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PATHOBIOLOGICAL RESPONSES OF PRIMATES
TO POLYCHLORINATED BIPHENYL EXPOSURE

J. R. Allen, D.V.M,, Ph.D., and D. H. Norback*

Abstract

Mals and female rhesus monkeys received varying
levels of polychiorinated biphenyls (PCB cl md wers

human ext e to these ds only tly hes
become of widespread The scientitic i
ty was alerted to the potential environmental heaith
prob!om by Jensen in 1966 (ref. 1) after PCB’s were

evalusted for toxic effects, reproducti
and bolism of the wounds. Famaln rhun
monkeys exposed to distary levels as low as 2.5 end 5.0
ppm of Pca {Aroclor 1248) deveioped facial acne,
orythems, edeme, fi jvitis, and loss
of eyslashes. Reproductive dysfunctions were meni-
fested by irreguler menstrusl cycles, serly abortions, and
stillbirths. As a result of transplacental migration of the
compounds, all infents bom of PCB-exposed animals
conteined PCBs in their tissues at birth. The infanss,
which continued to be exposed to PCB's by ingestion of
milk from their lactating mothers, developed skin lesions
and 60 p xpired within 4 th

Metebolic studies de d 90 p absorp-
ton of the PCBs from the geswointestinel tract end
distribution in organs of high lipid content. Hydroxy-
loted metabolites were formed in the liver and excreted
through the bilisry and urinary routes. Lower chiori.
neted congeners were more rapidly metabolized and
excreted, while concentrations of the highly chiorl

ified In tissue extracts of birds experiencing repro-
ductive difficulties in Sweden. The magnitude of the
problem was brought to the forefront by the “Yusho”
incident when over 1,000 Japanese suffered prolonged il}

effects from exp to PCB rice oil {ref,
2). Further concern about the potential denger of PCB's
on human heaith followed discl of i ing levels

of these compounds in various foods. The contamination
has bean attributed to incorporation of these com-
pounds within the food chain or from packeging of food
products in PCB-impregnated paper containers (ref. 3).
Increasing levels of PCB's in human tissus samples attest
to the magnitude of the human exposure (refs. 4,5).
Within this lsboratory various snimal models,
including the nonhuman primate and rodent, have besn
evaluated following exposure to PCB’s for the develop-
maent of lesions which parallel those recorded in man.
Emphesis has been placed on determining pathophysi-
ological alterations that arise in animal models as  result

biphenyls sted in the adipose tissue in excess of

240 ynr: The detection of the urinary metsbolite -

trans-3,4-dihydro-3,4-dihydroxy-tetrachiorobipheny!
suggests that the mechanism of metebolism is through an
arene oxide intermediate. In vivo and in vll'm md/u

of exp to several levels of PCB’s for vatiable periads
of time. Tha absorption, tissus distribution, and rets of
excretion of PCB's have been determined. The inter-
action of the PCB's or their metabolites with celluler
macromolecules has slso becn & major ares of investi-
pation. Thl following report, which includes previously

demonstrated binding of PCB's with mac.
INTRODUCTION
Even though the potychiorinsted biphenyls (PCB's)

have besn used extensively for verious industrial pur-
poses for the past 40 years, the heaith significance of
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ions, p ] y of the
progress that has been made in this lsboratory on the
above mentioned sreas of PC8 ressarch.

GENERAL EFFECTS OF PCB'S
ON NONHUMAN PRIMATES

The investigation of toxlc»ty pfodueed by PCB': in
verious animal species de d the li of
rodents as animal modeis, Maie Spragus-Dewley rats
were able to survive for 1 year on diets containing 100
ppm PCB (Arocior 1248, 1254, or 1262) without show-
ing: signs of iliness (ref. 8). These obssrvations substan-
tisted those of Kaplinger et ol. {ref. 7). Increasing the
PCB content of the rat dists to 1,000 ppm did not
produce skin lesions; however, death occurred within 6
to 8 weeks due to ®» hepatic degr ion (ref.
8).

Male rhesus monkeys developed many of the signs
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experionced by humans that had bean inadvertantly

d to PCB's. Moni fad diets ing 100 and
300 ppm PCB (Aroclor 1248) (table 1) developed faciai
edema, erythems, acne, and alopecia within 3 weeks.
The Issions became progressively more severe with
[ d tength of {refs. 8,10}, In addition,
the mlmm dlmloﬂd anorexia, ioss in weight, hypo-
protei P is, and anemis. Within 3
months the ma;ovltv of the monkeys had died or were
moribund. Necropsies of these animals revealed decided
mucoss! gastric hyperplasia with penstration of the
glanduler epithelium into the underlying submucosa (ref.
10). Numerous ul ions of the hyperplastic gastric

remaining three have thown improvement of tm skin
lesions during the 4-month pericd.

Four edult male rhesus monkeys wers aiso exposed
to a diet contsining 5.0 ppm PCB's (Aroclor 1248)
(table 1) for 17 months {(average total intake of PCB's
480 mg). They began to develop a slight periorbital
sdema after 6 hs of L , It was
much less severe than in the female monkeys recsiving a
similar level of PCB. The morphological festures and
visbility of the spermatozoa as well as the ability to
fertilize control female rhesus monkeys was unaffected
during the initial 12 months of PCB exposure. Subse-

mucoss were also present (ref. 11). in addition, thers
wes 8 decided hypertrophy of the liver.

Foemale monkeys fad 26 ppm PCB (Arocior 1248)
(table 1) in the diet developed facial lesions similar to
those observed in the animals receiving higher levels of
PCB’s (ref. 12). After 2 months on the PCB diet it was

y to di inue the ¢ due 10 the severi-
ty of intoxication. Ons of the six experimental animals
dhd 4 monm -h.-r the lnlthl exposure to PCB's,
d severe gastric hyber-
plnla md ulceration. The surviving adult femsle
monkeys continued to be devoid of eyelashes and dis-
played faclsl acneform lesions 2 ysars following expo-
sure to the PCB's. Infants born to thess females were

quently one of the four males lost weight and daveloped
alopecia, acne, periorbits! edema and decressed fibido. A
testicular biopsy of this animal showed a decided hypo-
activity of the seminiferous tubules. Thsre was an
absance of mature sp and » predominance of
Sertoli calis of the tubules. The remaining thres malss
have remained healthy and sexuaily active (ref. 15},

ASSORPTION. METABOLISM, TISSUE DEPOSITION,
AND EXCRETION OF PCB's

Owar 90 pescent of a single oral dose (1.6 or 3.0 g
per k) of PCB's (Aroclor 1248) given to sdult thesus
monhvs was unortnd from the gastrointestinel tract.

small (350 vs. 460 g) and contained PCB's in their tissues
at birth,

Fomala monkeys given 2.6 and 6.0 ppm PCB (Aro-
olor 1248) (tsbie 2) in their dists developed facial
adema, swollen eyelids, erythema, loss of hair, and acns
within 2 months (ref. 13). By the fourth month, irregu-
fprities in the menstrusl cycles end an incressed level of
urinery ketosteroids were recorded (ref. 14}, Following
@ months of PCB the female ys were
bred to control males. Six of eight animals on tha 5.0
ppm diet conceived (tlblc 2). Th- rmlnhg two were
bred on five swep 9. Four
of the six females experienced abortion sarly in gesta-
tlon, Eight of eight of the 2.5 ppm PCB fed animals
conosived; however, only five ware able to carry their
infants to term. As was the cass with infants of animals
given the higher laveis of PC8's, all the infants were

graphic analysis of the tissues 14 days after

led a predomi of higher chiorine

lsomers that had a predilection for the adipose tissue and
organs containing a high fat content (ref. 16).

Rhesus monkeys fed 26 ppm PCB (Aroclor 1248) in
the dist sttained levels of 127 ;g9/y within the adipose
tissue after 2 hs. Eight ths after di i
tion of exposure to PCB's the lavals were 34 /g within
the adipose tissue, After 33 months, the levels within the
adipose tissue ranged from 3 to 14 ug/g; the residues
contained greatly Inemud pvoponlom of highly chlori-
nated s, T of the PCB's
was d d by the p of PCB's in the
infants born to exposed females. The tissues of an
infant, born to a female 8 months following the discon-
tinuation of PCB's in the diet, contsined 26 ug/g of PCB
in the fat and adrenai tissues at the time of birth, in an
infant born to a female 28 months following the discon-

small and at birth their.skin ined bie levels

* of PCB's.

Tha Infants were permitted to nurse their mothers
for 4 months. Within 2 months focal aress of hyperpig-

mentation, swollen lips end eyelids, loss of eyelashes, .

and acneform lesions of the face developed. The skin of

these Infants showsd & deckded increase in the PCB leve!

over this period, Within 4 months, 3 of the 8 infants
died due to PCB icati Atter g, the

44

ion of PCB's, the levels within the adiposs tissue
were 3.38 45/ at 4 months of age.

Female monkeys given 5.0 ppm PCB in their diets
attained maximum levels of PCB's within their sdiposs
tissue at 6 .months (141 to 177 pg/g adiposw tissue).,
However, it required approximately 14 months on the
2.5 ppm diet for the monkeys to reach similar maximum
PCB levels in their adipose tissue (126 to 144 ug/g).
Males which received 5.0 ppm PCB's attained levels
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Table 1. Experiments on exposure of primates to PCB’s (Aroclor 1248*)
A Length of - rowt pan
o {ppm) - animals (months) intake
po 300 6 males 3 3.6t05.4g
{ 100 6 males 2 0.8to1,0g¢g
o 25 6 females 2 250 to 400 mg
: 2.5 8 females 16-19 243 to 303 mg
.. 5.0 8 females 16-19 " 460 to 614 mg
- 5.0 4 males .7 530 to 692 mg
“Mapsanto Co., Inc., St. Louis, Missouri.
Tuble 2. Modification in reproduction
in primates that were exposed
T ) _ to Aroclor 1248 in the diet
- ot : Control 2.5 ppm 5.0 ppm
T i Total
_ impregnated - ;
L (no./mo. SR -
Mima’ls) 12127 878 T6/8 T
Resorptions .
N or abor-
tions (no./ -
no. an1ma'|s) 0/12 - 3_/8 4/8
) Stillborn - T e
{no./no. ’ T o -
R animals) o/12 o/8 /8 .
CTT Nermal - o T T e SR
: * births (no./ T e o ezt
no. an1mals) 12/12 5/8 178 -
- g
. 357
ons 082




ranging from 128 to 200 g per g adipose tissue at 14
months. Infants born of mothers exposed to 2.5 and 5.0
ppm PCB's within the diet contained concentrations of
PCB's ranging from 1.0 to 4.8 ug/g within the skin at
birth. While nursing from mothers consuming PCB diets,
the infants inued to late the ] d. At
3 months, the fevels within the tissues ranged from 86 to
138 ug/o. The concentration of PCB's within the milk
ranged from 0.15 to 0.40 ug/g. The tissues of the infants
which died while nursing PCB-fed mothers contained
high lavels of PCB's within the thymus, ovaries, brain,
kidneys, sdrenal glands and pancreas {20-48 pg/g tissue).
Lower levels were found in the liver, lymph nodes, and
bone marrow (8-16 ug/g).

Monkeys and rats demonstrate species variation in
the p to the PCB cong 252'5"-
tatrachioroblpheny! (TCB). Onr 66 percent of the nnde
dose (500 mg/kg) d to rats was
from the feces, and an sdditional 10 percent was present

. In thw uring within tha initisl 72 hours (ref. 17}, The
metarial present in the body was concentrated within
the adiposs tissue. Thers was a transient high level of
TCB within the blood at 24 hours. Other organs which
contsined significant q ities of TCB, h n
lowsr concentrations, included the fiver, skin and
muscie. The major urinary metabolite was ”

glucuronic acid conjugatos. An additional 8 percent of

the total dose was recovered from the urine.

Administration of the higher chlorine congener >H
2.4,5,2' 4’ 5" -hexachlorobiphenyl (HCB) to rats or
monkeys demonstrated fow levels of exretion into the
bile. An oral dose of HCB (1 g/kg) sdministered to rets
resulted in excretion of 0.3-0.7 percent of the dose per
day in the bile over a period of 14 days. The urine was
free of d ble levels of radi ity {(ref. 18), At 14
days, 65 percent was recovered from the body tissues.
The compound was highly concentrated within the
adrenal glands, adipose tissue, and skin end in the female
within the ovaries and uterus. Following the administra-
tion of a single dose of HCB (1 g/kg) to juvenile rhesus
monkeys, less than 2 percent wes excreted vie the
bilisry-fecal route over a 3-week period. There was no
detectable radioactivity within the urine. The organs
with the highest concentration of the material Included
the edrenal, adipose tissue, and skin. Due 10 the large
mass of muscular tissue, this was a major reservoir of the
compound,

INTERACTION OF METABOLITES
WITH CELLULAR MACROMOLECULES

Following tha administration of *H 2,5,2',5 tetra-

30H282' 8" hlorobiphenyl. Other hydroxy
TCB metabolites were pretant in minor quantities (u'
m.

Over 90 parcent of an oral dose {500 mg/kg} of *H -

TCB administered 1o Infant rhesus monksys was
absorbed from the gastrointestinal tract and was highty
oconcentrated ir the skin, adrenal gland, fiver, and adi-
poee tissue. At 72 hours, less than 2 percent of the dose
hed been eliminated in the urine and 1 percent in the
feoss. Monohydroxy TCB, a major metabolite presant in
the rat urine, was 3 minor metabolite in the urine of the
monkeys. The two major metabolites ware dihydroxy-
TCB and trans-3,4-dihydro-3,4-dihydroxy TCB (ref. 18).
A second minor metabolite was hydroxy-3,4-dihydro-
3,4-dihydroxy TCB.

Following the oral dose of *H-TCB (1 g/kg) to
Juvenile monkeys, s major percentage of the material
waes sbsorbed from the gastrointastinel tract and was
highly concentrated In the adrenal, adipose tissue, and
skin, Significant quantities were present within the liver,
muscle, and uterus. After 4 weeks, 14.8 percent of the
dose was secreted into the bile. Approximately 75
peroent of the bitisry materiat was reabsorbed by the gut
snd the nonabsorbed material was recovered from the
feces during this period. Over 80 percent of the PCB's
oxcreted in the bile was In the form of water soluble
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chiorobiphenyl (TCB} to infant rhesus monkeys, inter-
action of TCB and macromolecules of cells and of serum
wes evaluated (ref. 20). Separation of the serum constit-
uents by polyacrylamide gel electrophoresis demon-
strated association of the TCB primarily with serum
albumin. Over 90 percent of the radioactivity of liver
homogenates eluted from a Sephadex G-25 column was
in the protein and nucleic scid fractions. The majority of
ths macromolecular- nlodnud HC8 sppersntly was
bound by hydr E ion of liver
homogenstes with hexane, precipitation of the hexane-
extracted homogenate with TCA, and subsequent extrac-
tion of the TCA precipitate with methanol resuited in
extraction of the majority of the radioactivity. In the
extracted residue, 1.1 percent of the radioactivity
remained which may represent covalently bonded
material, Recent in vitro studies employing monkey
microsomes incubated with an NADPH generating
system demonstrated 20 percent of the metabolized
3H-TCB wes bound to microsomal protein and RNA in »
nonextractable form. Binding of *H-TCB was prevented
!lw heating tha microsomes to 100°C prior 10 incubation
ref, 21).

DISCUSSION

These experiments umploylné nonhuman primates
have demonstrated development of parallel signs and
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. the smvere

fesions of PCB intoxication In humans and rhesus
monkeys exposed to similar levels over comparable
periods of time. Acne, subcutansous edema of the face,
and edema of the eyelids were observed in man (ref. 22)
and lower primates (ref. 15) exposed to PCB's, The
facial signs of PCB axposure sppesr to be a sensitive

d of PCB V. The rhesus monkeys after
exposure for 2 months to dietery levels of PCB's (2.5
and 6.0 ppm) developed facial alterations after a total
oonsumption of 32-60 mg of PCB's. It is noteworthy
that PC8 levels of 5.0 ppm are presently permitted in
foods destined for humen consumption.

The most debilitating lesions in the monkeys mrl
hyperplasis and uk ton of the
Whether similar changes occur in the stomach of man
exposed to PCB's remains to be clarified. Nausea and
snorexia described by the human subjects suggest poten:
tial gastric omrnlons Liver hypertrophy, proliferation
of the endopl feul and i d hepatic

i | enzyme activities ware observed in man (raf.
23) and in lower primates (ref, 11).

who nursed from mothers exposed to 2.5 and 6.0 ppm
in the maternal diets, The presence of relatively low
{evels of PC8's in the diets of lactating females repre-
sents a potential source of PCB intoxication to nursing
infants.

Metabolic studies of the rhesus monkey demon-
strate ovu 90 p.recm absorption of the PCB’s from the

i tract following oral administration. The
mnteml is concentrated in organs with high lipid
content, Including the adipose tissue, skin, sdrenai,
corpora lutea of the ovaries, and brain. Within tha liver
the greatest portion of the materis| is associated with the
membranes of the endoplasmic reticulum,

Studies with the single congener TCB demonstrate
the metabolism of the d to hydroxyiated forms
which are conjugated with glucuronic acid and excreted
into the bile. Enterohepatic circulation of the PCB’s
undoubtedly occurs as only 20 percent of the material
secrated into the bila was recovered from the feces. The
greatest portion of the bol TCB was d
through the urinary system. The more highly chiorinated

Menstrual ircegularities, d fibido, biph
of stililborns, reduced birth ghts, and ) |
of PCBsinh and rhesus keys have

. been recorded (refs. 13,24). The reproductive failures of

monkeys exposed to PCB's were due to insbility to
maintain a pregnant state. The majority of the animais
did not experience spprecisble difficulty in conception:
. 8 large P! ge of the ani sborted
during the first 45 deys of pregnancy. These observa:
tions suggest an Inability of Implantation or inability to
intain the impl d bryo during the esrly stages
of pregnancy.
gh the me of repr
tion hes not been claritied, there is some ind»cntlon of
hormonal modifications. Alterstions in the urinary keto-
sterolds were reported in humans exposed to PCB's (ref,
22). Increased lsvels of urinary ketosteroids have bun

yl HCB was more slowly eliminsted from the
body via the biliary-fecal route; HCB or matabolites
were' not detected within the urine. The facilitated
metabolism and excretion of the tower chiorine con.
geners was also indicated by the relative decresssd stor-
age of these ds, and y the

lation of higher chlorinated congenars, within the
adipose tissue.

Metabolic studies that have been conducted on non-
human primates suggest mechanisms of interaction of
PCB’s vnm tissues and, more importantly, indicats
and 0 effects of the
have besn isolated from rhesus

PCB'S. Mltabolltu

. monke7s exposed 1o the PCB congener 26,25 tetra

chlorobipheny| that era formed through an srene oxid.
intermediste (ref. 18). Similar metabolites of the PCB's
:nd the pounuul for arene oxide formation hes been

observed In the nonhuman primates that exp

reproductive failures (ref. 14). One mechanism of altered
steroid lism may be dary to the i in
the hepatic mixed function oxidases that sre present in
the hypertrophic livers of exposed animals. It has also
been a consistent observation that the organs sssociated
with steroid production, the adrenals and warm (pu

ated in rabbits (refs. 25,26). Arena oxides

formed by the ism of other hydro-
carbons have been shown to covalently bind with macro-
Jecules and prod genic and : N

changes in mammalian cells (ref. 27). Dtchlovlnuit;t of
tha more highly chlorinated biphenyls, demonstrated by
dechlorination of 2,4,5,2',4',5"haxachlorobipheny! (ref.

ticularly the corpors lutea), have ined
high ions of PCB's in d animats. Thus
the compounds ‘may possibly have a direct effect on

* them organs.

The presence of PCB's in the milk of other species
has been previously reported (ref. 3). This avenus of
Infant exposure and the potential morbidity and mor-

tality was vividly demonstrated in the infant monkeys

47

28), provides a mect through which metabolism of
highly chiorinsted biphenyls through an arene oxide
intermediate would be facilitated.
Evid dy g the ' of PCB’s
with liver macromolecules supports the theoretical
potential of the PCB's for covalent binding with cellulsr-
! Thus, it that alkylstion of

lecules is one by which tha PCB

macy
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ites cause widesp injurious effects, Further
credesice for the ability of the compound to produce
J s in the lgcules is presented in recent
reports of h fular tumors ping in rats and

mico expostd to PCB's (refs. 20-31),

1.
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DISCUSSION

VOICE: I'm from the Massachusetts Society. H-u you ‘

d the samples for minute

M G y hes voll d 10 snalyze the
Aroclor 1248 used in our experiments for the
furans, In our discussion last week they were hope-
ful of having these dats availsble for this confer-
ence, 1f Dr. Wright is in the sudience perhaps he
would give us » progress report on the subject. (No
enswer from the audience.) J can say that we have
done some preliminary work In this eres snd have
found undetectable levels of furans in the samples.
However, more detailed studies to clerify this ques-
tion are underway at the prasent time.

VOICE: How can you determine that the PC8's are
y bound to lecules?

DR. ALLEN: Repested extractions carefully monitored
for radioactivity sre the best methods of removing
sny absorbed materfal from the protein. Standard
wl h -vhy hod: do not diff i

d and lently bound materials.
We hope to tn abie to generate mww PCB bound
to macromolecules to permit the determination of
the exact covslent nature of the bond following
macramolecular digestion,

. VOICE: Which macromolecuie did you use?

™

DR. ALLIW Wt were using protein and ANA from

These mi were

lwublwd with *H PCB in a NADPH generating

system. The protein snd RNA were isolated sub-

quently and their red y determined.
VOI.C!' Cculd you tell us roughly how much PCB your
d per grem of body weight?

DR. ALLEN: Tha female animais on the PCB experi-

ments weighed 6 and 7 kilogr Table 1

gives the average total intake of PCB’s by these sni-
mals during the various experiments.
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