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Adenofibrosis in the Rat Liver

With Persistence of Polychlorinnted Biphenyls in Adipose Tissue

Renate D. Kimbrough, MD; Ralph E. Linder; Virlyn W. Burse; Ralph W. Jennings, Chamblee, Ga

Fifty male Sherman strain rats were fed
500 ppm of a polychlorinated bipheny!
(PCB) (Arocior 1254) for six months. Five
each were killed zero, ong, two, three, four,
six, eight, and ten months after exposure to
Aroclor had ceased. The livers of these rats
werg examined by light and electron mi-
croscopy. Liver lesions persisted although
exposure to PCBs ceased,

Ten months eafter exposure ceased,
3,192 ppm PCBs were still present in the
rats' adipose tissue and 22.65 ppm In the
rat livers.

Aroclor patterns found in the tissues by
glectron capture gas chromatography dif-
fered from patterns of dietary Arociors,
Mass spectral analysis of liver and adipose
tissue revealed three major Aroclor compo-
nents with masses of 324, 358, and 392,
These contained isotopic clusters indica-
tive of tho presence of C1,, €1, and C1,,
respectively,

n a previously reported study'

Sherman strain rats were fed poly-
chlorinated biphenyls (PCBs)
{Aroclor 1254 and Aroclor 1260). The
rats developed characteristic mor-
phological changes in the liver. These
changes consisted of hypertrophy of
the liver cells, & brown pigment in
Kupffer cells, lipid accumulation in
the cytoplasm of hepatocyles and, at
the higher dietary levels, adenofi-
brosis. Because of the wide distiibu-
tion of PCBs in the environment® and
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their persistence, the hepatic lesion
was studied further. The present
study was undertaken to sce whether,
once exposure to PCBs was stoppad,
the morphological changes produced
in the liver might disappear.

Materials and Mecthods

Avtotal of 50 male weaunling, specific-
pathogen-fice, random-lired  Sherman
strain rats were tagged individually and
group-caged, ten rats per cage. They were
given Aroclor 1254 in their diet for six
months. The dose of 500 ppm, which is
cquivalent to an average daily intake of
86.4 mgikg body weight,! was chosen be-
cause in the previous study all ten exposed
malc rats developed adenofibrosis within a
perind of eight months. The Aroclor was
mixed into ground laboratory chow as pre-
viously duscribed.t After six months of

Fig 1.~ Area ot adenofibrosis in liver section consisting primarily ol
ducts surrounded by [latlened cpithelium, Ducts are surrounded by littie

Fig 2. Rat liver section showing cluster of small columnar cells resem-

tibrosis {(hematoxylin-eosin, originat magnmcahon x 1.)0) x 175),
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bling pancreatic tissuc adjacent to blood vessel. Hepatocytes surround-
ing lesion are vacuolalcd (hemaloxylin-evsin, original magnification
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Use of the present method praduces
an averagie slope nround 1. For nick-
¢l, the slope chunges from 0.222 in
acid, to 0,666 in this organic base.

Since copper and zinc concentra-
tions arc determined after ditution,
and thercfore subject to a certain
amount of dilulion error, a Nationn}
Burcau of Standwrds sample (No.
1577) of bovine liver was subjected to
the same procedure and analyzed.
T'he copper recovery was 113% = 5.0%,
and zinc, 112%Z £ 6% in three scpa-
rate nnalyses.

The precision of the method in re-
peated analyses of control and ex-
posed uny tissue is presented in Ta-
ble 2. All lungs were divided into
approximately five equal portions
and cach portion analyzed for cad-
mium, nickel, and zinc. The standard

deviations for each lung varied froma

low of 0.02 ppm to 1.56 ppm, depend-
ing somewhat on the exposure to the
inhaled netal. Within measured
ranges of cadmium and nickel cou-
centrations, 200 to 300 mg of wet tis-
suc from an exposed animal are nec-
essary for precision. If the animal is
unexposed, 300 to 400 mg are re-
quired for the cadmium analysis.

1. Friberg 1., Piscator M, Novdberg G: Prob-
fems of ananlysis, in Cadwmium in the Environ
ment, Clevelund, Chemical Rubber Co, 1971, p
16.

2. Christinn G, Feldinan F: Atomic Absorp-
tion Spectroseapry. Wew York, Wiley-Interscivnce
Publighers, 1970,

3. Analytical Mcthods for Atomic Absorption
Spectrophotametry. Norwalk, Conn, Perkin.
Elmer Co, 1871

4. Pulido P, Fuwa K, Vallee B: Determination
of cadmium in biological materials by atowic
abrorption spectrophotomtry. Anal Biochem 14:
383.40¢, 106G

6. Packard Tochnical Bulletin, publication
6051 8. Dawners Grove, I, Packard [nstrument
Co, 1870.
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Although eone would not expeet any
difference in the nickel concentration
before or after exposure to cadinium,
the nickel concentration was below
the level of detection in the control
animals. Sainple weights can be re-

" duced by as much as 90% to 95% for

the analysis of zinc and copper.”
Using the dala given in Table 3,
the total amount of cadmium re-
covered from the lung was calculated
and compared with the total amount
of cadmium present in the inhalation
chamber during that period, as well
as with the eslimated amount of
cadmium inhaled by the rals. It can
be scen that the percent retained (6%
to 20%) of that “inhaled,” is larger by
a factor of 50 than the amount re-
tained from the totul exposure. These
fipurcs are somewhat comparable to
those reported in the literature”
which for short acute exposures var-
ied from 6% to 13% for rals, und un-
der chronic conditions, lasting eight
months, are estimated at 2% for rab-
bits. Both of these studies were per-
formed at higher exposuye levels than
those in the present experimnents.
Under the conditions of the present
study, all animals are exposed to a

References

6. MucGee J: Characterizativn of mammalian
tissues and micvoorganisins by gus-tiquid chro-
matbgeaphy. J Gas Chromalogr 6:1672-1673,
1970.

7. Jackson AJ, Michuel LM, Schumacher HJ:
bnproved tissuc solubilization for atomic abserp-
tion. Anal Chem 44:1064-1065, 1972, :

8. Mustafn MG, Croas DG: Pulmonary alveo-
lar mnerophnge  Biochemistry 10:4176-4185,
1971,

9. Bingham E, et al: Alveolar macrophages:
Reduced number in rats after prolonged inhata.

tion of lead sesquioxide. Scicnce 162:1297-1299, .

1968,

10. Horstinan 8, et nk: Acrusols of lead, nicked,
aud cadmium: A method of generating soluble
and insoluble compounds. Arch Environ Health

relatively small parlicle size, (89%
are Jess than 0.53um in diamcter)
which for cadmium oxide would be
relatively soluble. The unimals were
killed 16 hours aller removal from
the chamber, and the tota) exposures
were not large. Experiments per-
formed in these laboratories after
five- to six-week exposure periods, to
be reported in the future, do not show
much increase in lung retention.
Under the conditions of these experi-
ments then, it would appear that of
the cadmium oxide aerosol absorbed,
a substantial portion remains in the
lung.

In summary, data have been pre-
sented to illustrate a fast and rela-
tively precise method for the analysis

.of cadmium and nickel in animal tis-

sues.'* The technique has been used
to measure cadmium concentrations
in the rat lung after exposure to cad-
mium oxide aevosols.
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fig 3. -Sectlion of hepalic tissue in latter part of recovery phase iflustrating numerous small !mrd vacuoles (LV) {lead citrate-urany! acelate, oripinal
magnification x 51,300}

-
-

Fig 4.- Portion of hepatocyte with tubules of endoplasmic reticulum (ER) arranged in disorderly fashion. N represents nucieus; M, mitochondria {icad
citrele-uranyl acetate, original magnification x 20,235).
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receiving the experimental dict, the rats
veceived no more Aroclor and were fed
plain laboratory chow. At this time five
rats were killed. Additional killings of five
randomly selecled rats were made one,
two, three, four, six, eight, and ten months
after exposure to PCB had been dizcontin-
ued. At autopsy the livers were removed, -
weighed, and the tissue fixed in phos-
phate-buffered 5% glutaraldehyde  for
three hours for electron microscopic exam-
ination, post-fixed in 1% osmium telrox-
ide, embedded in maraglnss, sectioned
with & glass knile, and stained with lead
citrate and uranyl acetate. Tiseue for the
light microscope was fixed in 4% buflered
fortnaldehyde solution and etained with
hematoxylin and eosin. Frozen tissue of
sclected formalin-fixed hepatic tissue was
cut on the cryostat and stoained withoil red
0 to demonetrale lipids. At the time of the
last sacrifice, ten months after exposure to
PCB-containing diete had heen discantin-
ucd, adipoze tiasue and liver from seven

previously exposed rats and the adipose

tissue and Jiver from two rats of the same
age that had been fed only plain chow
were analyzed for the presence of PCBs by
electron captine (EC) gas chronutography
according 1o methods deseribed by Curley
ctal®

In order to determine which Arvoclor
constituents were of such chemicad stabili-
ty that they remained at n meazurable

.
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Fig 5. Border of area of adenofibrosis in liver. Note round clusters of dark grarnules m(ermued with web-like clusters of vacuoles Thhse Ionnaluons
llustrate appearance of brown piginent (BP), C represents collagen; LC, liver cell (lead citrate-uranyl acetale, original magnification x 20,235),

residual Jevel ten months after dietary in-
take hud ceased, adipose and hepatic com-
posites were analyzed by gas chromatog-
raphy-mass spectromelry. The conditions
for mass spectral analysis were as follows:
the mass spoctrometer was interfaced with
a gns chromatograph and cquipped with
& mass marker accurate within 0.3 mass
units. The gas chromatographic column
temperature was 220 C; flash heater, 235
C: glass-coiled colunn, 3.05 m x 0.64 cm;
1.5% OV-17/1.95% QF-1 on 60/80 esh
chromosorh "W (high performance, acid

washed, dimcthyldichlorosilane treated),’

helium presswre; 0.84 kgfsq em; flow rate
{rotameter setting 3), 456 mi/min; separa-
tor teipernture, 225 C; source enervgy, 70
ev; accelerating voltage 3.5 kv; trap cur-
renl 60pamp; box current 50uamp, and
leak current 8uamp.

Results

During the course of the experi-
ment three rats died. The liversof the
vals that were kitled at the time expo-
sure to Aroclor 1254 was discontin-
ned were enlarged, with average
weights of 6.32% of the budy weight,
When the exporimental diets had
been discontinued for four months,
the liver miade up only 3.6% of
the body  weight, and after eight
months yecovery the average weight

Rk AP T 0 s AN R IR

A

amounted to 3.34% of the average

“body weight. The fraction of the body

weight for the liver in control adul{
male rats ranges from 2.44% (o

2.59%%.¢

Forty livers were studied micros-
copically. The hepatocytes were en-
larged in 39 livers and all 40 livers
showed either vacuolated or foamy
cytoplasm because of increased lipid
accumulation.  Cyloplasmic inclu-
sions similar to those described
previously’ were observed in the liv-
ers of 24 rats. Adenofibrosig, which in
many instances wus very extensive,
was present in 36 of the 40 livers, and
a brown pigmenl was noted in the
Kupfler cells and other macrophnges
in 25 livers. Of the Tour rals that did
not develop adenofibrosis, one each
was killed two and six months afler
the poisoned.diets were discontinued.
The other two rats withoul adenofi-
brosis were killed ten months after
onsel of exposure. The adenofibrosis
ranged in gize from grayish-white le-
gions measuving 0.5 to 1 ¢ to areas
of 5 em with o pitted swrlace. Quile
often the tesion was malticentric. The
adenofibrosis' is iHustrated in Fige 1
and 2. In this study the appearance of

Adenofibrosis/Kimbrouph ot al
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fig 6. - Gas chromalographic traces of Aroclor 1254 standard (R), hepatic tissue extract (B), and
extract of adipose tissue {C). Response expressed as percentages, with 100% = 1.01av,

the lesion, particiilarly when it was
extensive, varied a great deal. Small
lesions consisted predominantly of
glandular  pale-staining  epithelial
cells that formed ducts and were sur-
rounded by very little fibvosis, The
larger lesions had extensive fibrosis
and contained collagen, and often the
ducts which were formed by the epi-
thelinl - pale-staining cells were

Arch Environ Health!Vol 27, Dec 1973

markedly dilated. The dilated ducts
contained mucus or necrotic debris,
and at times formed small eysts mea-
suring up to 0.5 cm in dinmeter.
Small dilaled ducts weve lined by co-
lumnar epithelium, and larger ones
by Nattened epithelium (Iig 1.

In arcax of extensive fibrosis, and
also adjncent to bload vesscls i areas
ol normal hepatic parenchyma (Fig 23,

clusters of smudl glandular ¢ty
were seen in 10 of the livers which
resembled the epithelium observed
normally in the pancreas. These
small clustersof pancreatic-like tissue
have not previously been described in
the livers of rats or of other specics.
Specinl stains for esterase, esterase
with sodium taurocholate, and tvyp-
tophan showed a positive resction
indicative of salivary gland tissuc.
The significance of these cells is pres-
ently not understood. Normally tis-
su¢ of a pancreatic type is not ob-
served in the livers of our rats. Clus-
ters of small columnar epithelial cells
resembling pancreatic tiscsue also
occurred in portal trinds without be-
ing surrounded by typical adenofi-
brosis. In the present study, one to
two rats at each killing showed these
small columnar cells with highly aci-
dophilic cyloplasm and a small, round
nucleus.

In the older animals, the fibrosis
was quite extensive in some instances
and the glandular proliferation was
present mainly at the periphery of
the lesion. Signs of regression of the
lesion were not noled, except for the

_disappearance of epithelial cells from

the center of the lesion. Furthermore
the lipid accumnulation and the hyper-
trophy of the hepatic cells remained
counstant throughout the study. Ex-
tensive arcas of necrosis were ob-
served in three of the 40 livers.

In addition to the change described
previously,! electron  microscopic
examinations of sections of liver tis-
sue showed numerous small lipid
vacuoles in the cytoplasm of many
hepatocyles, particularly in the Intter
part of the recovery phase (Fig 3). The
rmooth and rough endoplasmic retic-
ulum was arranged in a disovderly
fashion (Fig 4). Many of the mito-
chondria were atypicit! and surround-
ed by double membranes.

The electron microscopic nppear-
ance of the brown pigment prezent in
the macrophages and Kupfler cells is
illustrated in Fig 5. Large clusters of
dark granular material, intermived
with lipid vacuoles, were observed, as
well as round clusters of granular
material about the size of mitochon-
dria. Jo our previous studies it was
found that at least some of this pig-

Adenofibrosis/Kimbrough et at 393
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ment contained iron' but in addition
high concentrations of uroporphyrin
(75% 8-carboxyprophyrins and 25%
7-carboxyprophyting) were found in
the Jivers,) which could account for
some of the pigment. In addition to
these findings, oil red O stain demon-
strated granules of red-staining lipid
material in the area of the brown
pigment.

Since the morphological changes in
the liver did not disappear, the re-
maining seven rats were killed alter.
a ten-month recovery phase and their
adipose tissue and livers analyzed for
Aroclor. In adiposc tissue, the concen-
trations of PCBs ranged from 924
ppm to 1,638 ppm, with an avithmetic
mean of 1,192 ppm. The concentra-
tions in the liver ranged from 17.30
ppm 1026.24 ppm, with an avithmetic
mean of 22.65 ppm. The PCB levelsin
conlrol adipose and liver tissues were
<1.0 ppm.

The gas chromatogram obtained
from the EC analysis of adipose tissue
did not differ from that of liver, but
was significantly different  from
standard Avoclor 1254. An average of
seven peaks was observed as.a resi-
due in the tissues. Under- thete gag
chromatographic conditions, at least
.18 peaks have been observed in the
standard material (Fig 6). The differ-
ence is gas chrumatographic palterns
between stored and ingested Avoclor
has been obzcrved before in this labo-
ratory and by other researchers in the
field.®”

The total ion current (TIC) chro-
matogram f{or the liver tissue com-
posite is shown in Fig 7. Mass spec-
tral analysis revealed the presence of
only three major Aroclor components
with masses of 324, 358, and 392.
These components coutained isotopic
clusters indicative of the presence of
C1,, Ct,, and C1_, respectively. Adi-
pose tissue analysis by mass spec-
trometry revealed the same patterns.
Although only three different mo-
lecular components were present,
examination of the EC. and TIC
chromatograms coupled with mea-
sured intensities from multiple scun-
ning of cluting peaks indicates that
gtereoisomers of these three mole-
cules are obyviously present. Peaks 1
to 3 (Fig 7 did not contain any

394 Arch Environ Health/Vol 27, Dec 1973
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Fig 7.—Total ion current chromatogram of sample of compos:!c hver Response expressed as

percentages, with 100% = 10.0 mwv.

chlorinated moicties, while” other
peaks observed in the liver T1C con-

tained the following molccular ions:
peak 4 (324); peaks 5 to 7 (392 and
358); and peaks § to 9 (3921

Comment

The adenofibrosis of the liver pro-
duced in this study and the one pre-
viously reported! is the vesutt'of Aro-
clor consumption. Whether the Arve-
cloritself, or n contaminant such as a
chlorinated dibenzofuran, is responsi-
ble stilt needs to be resolved.

A study of the lesion shows that

‘10,000 ppm Avoclor 12

epithelial proliferation occurs in the
periphery, while the central portion
of the lerions containg primarily
fibrous tissue. The present study does
not completely resolve the question of
reversibility of this lesion since the
storage levels of PCBs in adiposc tis-
sue and liver may have been sulli-
ciently high to stimulale continued
growth of the altered hepatie tizsue.

- The levels in the liver sugpest that a

constaut low-level turnover of PCHs
takes place in the rats In a previous
study, Curley et al' found levels of
A1 in adipose
tissue of rats thit had been fed H00

AdenolibrosisfKimbreugh et a
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ppm of the mixture in their dict for
cight months. This finding indicutes
that a great deal of the Aroclors had
been mobilized from the adiposce tis-
suc and excreted in the present study.
The storage levels found ten months
after onsct of recovery are in the
same range of those of rats fed 100
ppm PCBs in their dict for eight
months.» The dictary level of 100 ppm
producesta much lower incidence of
adenofibrosis,! and it is possible that
adenofibrusis represents a permanent
lesion, particularly since the percent
of body weight of the livers had de-
creased.

The Aroclors found in the tissues
differed from those fed in the diet.
Metabolism of Jower chlorinated bi-
phenyls is considered as a possible
explanation for the differences ob-
served analytically between con-
sumed and stored PCB. Earlier work
of Block and Cornish® has shown that
biphenyls and chlorobiphenyls can be
hydroxylated and excreted in the
urine of rabbits. A more recent study
by Hutzinger et 8)? indicates that the
rvat is capable of hydroxylating meno-,
di-, and tetrachlorohiphenyls, but not
hexachlorobiphenyls. Since Aroclor
1254 averages five chlorines per mol-
eccule, it is conceivable that the heav-
icr chlorinated moietics could remain
as a residue.

P-dimethylaminoazobenzene  also
produces adenofibrosis. Bdwards and
White* and Bennett et al'! described
the lesion in rats when a mixture of
chlorinated naphthalenes and chlori-
nated diphenyls were fed. Unflortu-
nately, the finding was not well de-
geribed in Bennett et al’s report, but
Edwards and White mentioned Ben-
nett el al's finding as another exam-
ple of the induction of adenofibrosis
by chemicals in an excellent descrvip-
tion of the lesion. A eritical review of
the histopathogenesis of this lesion
was made by Stewar! and Snell®?,

The presence of the brown pigment
in Kupfer cells and macrophagesis ol
interest and was to a lesser extent

Arcti Environ Health/Vol 27, Dec 1973

also observed in the carlier study.
Electron microscupic cxamination of
the pigment shows that pacticularly
the large clusters of it resemble very
closely illustrations of ceroid pig-
ment.'? Experimentally ceroid pig-
ment ean be produced by hemarrhage
into fatty tissues rich in unsaturated
falty acids, particularly in the ab-
sence of an antioxidant (vitamin E
deficicncy). Ceroid pigment is com-
monly referred to as lipofuscin. These
Hpid pigments arg at times associated
with hemosiderin’ and may contain
iron-positive granules as in the pres-
ent case.! Ceroid granules were also
described by Edwards and White in
the livers of rats {ed butlter yellow.
Bennett et al also observed a brown
pigment in rats fed a mixture of
chlorinated naphthalenes and chlori-
nated biphenyls. These authors
claimed that it failed to stain in a
manner characteristic of either hemo-
siderin or hemofuscin. The porphy-
rins demonstrated in the livers of our
rats fed Aroclor may also contribute
to the overall pigment deposits. Cer-
oid pigment increases in people with
age and has therefore been called
"Abnutzungspigment” by the Ger-
mans. Attempts have been made to
relate it to senility. It has been associ-
ated with ncuronal ceroid-lipofusci-
nosis {Batien disease) in man. In
minks, a discase called yellow fat
discasc!! is associated with the accu-
mulation of excessive amounts of cer-
oid in adipose tissue. The accumula-
tion of ceroid in mink can be prevent-
ed by addition of vitamin E to the
diet. It occurs when the food rations
contain high percentages of fish
scrap. However, Gorham et al suggest
that other factors may also be in-
volved, since high dietary percent-
ages of fish scrap did not promote
growth as well as the stock ration,
even when vitamin E was added to
the diet. These observations raise the
question whether high doses of vita-
min E, and possibly the addition of
choline to the diet, could prevent or

minimize the observed effeets of PCHs
on the liver of our rats.

Richard Lo Moore assisted with the animal
teste

Lind: W. Andergon aseisted with preparation
and interpretation of the electromicrugruphs.

Annic R, Alford perforowed tho tissue prepara-
tions,

1. L Stewart, MD, and the tirsue Inboratory
of the Nation:! Cancer Institute, Bethesda, Md,
performed evaluations of Yiver slides.
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