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ABSTRACT

In order to investigate the early cellular changes in liver associated
with furan cholangiocarcinogenesis, young adult male Fischer 344 rats
were administered furan by gavage once a day, 5 days a wk for 2 to 3 wk
at doses ranging from 15 to 60 mg/kg of body weight per day. The most
conspicuous feature observed in the liver of animals receiving the higher
doses of furan was a rapidly developed cholangiofibrosis characterized
by the presence of bile ductular hyperplasia, intestinal metaplasia, and
fibrosi*. Moreover, this lesion was found to be almost exclusively local
ized to the caudate liver lobe, which by morphometric analysis was
further determined to be largely replaced by Cholangiofibrotic tissue.
Both the hyperplastic bile ductular epithelial cells and the intestinal-like
epithelial cells in these areas selectively exhibited a strongly positive
immunohistochemical staining for cytokeratin 19 and were supported by
well-developed basement membranes enriched in both laminili and type
IV collagen. However, in contrast to the hyperplastic bile ductules,
electron microscopy of the metaplastic intestinal glands revealed them to
be composed mostly of columnar epithelial cells with well-developed
striated borders, less numerous mucin-secreting goblet cells, and occa
sional neuroendocrine-like cells, thus closely resembling in their cellular
composition that of intestinal mucosa. These metaplastic glands also
showed a more heterogeneous pattern of staining for both 7-glutamyl
transpeptidase and the placenta! form of glutathione S-transferase than
did the hyperplastic bile ductules. At the 60-mg/kg/day furan dose,
cholangiolar-like structures composed of biliary epithelial cells and duc
tular hepatocytic cells at different stages of morphological differentiation
were also observed. Phenotypically, the biliary epithelial and "ductular
hepatocytes" of these cholangioles shared a common basement membrane

containing laminin and type IV collagen, as well as a luminal plasma
membrane â€¢¿�y-glutamyltranspeptidase. On the other hand, only the biliary
epithelial cells of the newly appearing mixed cell cholangioles stained
positive for cytokeratin 19. Interestingly, unlike hepatocarcinogen-in-
duced oval cells, a-fetoprotein expression was not detected in any of the
cell types comprising the furan-induced Cholangiofibrotic tissue. These
results support a novel in vivo model for investigating cell lineages in the
development in liver of intestinal metaplasia, "ductular hepatocytes," and

cholangiofibrosis in relation to intrahepatic cholangiocarcinogenesis.

INTRODUCTION

Furan (Fig. IA) is used primarily as a chemical intermediate
in the manufacture of other organic compounds, including
herbicides, plastics, and Pharmaceuticals. The National Toxi
cology Program has recently completed a 2-yr carcinogenicity
bioassay of furan and determined it to be cholangiocarcinogenic
in F344 rats4 (1). In this study, furan was given in corn oil by
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gavage to both male and female rats at doses of 2, 4, or 8 mg/
kg of body weight, 5 days a wk for 104 wk. This long-term
exposure, in turn, resulted in an 86 to 100% incidence of
intrahepatic cholangiocarcinomas by the end of the treatment
period. In addition, it was further reported that male F344 rats
similarly treated with 30 mg/kg of furan over a 90-day period
developed marked cholangiofibrosis, which after several
months of no further treatment progressed to yield a 100%
incidence of intrahepatic cholangiocarcinoma. Moreover, it ap
peared that the furan-induced cholangiofibrosis and subse
quently appearing cholangiocarcinomas were mostly developing
along the visceral surfaces of the rat liver and in the caudate
lobe, where it straddled the forestomach. However, to date,
there have been no published data on the very early cellular
changes associated with furan cholangiocarcinogenesis in rats,
particularly as they may relate to defining initial cell lineage(s)
in the development of biliary cell cancer in liver.

In this study, we used morphometric analysis to assess the
lobal distribution of cellular lesions appearing early in the liver
of F344 rats exposed to furan. We also partially characterized
the phenotypes of various hyperplastic and metaplastic epithe
lial cell populations that arose rapidly in these livers in an effort
to evaluate their relationships to each other, as well as their
role as potential early cell precursors in the histogenesis of
furan-induced cholangiofibrosis and intrahepatic cholangiocar
cinoma.

MATERIALS AND METHODS

Chemicals. Furan (99+%) was purchased from Aldrich Chemical
Co., Inc., Milwaukee, WI. Carmine-certified, cupric sulfate, 3,3'-dia-

minobenzidine, Fast Blue BB salt, glycylglycine, hematoxylin solution,
hydrogen peroxide, pepsin, and tris(hydroxymethyl)aminomethane
were purchased from Sigma Chemical Co., St. Louis, MO. L->-Glu-
tamyl-4-methoxy-B naphthylamide was obtained from Vega Biotech
nologies, Inc., Tucson, AZ; eosin Y from MC/B, Norwood, OH; and
Peel-A-Way embedding paraffin pellets (melting point, 53-55Â°C)from

VWR Scientific, Bridgeport, NJ. Vectastain avidin-biotin complex-
horseradish peroxidase immunostaining kits were purchased from Vec
tor Laboratories, Inc., Burlingame, CA.

Animals. Young adult male F344 rats, 160 to 190 g, were purchased
from HarÃanSprague-Dawley, Indianapolis, IN. They were housed one
or two per cage in filter top plastic cages and maintained at 22Â°Cunder

a 12-h light/dark illumination cycle in an approved biohazard facility.
AIN-76A diet (Teklad Premier, Madison, WI) and drinking water were
administered ml libitum throughout the experimental period. All the
animal experimentation described in this study was done after approval
by our Institutional Animal Care and Use Committee (Animal Protocol
No. 8804-0803).

Furan Treatments. A dose-response experiment with furan was per
formed using five rats per dose group. Following a 5-day adaption
period, the rats were administered furan in corn oil at doses of 0, 15,
30, 45, and 60 mg/kg of body weight, respectively, given by gavage
once a day in the morning, 5 times a wk for 3 wk. All rats in each
group were then sacrificed by lethal injection of sodium pentobarbital
(Steris Labs, Inc., Phoenix, AZ) at 2 days after their last furan treat-
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS
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Fig. 1. A, structure of furan; tt. diagram of rat liver depicting individual lobesanalyzed after furan treatment. HI), common bile duct; l'I', portal vein.

ment. Each liver was removed, weighed, and carefully examined for
gross pathological changes. Random tissue samples were then taken
from individual hepatic lobes as shown schematically in Fig. \B. In a
second experiment, five rats received the 60-mg/kg of body weight daily
dose of furan, 5 days a wk from 1 to 2 wk before livers were removed
for analysis.

Histology, Histochemistry, and Immunohistochemistry. Liver tissue
samples were fixed in 10% buffered neutral formalin or in 95% ethanol/
1.0% glacial acetic acid, dehydrated in alcohols, and embedded in a
low-melting-point paraffin, as previously described (2, 3). All histolÃ³g
ica! staining procedures for light microscopy were performed on a 5-
(um thick tissue sections that had been cut on a Reichert-Jung Model
2030 microtome (Cambridge Instruments, Inc., Buffalo, NY). Routine
examinations were done on sections stained with hematoxylin-eosin.
Immunohistochemistry was performed with the following antibodies:
affinity-purified anti-EHS mouse tumor laminin (3, 4) and affinity-
purified anti-EHS mouse tumor type IV collagen, both generously
donated by Dr. Leo T. Furcht of the Department of Laboratory Medi
cine and Pathology, University of Minnesota School of Medicine;
antiserum prepared against Triton X-100-purified rat renal GOT* (5,

6), kindly provided by Dr. Rebecca P. Hughey, Department of Molec
ular Genetics and Biochemistry, University of Pittsburgh School of
Medicine; anti-GST-P (3) provided by both Dr. Kiyomi Sato of the
Second Department of Biochemistry, Hirosaki University School of
Medicine, and by Dr. Ross G. Cameron of the Department of Pathol
ogy, Toronto General Hospital; antiserum to rat fibronectin purchased
from Calbiochem Corp., La Jolla, CA; antiserum to rat a-fetoprotein
purchased from Nordic Immunological Laboratories, Capistrano
Beach, CA; and monoclonal anti-cytokeratin 19 purchased from Amer-
sham Corp., Arlington Heights, IL. Antibody specificity was deter
mined either by Western blot analysis, antigen blocking experiments,
or appropriate staining of positive tissue and cells. Additional condi
tions for the immunohistochemical staining using appropriate Vectas-
tain avidin-biotin complex-horseradish peroxidase staining kits were
described previously (3). Histochemical demonstration of GGT was
according to a slight modification of the procedure of Rutenburg et al.
(7) as described previously (3, 8), and Mayer's mucicarmine method

was used to stain for the presence of mucin (9).
Electron Microscopy. Electron microscopy was performed as previ

ously described (10), with slight modifications. Briefly, I-111111cubes of

tissue from the caudate liver lobe of rats that had received the 45-mg/
kg of body weight dose of furan, 5 times weekly for 3 wk, were fixed
for 2 h in 2.0% glutaraldehyde in a 1.0 M phosphate buffer, pH 7.4.
They were then postfixed for 1.5 h on ice in 1.0% OSO4 in 0.1 M
cacodylate buffer, pH 7.4, dehydrated, and embedded in Poly-Bed
(Polysciences, Fort Washington, PA). After ultramicrotoming, sections
were stained with uranyl acetate and lead citrate and examined with a
Philips EM-400 electron microscope.

Morphometry. Morphometric measurements were made as previ
ously described (8, 11) using a system consisting of an Olympus HH..
microscope equipped with various objective lenses, including a SPIan
FI xl objective and a Panasonic WV 6000 videocamera. This was
linked to a Sony Trinitron color television monitor and integrated with
a Zeiss Videoplan 2 image analysis computer system. A cursor capable
of high-precision, parallax-free digitizing was then used to trace the
boundaries of projected tissue sections of both GGT- and GST-positive
hepatocellular foci, as well as of regions of cholangiofibrosis, and of
the borders of various epithelial cell types and their nuclei present in
the cholangiofibrotic tissue. From these data, specific values of area
and of maximum cell and nuclear diameters were computed using the
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Fig. 2. Dose-related changes in mean body weights (I I and percentage of
survival (A) of F344 rats given different daily doses of furan in corn oil by gavage
5 times per wk for up to 3 wk. Daily dosage of furan in A (mg/kg of body weight);
D, corn oil control; O, 1S; â€¢¿�.30; A, 45; A, 60. The number of rats per individual-
dose treatment group equals 5. None of the rats receiving the 60 mg/kg of body
weight dose of furan survived the full 3-wk treatment period, with four of five of
these animals dying by the end of the second week. Points, mean; bars, SD.

Table 1 Number of GGT- and GST-P-positive hepatocellular foci/cm3 of rat liver
lobes at the end of a 3-wk treatment period with different doses of furan

Details of the furan treatment and quantitation of foci are given in "Materials
and Methods."

Furan dose
(mg/kg of body

weight) Enzymemarker15

304545ccrGGT
GGT
GST-PNo.Caudate1.46

0.85
0.0*
0.0'of

foci/cm5 of liverlobeRight0.0

4.98
1.39
2.41Median0.0

0.06
0.0
0.0Left

lateral0.0

1.38
1.28
0.0

5The abbreviations used are: GGT, 7-glutamyl transpeptidase; GST-P, gluta-
thione 5-transferase (placenta!).
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" GGT was determined by histochemistry and GST-P by immunohistochemis-
try as described in "Materials and Methods."

* More than 90% of the caudate lobe section area was cholangiofibrotic as

shown in Fig. 4.
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS

MOP Videoplan standard measurement software program (Kontron
Bildanalyse, Munich, Federal Republic of Germany). The formulations
of Campbell et al. (12) and Xu et al. (13) were used to calculate the
total number of GGT-positive and GST-P-positive hepatocellular foci
per cm3 of liver, as previously described (11). The area measurements

were made from longitudinal tissue sections of the entire caudate lobe
from each rat liver and from equivalent amounts of random liver tissue
samples taken from the other hepatic lobes, with the average amount
of total liver tissue section analyzed per rat being 12.38 cm2. Mean cell

and nuclear diameters were determined from random measurements
made on 100 cells of each cell type analyzed per individual caudate
lobe from five rats treated with the 60 mg/kg of body weight dose of
furan, except for the "ductular hepatocytes," in which case measure

ments were made on all observed cells of this type. Values of P were
determined using the Student two-tailed i test.

RESULTS

During the course of the 2- to 3-wk treatment period, rats
receiving furan at 15 to 60 mg/kg of body weight, 5 times

Fig. 3. Histopathological changes in spe
cific liver lobes of furan-treated rats. Animals
received a 45 mg/kg of body weight daily dose
of furan in corn oil by gavage for a 3-wk period
as indicated in "Materials and Methods." a.

cholangiofibrosis in the caudate liver lobe,
x 13; ft, higher magnification of a demonstrat
ing hyperplastic bile ductules (lower one-half
of photomicrograph) and metaplastic intes
tinal glands (upper one-half of photomicro
graph) in a dense fibrotic stroma, x 128; c.
hepatic cirrhosis without evidence of cholan
giofibrosis in the median liver lobe, x 13; d,
area of hepatocyte degeneration and necrosis
in a Zone 2 regior of the median liver lobe,
x 128.

r.0

weekly, exhibited a dose-dependent decrease in their average
body weight gain (Fig. 2). The survival curve shown in Fig. 2B
also reflects this dose-dependent toxicity, with none of the rats
that received the 60 mg/kg of body weight dose being alive by
the end of the second wk of treatment. In addition, as demon
strated in Table 1, our morphometric analysis of GGT as well
as GST-P-positive hepatocellular foci in liver tissue sections
from the different hepatic lobes of all of the surviving furan-
treated rats revealed only very low numbers of these lesions to
be present per cm3 of liver, regardless of the lobe analyzed.

However, at both the 30 and 45 mg/kg of body weight dose of
furan, there seemed to be some preference for the hepatocellular
foci to occur in the right and left lateral lobes over the median
lobe, although the low numbers of foci actually determined
make this finding inconclusive.

The most conspicuous feature of the livers of the rats exposed
to the higher dose of furan was the rapid development of a
prominent cholangiofibrosis, which was dramatically localized

->- ' AN
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS

to the caudate lobe (Figs. 3 and 4). Histologically, this was
characterized by the presence of well-differentiated hyperplastic
bile ductules and of metaplastic intestinal glands supported by
a fibrous connective tissue stroma (Fig. 3, a and b). In contrast,
the other liver lobes (i.e., median and left lateral) primarily
showed cirrhosis (Fig. 3c), as well as areas of hepatocellular
degeneration and necrosis which were observed sporadically
within Zones 2 and 3 of the liver acini (i.e., Fig. 3d). As further
shown in Fig. 4, the optimum cholangiofibrotic responses to
the short-term turan treatment was produced in rats receiving
the 45 mg/kg of body weight dose, with >90% of the total
tissue section area of their caudate liver lobe being occupied by
cholangiofibrotic tissue.

As already noted, perhaps the most striking cellular change
associated with the cholangiofibrotic response to treatment of
the rats with the higher doses of furan was the development of
numerous metaplastic intestinal glands. Ultrastructurally, these
were found to be composed mostly of columnar absorptive cells
with well-developed striated borders and juxtaluminal junc-
tional complexes, less numerous goblet cells, and an occasional
neuroendocrine-like cell (Fig. 5). Moreover, as shown in Fig. 6,
a number of interesting phenotypic marker similarities and
differences were found to exist between the newly formed
metaplastic intestinal glands and the hyperplastic bile ductules
within the same areas of cholangiofibrosis in the caudate lobe.
Specifically, the epithelial cells of both the hyperplastic bile
ductules and the metaplastic intestinal glands showed a strongly
positive immunostaining for cytokeratin 19 in their cytoplasm
(Fig. 6, b and c). These respective structures had well-developed
basement membranes, which stained intensely for the presence
of both laminin (Fig. 6, e and/) and type IV collagen (data not
shown). The epithelial cells of the hyperplastic bile ductules
were also uniformly characterized by a strongly positive im
munostaining for luminal GGT (Fig. 6h) as well as for cyto-
plasmic GST-P (data not shown). In contrast, only the meta

plastic intestinal glands were stained positively for mucin,
which was primarily localized to the goblet cells and to inspis
sated material in their lumina (Fig. 60). Furthermore, the cells
of these metaplastic glands exhibited a much more heteroge
neous pattern of immunostaining for both GGT (Fig. 61) and
GST-P (data not shown) than did those of the hyperplastic bile
ductules.

A unique histological feature observed only in cholangiofi
brotic areas of caudate liver lobe from three of five rats that
had received the 60 mg/kg of body weight chronic dose of furan
for 1 to 2 wk was the novel presence of occasional cholangiolar-
like structures composed of both biliary epithelial cells and
"ductular hepatocytic" cells at different apparent stages of
development. Unlike the biliary epithelial cells, the "ductular
hepatocytes" within these structures did not stain positively for

cytokeratin 19 (Fig. 6d). However, both the biliary epithelial
cells and "ductular hepatocytes" were found to share a common

luminal plasma membrane GGT (Fig. 6j) and were supported
by a common basement membrane that stained strongly positive
for laminin (Fig. 6g) and type IV collagen (Fig. 6A;).The stroma
surrounding the cholangiolar-like structures, like that around
the typical hyperplastic bile ductules and metaplastic intestinal
glands, also showed a moderate immunostaining reaction for
fibronectin (Fig. 61).

In contrast to what was observed in histological sections from
transplantable Morris rat hepatoma 7777 (positive control), a-
fetoprotein was not detected by immunohistochemistry in any
of the cell types present in tissue sections of the furan-induced

cholangiofibrosis (data not shown). Also, the expression of o-
fetoprotein mRNA in cells of representative cholangiofibrotic
tissue areas was not detected by in situ hybridization, performed
according to a well-established procedure (14, 15; data not
shown). A summary of our phenotypic characterization of the
different epithelial structures observed in the cholangiofibrotic
areas of furan-treated rats is shown in Table 2.

Table 3 presents measurements of the mean cell and nuclear
diameters of the various epithelial cell types observed in the
cholangiofibrotic areas of caudate liver lobe of rats after treat
ment with the 60 mg/kg of body weight dose of furan. As
demonstrated, the hyperplastic bile ductular epithelial cells,
"ductular hepatocytes," and metaplastic intestinal columnar

epithelial cells were each characterized by distinct mean maxi
mum nuclear diameters. The "ductular hepatocytes" of the
cholangiolar-like structures also exhibited a mean maximum

cell diameter that was significantly larger than that of the
hyperplastic bile ductular epithelial cells.

DISCUSSION

The most novel findings of this study are (a) the early
development of a prominent cholangiofibrosis, which was al
most exclusively localized to the caudate liver lobe of those rats
exposed short-term to the higher doses of furan; (b) the devel
opment of different intestinal mucosa! cell types in the furan-
induced cholangiofibrotic liver tissue; (c) the appearance of
distinct "ductular hepatocytes" in the cholangiofibrotic areas

of rats that received the most toxic dose of furan; (d) the very
low numbers of GGT-positive and GST-P-positive hepatocel
lular foci/cm3 of liver resulting from the short-term furan

treatments; and (e) the apparent absence of a-fetoprotein-pro-
ducing subpopulations of proliferating nonparenchymal oval
cells and hepatocytes associated with the furan-induced cholan
giofibrotic response.

We do not yet know if the caudate lobe-specific cholangiofi
brotic lesions induced by furan reflect just a reactive change or
if they may possibly indicate an early precursor stage in the
histogenesis of intrahepatic cholangiocarcinoma in this exper
imental model. However, we have further observed that rats
administered furan at the 45 mg/kg of body weight dose, once
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Fig. 4. Quantitation of cholangiofibrotic areas in random histological sections
of individual liver lobes from furan-treated rats. Five animals per treatment group
received furan at the indicated doses, daily by gavage, S times per wk for 3 wk
before sacrifice. Morphometric analyses were performed on each liver lobe as
described in "Materials and Methods." Columns, mean; bars, SD.
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS

fei:M*:l

Fig. S. Electron micrographs of representative epithelial cell structures and cell types within turan induced cholangiofibrotic areas of a rat caudate liver lobe, a,
hyperplastic bile ductule, x 5600; b, metaplastic columnar intestinal epithelial cells exhibiting well-developed striated borders (b) and juxtaluminal junctional
complexes (amms). x 5600; i: a goblet cell (g) within a metaplastic intestinal gland, x 5600; Â¡I.a neuroendocrine-like cell (ne) within a metaplastic intestinal gland
(arrow denotes the basement membrane), x 9200.
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS

Fig. 6. Phenotypic features of cholangiolar and metastatic glandular structures within cholangionbrotic areas of caudate liver lobe of rats receiving high daily doses
of furan over a 3-wk treatment period (x 128). a, mucicarmine staining of unit in in a metaplastic intestinal gland (arrow points to mucin-positive goblet cell); b,
hyperplastic bile ductule exhibiting strong positive immunostaining for cytokeratin 19; c. metaplastic intestinal gland also showing strong positive immunostaining
for cytokeratin 19; d. cholangiolar-like structure composed of cytokeratin 19-positive biliary epithelial cells and cytokeratin 19-negative hepatocytes; c. hyperplastic
bile ductules with laminin-enriched basement membranes;/ metaplastic intestinal glands with laminin-enriched basement membranes; g, cholangiolar-like structure
composed of biliary epithelial cells and a hepatocytic cell (arrow) supported by a common basement membrane immunostained for laminili; A, hyperplastic bile ductule
showing strong positive immunostaining for a luminal GGT; j. metaplastic intestinal gland exhibiting heterogeneous cellular immunostaining for luminal GGT
(arrow); j. cholangiolar-like structure composed of biliary epithelial cells and a hepatocytic cell (arrow) exhibiting by immunostaining a common luminal GGT; k,
cholangiolar-like structure composed of biliary epithelial and hepatocytic cells (atrow) on a common basement membrane immunostained for type IV collagen; /,
cholangiolar-like structure whose stroma is immunostained for fibronectin (arrow points to a hepatocytic cell), b and r counterstained with hematoxylin and d to -/
counterstained with H & E.
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FURAN-INDUCED CHOLANGIOFIBROSIS IN RATS

Table 2 Summary ofphenotypes characterizing the different epithelial structures observed in areas of furan-induced cholangiofibrosis in rats

Epithelial structure

Phenotypic marker
Hyperplastic
bile ductules

Metaplastic
intestinal

glands

Bile ductular
epithelial cells
of mixed cell
cholangioles

Hepatocytes of
mixed cell

cholangioles

Mucin( 'viola-rutili 19

GGT
GST-P
Basement membrane laminin
Basement membrane type IV

collagen
a-Fetoprotein

Â±
Â± ND ND

1-, not detected; +, moderate to strong positive staining; Â±,heterogeneous staining; ND, not determined.

Table 3 Cell and nuclear sizes of epithelial cell types appearing in
cholangiofibrotic areas induced in the caudate liver lobe offuran-treated rats

Five rats were treated daily with a 60 mg/kg of body weight dose of furan S
times per wk for a period of 1 or 2 wk before sacrifice.

Cell type
Maximum cell di

ameter (Â¡im)
Maximum nuclear

diameter 0Â¿m)

Hyperplastic bile ductular
epithelial cells

Metaplastic intestinal co
lumnar epithelial cells

"Ductular hepatocytes"

7.9 Â±1.2Â°(500)* 4.5 Â±0.6 (500)

18.1 Â±3.4 (500) 6.0 Â±1.2 (500)

16.3 Â±3.4 (38)c 8.4 Â±1.9(37)''

" Mean Â±SD.
* Numbers in parentheses, total number of cells or nuclei analyzed.
' Statistically different from hyperplastic bile ductular epithelial cells (!' <

0.01) but not statistically different from metaplastic intestinal epithelial cells.
* Statistically different from both bile ductular epithelial cells (/'â€¢ 0.01) and

metaplastic intestinal epithelial cells (!'â€¢".0.01).

daily for 3 wk and then maintained without furan treatment for
an additional 6 wk still exhibited a marked persistent cholan
giofibrosis in their caudate liver lobe (data not shown). In
addition, we have very recently identified dysplastic glands in
areas of cholangiofibrosis induced in the liver of a rat that
previously received furan at 30 mg/kg of body weight over a 9-
wk period and was then sacrificed 15 wk later, thus confirming
the progressive nature of this lesion. A long-term carcinogen-
icity study in rats is now in progress to more definitively assess
the possibility of a precursor relationship between the early
furan-induced caudate lobe-specific cholangiofibrosis described
in this study and subsequently developing cholangiocarcinomas.

We have not yet established experimentally the basis for the
dramatic differences in rat hepatic lobe susceptibility to cholan
giofibrosis in response to the short-term furan treatments.
However, one may speculate that this differential response is
likely related to "streaming" in the portal venous circulation to

liver (16). This, in turn, would allow for higher concentrations
of furan to be routed preferentially via portal blood flow to the
caudate liver lobe in contrast to the median and left lateral
lobes of liver. We now have separate preliminary data to further
indicate that cholangiofibrosis may develop selectively within
the right hepatic lobe as well as in the caudate liver lobe of rats
chronically exposed for several weeks to furan. The latter
finding is also consistent with there being different patterns of
portal blood flow (streaming) to the various lobes of liver. On
the other hand, the predilection of the caudate liver lobe (and
right lobe), but not the median and left lateral liver lobes, of
rats to develop cholangiofibrosis in response to short-term

exposures to furan could also be reflecting interhepatic lobe
differences in furan metabolism. Data have recently been ob
tained using male F344 rats to demonstrate that furan is me
tabolized mostly in liver to reactive intermediates and that these
activated metabolites may bind covalently to hepatic protein.4

However, it is still not known whether an intrahepatic lobe
variation in the metabolism of furan occurs in rat liver nor has
it been determined if the Zones 2 and 3 hepatonecrosis observed
in the furan-treated rats is specifically related to the binding of
activated furan metabolites to hepatocyte proteins. Neverthe
less, since sufficient data are available from rat studies to
suggest interhepatic lobe differences in the metabolism of other
chemicals to reactive hepatotoxic and/or hepatocarcinogenic
intermediates (17, 18), it seems plausible that this also could
be a contributing factor to the hepatic lobe-specific cholangio
fibrosis response associated with furan-induced toxicity in rat
liver.

Our phenotypic analysis of the hyperplastic bile ductular
structures and the metaplastic intestinal glands in the furan-
induced cholangiofibrotic areas strongly suggests a precursor
relationship between the ductular cells and the metaplastic cells.
Here, it is particularly noteworthy that the metaplastic intes
tinal glands like the hyperplastic bile ductular structures exhib
ited an intense immunohistochemical staining reaction for cy-
tokeratin 19, an intermediate filament protein which in rat liver
is commonly found only in the intrahepatic biliary epithelial
cells (3, 19, 20). Moreover, we now have data from a just
completed time course study which further strengthen our
conclusion that the hyperplastic bile ductular cells are prefer
entially differentiating along the intestinal cell lineage in the
caudate and right liver lobes of rats treated daily with the 45
mg/kg of body weight dose of furan. Briefly, over a 32-day
treatment period, the following sequence of lobe-specific his-
tological changes was observed. These changes included an
initially severe Zones 2 and 3 hepatonecrosis followed by a
prominent bile ductular hyperplasia with subsequent develop
ment of metaplastic glandular structures exhibiting a sequential
appearance of columnar absorptive cells, goblet cells, neuroen
docrine cells, and Paneth cells.6 In this context, it is also
interesting that we did not detect a-fetoprotein expression in
any of the cell populations comprising the cholangiofibrotic
areas of the furan-treated rats and that both the bile ductular
epithelial cell structures and metaplastic intestinal glands in
these areas exhibited well-developed basement membranes en
riched in laminin. Thus, at least in terms of these phenotypic
characteristics, the ductular and glandular structures occurring
in rat liver in response to furan are distinctly different from
atypical ductular-like structures commonly associated with he-
patocarcinogen-induced oval cell proliferation. These latter
structures have been previously reported to heterogeneously
express a-fetoprotein (21, 22) and to be deficient in basement
membrane laminin (23).

Lastly, the origin of the cholangiolar-like structures com-

6 L. W. Elmore and A. E. Sirica, manuscript in preparation.
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posed of both biliary epithelial cells and "ductular hepatocytes"

still remains to be determined. However, these unique structures
appear to closely resemble the "neocholangiole" previously

identified in human liver in certain extreme forms of hepatic
injury (24). The following phenotypic differences between the
"ductular hepatocytes" and nonductular hepatocytes analyzed
in this study are also worth reiterating: (a) only the "ductular
hepatocytes" exhibited immunohistochemical staining for base

ment membrane laminin and shared a common luminal plasma
membrane GGT with biliary epithelial cells of the same cholan-
giolar-like structure; (/>) the mean maximum diameter of the
"ductular hepatocytes" (â€”16/Â¿m)is smaller than that of non
ductular hepatocytes (~22 urn); and (c) we observed cells in
some of the cholangiolar-like structures (i.e., Fig. 6/) whose
morphology and staining characteristics in hematoxylin:eosin-
stained tissue sections suggested that they may be intermediate
between those of the intrahepatic biliary epithelial cell and the
mature nonductular hepatocyte. Further studies are now needed
to substantiate the presence of such intermediate cells and to
determine if a progenitor cell relationship exists between the
bile ductular cell and the "ductular hepatocyte" appearing in

this model.
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