cell
tumors (i.e., WY caused a more consistent sustained increase in
serum estradiol throughout the entire study, and more specifically
at the end of the study, than did C8). This study suggests that
estradiol may play a role in enhancement of Leydig cell tumors in
the rat, and that peroxisome proliferators may induce tumors via
a non-LH type mechanism.
Key Words: peroxisome proliferators; estradiol; Leydig cell.

A large number of structurally and chemically diverse com-
pounds have been shown to cause peroxisome proliferation,
induction of peroxisomal enzymes, and hepatocellular carci-
noma. Based on a review of bioassay data for non-Fischer 344
(F344) strains of rat, a relationship also appears to exist be-
tween compounds which produce peroxisome proliferation and
Leydig cell adenoma formation. Leydig cells, which are found
within the testis, are the main site of testosterone biosynthesis.
By 2 years of age, the incidence of spontaneous Leydig cell
tumors in the F344 rat approaches 100%, which precludes
detection of chemically-induced Leydig cell tumors in this
strain (Lang, 199; Turek and Desjardins, 1979). However,
several known peroxisome proliferators have been shown to
induce Leydig cell tumors in non-F344 strains of rat: clofibrate
(Tucker and Orton, 1995), gemfibrozil (Fitzgeraidal.,, 1981),
HCFC-123 (Malleyet al, 1995), methylclofenapate (Tucker
and Orton, 1995), perchloroethylene (Mennear, 1986), and
trichloroethylene (TCE) (Maltoret al, 1988; Mennear, 1988).
These data suggest that it is possible that many if not all
peroxisome proliferators could produce Leydig cell tumors if
tested in a strain of rat other than the F344.

An initial hypothesis for the mechanism of induction of
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that of the liver. However in a series of short-term studies,
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which used both electron microscopy and biochemical meth-Test species. Twenty-one day old male Crl:CDBR (CD) rats were
ods. it was found that C8 and WY do not induce peroxisonpérchased from Charles River Breeding Laboratories (Raleigh, NC). Upon

- . . . receipt, rats were placed in stainless steel, wire mesh cages, individually
prOdUCtIOI’l in the Leydlg cells (Bleg@t al., 1992)’ althoth housed, and quarantined for 3 weeks. The rats were released from quarantine

peroxisomes are present in this cell type. Additionally, C8 Wa§ the janoratory veterinarian and selected for the study on the bases of body
found to decrease testosterone and increase estradiol conGemts and freedom from clinical signs of disease or injury during the
trations in vivo and directly inhibit testosterone productiorpuarantine period. Rats were then divided by computerized, stratified random-
when incubated with isolated Leydig cells (Biegeb.l., 1995)_ i;ation into treatment groups so that there were no statistically significant

. . ifferences among group body weight means. Rats were assigned &al the
Several other peroxisome pm“ferators have also been Show'ﬁtg@m control group (control), control pair-fed rats to the C8 group (CP-C8),

inhibit testosterone produ.ction using isolated .Leydig cells (Lile 300-ppm C8 group, or the 50-ppm WY group. After assignment to
et al, 1996a). Therefore, it appears that Leydig cell tumors afi@atment groupsn(= 156/group), each rat was assigned a unique 6-digit
not due to an increase in peroxisomes, but may be due toumber, and designated for either hormonal evaluation (10/group/time point),

disruption of the hypothalamic-pituitary-testicular (H PT) aXiSC.e” proliferation evaluation (6/group/time point), or evaluation of peroxisome
roliferation (6/group/time point). Animal rooms were maintained at a tem-

To further investigate the relationship between perOXISOm%erature of 23+ 1°C, a relative humidity of 50- 10%, and were artificially

proliferating compounds and hepatic and Leydig cell tUmofijyyminated (fluorescent light) on a 12-h light/dark cycle (approximately 0600~
genesis, a 2-year feeding study was initiated using Wyett800 hours). In a few instances, the temperature/humidity were outside the
14,643 (WY) and ammonium perfluorooctanoate (C8) to temtceptable ranges, but the magnitude/duration were minimal and judged to be
the hypothesis that peroxisome-proliferating compounds ipf-no consequence. All rats were provided tap water and®PRdeds, Inc.

. . . . . ertified Rodent Diet #5002&d libitum All rats were approximately 49 days
duce a tumor triad (liver, Leydig cell, pancreatic acinar ceI§f age on the day of study start.

and to examine the potential mechanism fpr the Leydig cellay rats were housed individually in stainless steel, wire-mesh cages during
tumors. The CD rat was selected because it has a low sporita-test period. Cage-side examinations were conducted at least once daily
neous incidence of Leydig cell tumorgﬁ%) (COOk et al, throughout the study. At each weighing, rats were individually handled and

1999; Lang 1992)_ C8 was selected because it has been Shﬁwﬁully examined for abnormal behavior and/or appearance. Rats were
' f weeighed once a week during the first 3 months and once every other week for

to produce Leydlg cell adenomas and also induce peromsome remainder of the study. Rats pair-fed to the C8 group had food consumption

proliferation. WY was SeIeCted. as a model for the cla§§ Bétermined twice per week for the first 3 weeks. The CP-C8 group then
compounds known to be peroxisome proliferators, and it iSréeived the same amount of food consumed by the C8-treated rats in the
potent inducer of hepatic peroxisomes and hepatocellular cerevious food consumption or weighing interval. Feed jars containing the mean

cinoma (Marsmaret al. 1988). WY has not been reported tdjaily food consumption were replaced daily. After the first 3 weeks, the
. ’ . . .amount of food consumed by each test group was determined weekly and, after
produce Leydig cell tumors; however, all the bioassay swd@?nonths, every 2 weeks. From these determinations and mean body weight

andUCted t.O date have used the F344 strain of rap TherefQf§a, mean daily food consumption, mean food efficiency, and intake of the test
this study will determine whether exposure to WY will produceompounds were calculated.
Leydig Ce"' tumors in a C_D rat at a.d|etar)_’ concentration thatormonal measurements. Ten rats from each group were randomly se-
produces liver tumors. Six months into this study, hydrochl@ected at each sampling time point for hormonal analysis. Blood was collected
rofluorocarbon 123 (HCFC-123), a known peroxisome prolifeom the tail vein approximately 1, 3, 6, 9, 12, 15, 18, and 21 months after
cratr, was shown {0 produce pancreatic acinar cel tumgson o h s Firboud ecn s e saned g s
R . io- u , i W withou
(Malley et al, 1995), this finding prompted the addition of the, o>

anesthesia. Serum was prepared and frozen between —65 and —85°C until

pancreas as an endpoint in this mechanistic bioassay. analyzed for testosterone, estradiol, luteinizing hormone (LH), follicle stimu-
lating hormone (FSH), and prolactin concentrations. At each sampling time
MATERIALS AND METHODS point, all serum samples were analyzed simultaneously in duplicate, using the

same lot number kit for each of the designated hormones, in order to reduce

variability. Testosterone (catalog #TKTT5) and estradiol (catalog #KE2D5)

supplied by the Polymer Products Department (DuPont, Wilmington, D oncentrations were determined using radioimmunoassay kits from Diagnostic
eg)ducts Corp. (Los Angeles, CA). FSH (catalog #RPA.550), LH (catalog

Wyeth-14,643 (WY) was purchased from Chemsyn Science Laborator : . ;
(Lenexa, KS). The stability of C8 and WY were confirmed by analyses near #ERPA.552), and prolactin (catalog #RPA.553) concentrations were determined

beginning, middle, and end of the study. At the beginning of the study and%tcting radioimmunoassay kits from Amersham Corp. (Arlington Heights, IL).
the 3-, 6-, 12-, 18-, and 24-month time points, samples were collected to verifyPathological evaluation. Rats were euthanized at interim time points 1, 3,
the concentration of test compounds in the diets. These samples were stéred] 12, 15, 18, and 21 months. At each time point, 6 rats/group were selected
frozen (—20°C) until analyzed. At all time points, the concentration was withiior evaluations of cell proliferation and 6/group for peroxisome proliferation.
10% of the nominal concentration. Rats were euthanized by chloroform anesthesia and exsanguination. Testes,
C8 and WY were added to PMIFeeds, Inc. Certified Rodent Diet #5002 (Stepididymides, accessory sex gland (ASG) unit with fluid, coagulating gland/
Louis, MO) and thoroughly mixed for approximately 6 min in a high-speedeminal vesicle with fluid removed, prostate, and liver were weighed. Imme-
Hobart mixer to assure homogeneous distribution in the diet. Analyses of tfiately after weighing, the liver and testes from animals selected for peroxi-
diets determined that the test compounds were homogeneously distributzane proliferation evaluation were placed in ice-cold homogenization buffer
During the test period, rats in each group were tedi|ibitum, a diet of PMP  for peroxisomal preparation. The following tissues were collected from rats
Feeds, Inc. Certified Rodent Diet #5002, which contained 0, 300 ppm C8,smlected for cell proliferation evaluation: testes, epididymides, ASG, liver,
50 ppm WY. The concentration of WY was decreased to 25 ppm on test ddiyodenum, pituitary, and all organs with gross lesions.
301, due to increased mortality. As a result, no WY-treated rats were sacrificed\l rats surviving the 24-month test period were euthanized by chloroform
for biochemical or pathological evaluation at the 15-month time point. anesthesia and exsanguination and were necropsied. Brain, heart, liver, spleen,

Test material, diet preparation, and analysesC8 (98—-100% pure) was
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1907 cells were isolated from Percoll gradients according to the method of Biegel
1 |—e—cres and co-workers (1992). The Leydig cells were resuspended in homogenization
PRt N it o797 buffer and homogenized with a polytron. The liver and Leydig cell homoge-
%" 800_' DDDDDE“UD’D A/AAAMAAAEK‘%\M nates were centrifuged at 600g for 15 min at 2°C. The 60X g supernatant
§D ] D_E,Dnﬂ‘c 600 XRQM%@@O@@O%O W“ﬁ was removed and centrifuged at 15,00 for 15 min at 2°C. The 15,00
3 7004 PO 2 et Tl g g pellet was resuspended in a final volume of 4.0 ml homogenization buffer,
E 1 O’Oo»oo’ Meeeév aliquoted, and stored between —65 and —85°C until analyzef-toddation
g 6004 o EE&XE activity. The protein concentration of the peroxisomal fractions was deter-
°: 500 Fﬂzodjp Z,XZ mined using Bio-Rad protein assay dye and BSA as a standard (Bradford,
g R 1976).
= 400 g PeroxisomalB-oxidation evaluation. B-oxidation activity, a quantitative
1 measurement of peroxisome proliferation, was determined using the method of
300'_ Lazarow (1981). Briefly, the cyanide-insensitiygoxidation activity was
wd — measured using g hepatic peroxisomal protein/tube (0.5 mg protein/ml) and

0 100 ' z(l)o ' 3(')0 ' 4(')0 ' 5(';0 ' 6('10 ' 760 ' sfm incubated at 37°C for 10 min with“IC]palmitoyl-CoA as the substrate. The

reaction mixture contained 1 mM of potassium cyanide. The reaction was
stopped by the addition of perchloric acid.

FIG. 1. Effect (?f C8and WY on body We|ghts of male rats over the COUrSe giatistical analyses. Data were analyzed by one-way analysis of variance.
of the 2-year feeding study. Mean body weights were decreased in male {gffen the corresponding F test for differences among test groups was signif-
fed 300 ppm C8 and 25/50 ppm WY. icant, pairwise comparisons were made with the Dunnett’s pest@.05). The

Bartlett’s test for homogeneity of variance was also performed and if signif-

icant (p < 0.005), was followed by nonparametric procedures. Nonparametric
kidneys, ASG unit, coagulating gland/seminal vesicles with fluid removegrocedures included the Kruskal-Wallis test for equal medians and the Mann-
prostate, epididymides, and testes were weighed at necropsy. The liver, testésitney U test for pairwise comparisong € 0.05).
epididymides, pancreas, and organs with gross lesions were examined micro-
scopically; single sections were examined B & E stained slides. The
morphologic criteria for diagnosis of proliferative pancreatic lesions were
based on the recommendations of Hansen and co-workers (1995), which
defines a proliferative acinar lesion as an adenoma if the diameter is greater
than or equal to 5 mm. A Leydig cell adenoma was defined as a lesion with aBody weights, food consumption, and survivafrom test
diameter greater than 3 tubules. days 8 to 630, body weights were significantly decreased in the

Cell proliferation evaluation. Six days prior to euthanization at each OfCP—CS, C8, and WY groups when compared to those ofithe

the time points, animals designated for cell proliferation evaluation wefe . . . .
anesthetized by an injection of ketamine and xylazine, and Alpetmotic libitum control group (Fig. 1). The decreases in body weights

pumps (Palo Alta, CA) containing 20 mg/ml 5-brombeoxyuridine (Brdu) 1N the C8 and WY groups were primarily due to reduced food
dissolved in 0.5 N sodium bicarbonate buffer were implanted subcutaneougjficiency (Table 1). The overall mean daily intake values (test
At sacrifice, tissues were collected and fixed for cell proliferation analysis. Tekays 0—714) for the C8 and WY groups were 13.6 and 1.88
labeling index was determined for hepatocytes and Leydig cells at each of Wf’g/kg/day, respectively (Table 1).

specified time points. Additionally, the pancreas was collected at the 9-, 12-, . .
15-, 18-, and 21-month time points and labeling indices for pancreatic acinarAfter 154 days on test, survival in the WY group decreased

cells were determined. The duodenum was used as a positive control B§lOW the control group (Fig. 2). Gross examination revealed
staining of labeled cells. For each tissue type, one thousand cells were scofe@morrhages at several sites, which were attributed to a coagu-
Peroxisomal preparation. -Oxidation activity from the liver and Leydig lopathy. The concentration of WY was decreased to 25 ppm on
cell peroxisomes was measured at all of the interim time points from raigst day 301, and survival was subsequently stabilized. Due to
designated for evaluation of peroxisome proliferation. The livers were homthiS decreased survival, no WY-treated rats were sacrificed for
enized (1 g tissue/4 ml buffer) in homogenization buffer (0.1 M potassiu%rg hemical thological luati t the 15- th ti
phosphate buffer at pH 7.4, containing 0.25 mM sucrose, 1.0 mM EDTA, 2: O_C emlcg or p.a ological evalua lon_ a e mon ime
mM glutathione, 4.0 mM magnesium chioride, and &9l leupeptin) with a POINt. A discussion of the hematological changes has been

polytron. The testes were decapsulated, digested with collagenase, and Lepdigviously published (Hurtet al., 1997). On test day 714,

Days on Test

RESULTS

TABLE 1
Effect of Chronic C8 and WY Exposure on In-Life Parameters

0-24 Months on test Ad libitum diet Pair-fed C8 300 ppm C8 50 ppm WY
Body weight gain (d) 488.8* 126 407.7+ 110 547.1+ 158 427.7+ 111
Food consumption (§) 29.9 26.5 29.0 30.3
Food efficiency (g wt gain/g food consumé&d) 0.023 0.022 0.026 0.020
Compound intake (mg/kg/day) 0 0 13.6 2.39
*Mean = SD.

® Although these data were collected on an individual basis, data were reported on a group basis and therefore statistical analyses could netlbe perform
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105 + s 2). There were no consistent changes observed for the weights
o] TR, e g R R, " gﬁg&’;‘ of the epididymides, ASG unit with fluid, coagulating gland/
] vav\ ‘D\?’;‘;‘D’iggg\gﬁ wy seminal vesicle with fluid removed, or prostate throughout the
= 75 YR . \O\AA\A%\% study (data not shown).
E WWW%QD\O\O\OO\ % Pancreas. Pancreatic acinar cell proliferation was in-
@ ] Toe_ g " creased in the C8 group at the 15-, 18-, and 21-month time
§ 4 SR points when compared tteel libitumor pair-fed control groups
8 v\v\ (Fig. 5). WY did not increase acinar cell proliferation at any
30+ \3\m time point. However, at 24 months, dietary exposure to WY
Voan had significantly increased the incidence of acinar cell hyper-
15'_ plasia (61% vs. 18% in the control group) and adenomas (37%
od e Vs.0%in the control group) (Table 2). Dietary administration
0 00 20 30 400 so0 e 700 soo  Of WY did not produce any acinar cell carcinomas. Dietary
Days on Test administration of C8 also produced increases in the incidence

. . o o o
FIG. 2. Effect of C8 and WY on survival of male rats over the course o _f acinar cell hyperpIaS|a (39 % vs. 18% or 10% in e

the 2-year feeding study. At test day 154, mean survival was decreased in idiium or pair-fed (?ontrol groups, respgctively) and adenomas
rats fed 50 ppm WY. The concentration of WY in the diet was decreased to £8% vs. 0% or 1% in thed libitumor pair-fed control groups,

ppm on test day 301 and survival subsequently stabilized. On test day 7#dspectively). Additionally, a carcinoma was observed in one
survival was increased in the CP-C8 and C8 groups when comparedad theCS-treated rat.
libitum control.

Serum hormone measurement§erum estradiol concen-

trations were significantly elevated in the C8-treated group at

survival was increased in the CP-C8 and C8 groups Whﬁﬂg 1-, 3-, 6-, 9-, and 12-month time points when Compared to
compared to the control group (Fig. 2). the ad libitum or pair-fed control groups (Fig. 6A). Serum

Liver. In the C8 and WY groups, relative liver weightsestradiol concentrations were significantly elevated in the WY-
(Fig. 3A) and hepaticB-oxidation activity (Fig. 3B) were treated group at the 3-, 6-, 9-, 18-, and 21-month time points
increased at all of the sampling time points when comparedwinen compared to the control group. After the 9-month time
either thead libitum or pair-fed control groups. The only point, the dietary concentration of WY was reduced from 50 to
exception was the C8 relative liver weight at 24 months, whib ppm, due to excessive mortality. At the 12-month sampling
was only significantly increased when compared to the pair-féche point, serum estradiol concentrations in the WY group
controls. In contrast, hepatic cell proliferation was only inwere similar to those of the control group, but were subse-
creased in the WY-treated rats (Fig. 3C). At 24 months, Wifuently increased at 15, 18, and 21 months.
treatment resulted in increased incidence of hepatocellulain contrast, C8 and WY did not alter serum testosterone
adenomas (22% vs. 3% in the control group) and carcinom@asncentrations in any consistent pattern (Fig. 6B). In the C8
(4% vs. 0% in the control group) (Table 2). Dietary adminisgroup, serum LH was significantly elevated at the 6- and
tration of C8 produced a statistically significant increase in tf&8-month time points, and was numerically increased at the 9-
incidence of hepatocellular adenomas (13% vs. 3% or 1%and 12-month time points (Fig. 6C); serum FSH was signifi-
thead libitumor pair-fed control groups, respectively), but n@antly increased at the 6-month time point (Fig. 6D). In the
carcinomas were observed in the C8 treated rats (Table 2)WY group, serum LH was significantly elevated at the 6-, 12-,

Testis. Absolute testis weights were increased in the W¥nd 18-month time points, and was numerically increased at
group at 21 and 24 months and in the C8 group at 24 montfe 9- and 21-month time points (Fig. 6C). In the WY group,
(Fig. 4A). Leydig cellp-oxidation activity (Fig. 4B) and Ley- serum FSH was significantly increased at the 6- and 9-month
dig cell proliferation (Fig. 4C) were not altered at any of th&#ime points, and was numerically increased at the 12-, 15-, 18-,
sampling times. Moreover, the rate pfoxidation in Leydig and 21-month time points (Fig. 6D). C8 did not alter serum LH
cells, regardless of treatment, was approximately 20 times legsFSH concentrations as consistently as WY, which is con-
than the rate of hepatjg-oxidation in thead libitumor pair-fed sistent with C8 being less potent than WY in producing Leydig
control groups. At 24 months, dietary exposure to WY hatell tumors. Sustained elevation of serum LH has been reported
significantly increased the incidence of Leydig cell hyperplasia enhance Leydig cell tumorigenesis (Coek al, 1999).
(69% vs 14% in the control group) and adenomas (24% vs 08&hough not always statistically significant, serum prolactin
in the control group) (Table 2). Dietary administration of C8oncentrations were numerically decreased in the WY group at
also produced increases in the incidence of Leydig cell hypé¢ie 1-, 3-, 6-, 9-, 12-, and 15-month time points and in the C8
plasia (46% vs. 14% or 33% in thad libitum or pair-fed group at the 1-, 3-, 6-, 9-, and 12-month time points (Fig. 6E).
control groups, respectively) and adenomas (11% vs. 0% or 3%e prolactin data is difficult to interpret due to the high degree
in thead libitumor pair-fed control group, respectively) (Tableof variability. Subsequent work by the authors has shown that
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FIG. 3. Effect of C8 and WY on relative liver weights (A), hepafieoxidation activity (B), and hepatic cell proliferation indices (C) in male rats over the
course of the 2-year feeding study. Relative liver weights and hepatiddation activity were increased at all sampling time points when compared to the control
groups. In contrast, hepatic cell labeling indices were only increased in the WY-treated group. Data are reportedtaSbhesignificantly different from the
ad libitum control group (H < 0.05) or the pair-fed control groupp < 0.05).
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TABLE 2
Summary of Hyperplasia/Neoplasia Incidence in the Liver, Testes, and Pancreas from Rats Fed C8 or WY

Control CP-C8 C8 300 ppm WY 25 ppm
Lesion Incidence % Incidence % Incidence % Incidence %

Liver

Adenoma 2/80 3 1/79 1 10/76 13 15/67 22%

Carcinoma 0/80 0 2179 3 0/76 0 3/67 4

Adenoma/carcinoma combined 2/80 3 3/79 4 10/76 * 13 17167 25*
Testes

Leydig cell hyperplasia 11/80 14 26/78 33 35/76 46* 46/67 69*

Leydig cell adenoma 0/80 0 2/78 3 8/76 11 16/67 24*
Pancreas

Acinar cell hyperplasia 14/80 18 8/79 10 30/76 #39 41/67 61*

Acinar cell adenoma 0/80 0 1/79 1 7176 "9 25/67 37*

Acinar cell carcinoma 0/80 0 0/79 0 1/76 1 0/67 0

Adenoma/carcinoma combined 0/80 0 1/79 1 8/76 11 25/67 37*

Note.Values given for incidence of lesions are from all scheduled and unscheduled deaths; %, percent of control.
* Significantly different from thead libitum control group,p < 0.05.
* Significantly different from the pair-fed control group,< 0.05.

serum prolactin concentrations are affected by stress, and tinduces liver and pancreatic acinar cell tumors (Reddy and
the blood collection procedure utilized in the current studao, 1997a,b).
(i.e., tail vein blood collection) contributes to the variability

(O’Connoret al,, 2000). Leydig Cell
Our early hypothesis for the mechanism of peroxisome
DISCUSSION proliferator-induced Leydig cell tumors was that this class of

compounds increased peroxisomes in Leydig cells in a similar

As hypothesized, both WY and C8 induced the tumor triatianner as in the liver (Coadt al., 1992). This hypothesis was
(i.e., hepatocellular, Leydig cell, and pancreatic acinar cell) based on the similarity between hepatocytes and Leydig cells;
the current 2-year mechanistic study. WY increased the intieth have abundant smooth endoplasmic reticulum; however,
dence of hepatocellular adenoma and carcinoma, Leydig dedipatocytes utilize this organelle for xenobiotic metabolism
hyperplasia and adenoma, and pancreatic acinar cell hyperplaile Leydig cells utilize it for steroid biosynthesis. In 2 strains
sia and adenoma, when compared to the control. A similaf rat, WY did not induce peroxisomes in Leydig cells based
pattern was observed with C8, although C8 was clearly lesgon biochemical (peroxisomgloxidation activity) and elec-
potent than WY. For the liver effects, WY produced approxiron microscopy (qualitative evaluation) criteria, at doses
mately a 2-fold greater incidence of combined (i.e., adenomdnere abundant peroxisome induction was present in the liver
and carcinoma) tumors than C8, consistent with its ability {@iegelet al., 1992; Hurttet al,, 1992). In the current study, C8
produce sustained increases in hepatic cell proliferation. Thes® WY did not induce peroxisomes in Leydig cells, as mea-
data are also consistent with the findings of Marsman asdred by peroxisomaj3-oxidation activity throughout the
co-workers (1988) who demonstrated a similar relationshidyear bioassay. These data demonstrate that peroxisome pro-
between di(2-ethlyhexyl)phthalate (DEHP) and WY. Thedderators do not induce peroxisomes in Leydig cells, and
studies illustrate how a sustained increase in cell proliferatibience, induce Leydig cell tumors via a different mechanism
can drive liver tumorigenesis. These data further demonstrétem that for liver tumors.
that peroxisome proliferators induce extrahepatic tumors (tesEarly studies indicated that exposure to C8 and WY altered
tis, pancreas), a relationship which has not been clearly deserum hormone concentrations. Surprisingly, in the current
onstrated before. Several peroxisome proliferators produce stidy, the only consistent alterations in serum hormone levels
trahepatic tumors; however, these finding are only recenthere an increase in estradiol concentrations and a mild de-
being addressed in review articles with this class of compour@ease in prolactin concentrations; serum testosterone and LH
For instance, clofibrate and HCFC-123, as well as C8 and Wagncentrations were not significantly altered at the levels of C8
induce the tumor triad (liver, Leydig cell, and pancreatic acinand WY that were tested. The Leydig cell tumors appear to be
cell). Gemfibrozil, DEHP, and TCE induce liver and Leydidhormonally mediated where the sustained increase in estradiol,
cell tumors (reviewed in Coolet al, 1999), and Nafenopin and possibly the decrease in prolactin concentrations, may play
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FIG. 4. Feeding study effect of C8 and WY on testes weights (A), Leydig @elkidation activity (B), and Leydig cell proliferation indices (C) in male
rats over the course of the 2-year study. Absolute testis weights were increased in the WY group at 21 and 24 months and in the C8 group at 24 months. T
increase in testis weight was attributed to the increase in Leydig cell tumors. Leydfgr@eltiation activity and cell proliferation were not altered at any time
point. Data are reported as meanSD. Significantly different from thed libitum control group (p < 0.05) or the pair-fed control groupp < 0.05).

a key role. Both C8 and WY produced biologically significantvere not always statistically significant, there were numerical
increases in serum estradiol concentrations after 1 monthindreases in estradiol concentrations at every time point, which
dietary administration. While the increases in the current studyere considered biologically significant. The only exception
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FIG. 5. Effect of C8 and WY on pancreatic acinar cell proliferation indices in male rats over the course of the 2-year feeding study. Pancreatic acinar cel
proliferation was increased in the C8 group at 15, 18, and 21 months. Dietary administration of WY did not alter acinar cell proliferation. Datdest@sep
mean= SD. Significantly different from thed libitum control group (p < 0.05) or the pair-fed control grougg < 0.05).

was in the WY animals at the 12 month time point, wherand over expression of TGFhas been suggested as one
estradiol concentrations were not increased. However, this wasssible factor in producing sustained cell proliferation of
attributed to the reduction in the dietary concentration of Wxhammary tumor cells and the subsequent development of
from 50 to 25 ppm that occurred on test day 301. The increaseoplasia (Liuet al., 1987). TGk binds to the EGF receptor
in serum estradiol in the WY group was reestablished at thed stimulates cell proliferation (reviewed in Moses al,
15-month time point and was maintained through the remaih988). It is notable that TGF stimulates thymidine incorpo-
der of the study. ration into Leydig cell precursors and appears to be a Leydig
We have proposed a mechanism for the induction of Leydagll stimulant (Kharet al, 1992a). TGl has been identified in
cell tumors where estradiol modulates growth factor expressibaydig cells (Teerdgt al,, 1990). Hence, it is possible that the
in the testis to produce Leydig cell hyperplasia and neoplagiaroxisome proliferator-induced elevation of estradiol concen-
(Biegel, et al,, 1995; Cook.et al, 1992). Consistent with this trations may be responsible for the development of Leydig cell
hypothesis, WY produced approximately a 2-fold greater imdenomas. Studies with compounds that directly elevate serum
crease in the incidence of Leydig cell tumors than C8, and théstradiol concentrations (i.e., g-&stradiol) are necessary to
correlated with the more sustained increase in estradiol tlfially investigate this hypothesis.
was observed in the WY-treated rats. In support of this hy- Conflicting evidence exists for the role of estrogens in the
pothesis, it has been shown that administration of estradioldevelopment of Leydig cell tumors in rats. Estrogenic com-
mice produces Leydig cell tumors (Andervoet al, 1960; pounds do not induce Leydig cell tumors in rats when given at
Bonser, 1942; Hooker and Pfeiffer, 1942). In addition, it apdoses which produce testicular atrophy, which can confound
pears that human Leydig cell adenomas and the surroundadegection of Leydig cell hyperplasia (Gibsoat al, 1967;
hyperplastic Leydig cells secrete large quantities of estradidiarselos and Tomatis, 1992; Schardein, 1980; Schar@in,
(Castle and Richardson, 1986; Detal., 1989). In male rats, al., 1970). These earlier studies were also limited by small
serum estradiol concentrations are maintained by the convesmple size and reduced survival. Interestingly, GnRH agonists
sion of testosterone to estradiol via aromatase, a cytochromeéuce Leydig cell tumors at low doses, but do not induce
P450 containing monooxygenase (Coffey, 1988). It has bekeydig cell tumors at higher doses where LH concentrations
demonstrated that peroxisome proliferators increase seruma® suppressed and testicular atrophy occurs (Donauleauer
tradiol levels via induction of aromatase (Bieglal, 1995, al., 1987; Hunteret al, 1982; Physician’s Desk Reference
Liu et al, 1996a,b). This hepatic aromatase induction increasE®95a,b,c). Hence, these negative bioassays with estrogenic
serum estradiol concentrations (Bieget,al., 1995; Cook.et compounds may be due to suppression of LH, which to date is
al., 1992; Liuet al, 1996a,b), which increases testis estradidhe primary demonstrated “driver” of Leydig cell tumors. Es-
concentrations (Biegeét al, 1995). The increase in testiculartradiol does appear to play a role in enhancement of Leydig cell
estradiol concentrations (interstitial fluid) modulates growttumorigenesis based on data from aging studies. In F344 rats,
factors, specifically TG&, within the testis (Biegelet al, which have a high spontaneous incidence of Leydig cell tu-
1995). mors, there is an age-related increase in serum estradiol, which
Estradiol has been shown to stimulate the secretion of traesirelates with the development of Leydig cell hyperplasia and
forming growth factor (TGRx) by mammary epithelial cells tumor formation (Turek and Desjardins, 1979). However, in
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FIG. 6. Effect of C8 and WY on serum estradiol (A), testosterone (B), LH (C), FSH (D), and prolactin (E). Serum estradiol concentrations were elevated
in the C8-treated group at 1, 3, 6, 9, and 12 months. Serum estradiol concentrations were elevated in the WY-treated groups at 3, 6, 9, 18, ande2irmonths. S
testosterone was not altered by dietary exposure to C8 or WY. Although not always statistically significant, serum LH and FSH were numericdlin elevate
the WY group at 6, 9, 12, 18, and 21 months. Occasional elevations in LH and FSH were observed in C8-treated rats. Although not always statiitiaatly sign
serum prolactin concentrations were numerically decreased in the WY group at 1, 3, 6, 9, 12, and 15 months. A similar pattern was also obseragedn C8-tre
rats. Data are reported as meanSD. Significantly different from thad libitum control group (p < 0.05) or the pair-fed control grougg < 0.05).
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FIG. 6—Continued

the CD rat, which has a low spontaneous incidence of Leydl®83, 1987; Longnecker and Sumi, 1990). Castration, ovari-
cell tumors, serum estradiol decreases with age (Grakd, ectomy, and hormone replacement with estradiol and testos-
1994). In the current 2-year rat mechanistic bioassay, C8 atlone have been shown to influence the growth of carcinogen-
WY produced a sustained increase in serum estradiol concgittuced preneoplastic foci in the azaserine-rat model of
trations that correlated with the potency of the 2 compoundsgancreatic carcinogenesis (Longnecker and Sumi, 1990). The
induce Leydig cell tumors. These studies suggest that estragiglidence of spontaneous and induced neoplasms of the exo-
may play a role in enhancement of Leydig cell tumors in thgine pancreas is higher in male than in female rats. Addition-
rat, and that peroxisome proliferators may induce Leydig Cgl|ly growth factors such as CCK have been shown to stimulate
tumors via a non-LH type mechanism. Whether estradiol playgymal, adaptive, and neoplastic growth of pancreatic acinar
a role in the induction of Leydig cell tumors by peroxisomegyis in rats. CCK is found in the gut mucosa and is released
proliferators can only be determined from an estradiol bioassi%}/o the bloodstream in response to the presence of food in the
conducted at levels that do not induce testicular atrophy 8hodenum. CCK then binds to receptors on the pancreatic

reduce LH concentrations. acinar cells and stimulates release of pancreatic secretions into
the gut. The pancreatic secretions contain the monitor peptide,
a protein that binds to the receptors in the duodenum to
The development of pancreatic acinar cell tumors in the réimulate CCK release into the bloodstream. Chymotrypsin is
has been shown to be modified by several factors suchaso found in pancreatic juice and is cleaved into trypsin inside
steroid concentrations (testosterone and estradiol), growth fdwe gut. Trypsin digests proteins present in the gut. Once there
tors, cholecystokinin (CCK), and diet (fat) (Longneckeris no food present in the gut, trypsin degrades the monitor

Pancreas
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protein, which stops the further release of CCK. In the curreptessed and testicular atrophy occurs (DonaubetLil, 1987;
2-year study, WY produced approximately a 3.5-fold greatétunteret al, 1982; Physician’s Desk ReferenckE95a,b,c).
incidence of combined (i.e., adenoma and carcinoma) tumétence, these negative bioassays with estrogenic compounds
than C8. The induction of pancreatic acinar cell tumors hasay be due to suppression of LH, which to date is the primary
also been reported for two other peroxisome-proliferating comdemonstrated “driver” of Leydig cell tumors. In the current
pounds, clofibrate and nafenopin (Physician’s Desk Referen2eyear rat mechanistic bioassay, C8 and WY produced a sus-
1996; Reddy and Rao 1997a,b). Hence, the induction of thea@ed increase in serum estradiol concentrations that corre-
tumors also appears to be associated with this class of cdated with the potency of the 2 compounds to induce Leydig
pounds. It has also been shown that a series of aliphatill tumors. These studies suggest that estradiol may play a
dicarboxylic acids, which produce hypolipidemic activity, intole in enhancement of Leydig cell tumors in the rat, and that
crease fecal fat content. Although Izydore and Hall (1991) dmkroxisome proliferators may induce Leydig cell tumors via a
not examine whether these aliphatic dicarboxylic acids anen-LH type mechanism. Whether estradiol plays a role in the
peroxisome proliferators, the “substrate overload hypothesistuction of Leydig cell tumors by peroxisome proliferators
would indicate that the dicarboxylic acids are responsible foan only be determined from an estradiol bioassay conducted at
the induction of peroxisomes. If this is true, then aliphatievels that do not induce testicular atrophy or reduce LH
dicarboxylic acids are likely to be peroxisome proliferatorsoncentrations.
Hence the ability of C8 and WY to induce pancreatic acinar
cell tumors may be due to increasing the fat content in the gut, ACKNOWLEDGMENTS
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