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Abstract The expression of the pyruvate kinase (PKlominant cell lineage observed during the development
isoenzymes L and pwas analysed in the livers of rat®f hepatocellular carcinomas in the rat ranges from clear
treated with the hepatocarcinogenic ag@hitroso- and acidophilic cell foci, which store glycogen in excess
morpholine (NNM) in the drinking water. In control aniand may be acidophilic due to the proliferation of
mals L-PK expression was restricted to liver parenchymooth endoplasmic reticulum, through mixed and baso-
mal cells, whereas MPK was detected in bile duct epiphilic (ribosome-rich) cell foci to hepatocellular adeno-
thelial, blood vessel wall, endothelial and Kupffer cellsnas and carcinomas [3]. The development of cholangio-
In rats treated with NNM proliferating oval cells wereellular neoplasms proceeds in four stages: proliferation
consistently L-PK negative and MPK positive, while of oval cells in response to the toxic effects of the chemi-
the ductal cells of cholangiofibroses were clearly L-P&als on the liver parenchymal cells; appearance of chol-
positive and coexpressed,MK. However, no morpho- angiofibroses, in which the bile duct epithelial cells store
logical differentiation of ductal cells into hepatocyte-likand secrete neutral and acidic mucopolysaccharides; ap-
cells was observed. In the clear and acidophilic cell fgmarance of cholangiofiboromas, which grow expansively
storing glycogen in excess strong staining for L-PK wasd produce collagen fibres and also mucous substances;
observed. In glycogen-poor foci induced by NNM a shifippearance of cholangiocarcinomas, which grow inva-

from L-PK to M,-PK expression takes place. sively and show a gradual decrease of mucus production
[4, 5, 19, 30]. Oval cells are liver epithelial cells that pro-
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N-Nitrosomorpholine - R and severe liver injury induced by many chemicals [1]. It

has been suggested that oval cells can not only give rise
to cholangiocellular carcinomas, as mentioned above, but
Introduction can also differentiate into basophilic parenchymal cells

under particular experimental conditions and lead to the
The sequential cellular changes occurring during the dermation of hepatocellular carcinomas [11, 12, 14, 23,
velopment of hepatocellular and cholangiocellular car@4, 27, 28]. These authors postulate that oval cells
nomas induced in the rodent liver by a variety of chensihould be viewed as bipotent tumour precursor cells that
cal carcinogens have been analysed extensively. The pest give rise to hepatocellular as well as cholangiocellu-
lar carcinomas.
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later biochemical and immunohistochemical studies conalin-fixed liver samples were stained with haematoxylin and eo-
firmed the decrease in the expression of L-PK during t i for the light microscopic examination of liver structure. Other

ces of liver were fixed in acetone for 4 days at 4°C (acetone be-
development of hepatocellular tumours [15-18, 21, 2 changed three times during the 4-day period), and then laid in

25], this shift from L- to M-PK could not be reproducedisopropanol for 4-8 h and in xylol for another 2 h. Thereafter, par-
when the phenomenon was investigated by immunohaffin blocks were prepared and sections of these liver samples

tochemistry [25]. Furthermore, Klimek and Bannascpere incubated with monoclonal antibodies against L-PK (clone

- ; 12) and M-PK (clone DF4) (ScheBoTech, Wettenberg, Ger-
[21] reported that PK activity was actually increased any). The site of antibody binding was revealed by using the per-

the clear and acidophilic cell foci that appeared early dligase—antiperoxidase method as previously described [15], and
the process and that it decreased both in mixed and b&soliver slices were counterstained with Mayer's haematoxylin.

philic cell foci and in basophilic hepatic tumours, (dur-
ing the later stages of hepatocarcinogenesis). Very re-
cently Hacker et al. [20] have been able to show for tResults
first time, in serial liver sections from rats fed a choline-
deficient/DL-ethionine CDE-supplemented diet, that Ehe histopathological features of the livers from rats ex-
shift from L- to M,-PK expression takes place in mixegposed to NNM were described in detail by Bannasch'’s
cell foci and hepatocellular adenomas. group a number of years ago [4, 5]. Since our own light
In cholangiocarcinogenesis, it has been shown timaicroscopic observations in no way differed from those
M,-PK is present in proliferating oval cells as well as iecorded by Bannasch’s group [4, 5], only a brief de-
the ductal cells of cholangiofibroses and cholangiofibreeription of the hepatic lesions observed in the course of
mas of CDE-fed rats [31, 33-36]. Interestingly, in thihis study is presented here. Five days after the begin-
experimental model the proliferating oval cells and timing of the NNM treatment, necrosis of a significant
ductal cells of cholangiofibroses and cholangiofiboromasimber of liver parenchymal cells situated centrilobular-
also express L-PK [31, 33—-36]. The interpretation of tHiswas observed and the area was largely replaced by red
observation has varied. According to Yeoh et al. [35, 3B)pod cells. Up to day 21 liver parenchymal cell necrosis
the presence of L-PK, a specific parenchymal cell matkecame increasingly pronounced, and within the necrotic
er in untreated rat liver, in oval cells strongly suggesiseas liver parenchymal cells with an eosinophilic cyto-
that oval cells are able to differentiate into liver pareptasma and polymorphic nuclei were observed. Mild
chymal cells. However, Steinberg et al. [31] have cleadyal cell proliferation was observed in the periportal ar-
shown that, according to morphology, the ductal cells exas of the lobules as soon as 5 days after the start of the
pressing L-PK within cholangiofibroses and cholangiofNNM treatment. By day 21 a marked oval cell prolifera-
bromas are part of the bile duct epithelial cell lineage. tion had developed, and areas of cholangiofibrosis con-
To test whether the shift from L-PK to,MPK expres- taining ducts formed (in part) by tall columnar cells were
sion in hepatocellular lesions reported by Hacker et abserved.
[20] was exclusively due to CDE feeding or whether it In rats that had received NNM for 5 or 10 days and
represented a biochemical phenomenon observed in etbre sacrificed 4 weeks later, no necrotic areas were vis-
er models of chemically induced hepatocarcinogeneside and most of the oval cells had disappeared. Further-
we analysed the expression of L-PK ang-RK in the more, up to three clear and acidophilic cell foci/liver
cholangiocellular and hepatocellular lesions of rats tHabe were observed. In animals that had been treated
had been exposed Mnitrosomorpholine (NNM) for up with NNM for 14 or 21 days and had then been kept
to3 weeks. NNM was chosen because it has been usegithout NNM for another 4 weeks, the normal architec-
the past to induce hepatocellular neoplasms in rats [4{use of the liver was completely distorted and pseudolob-
7, 10]. In the present study we show that-RK and L- ules had formed. The pseudolobules were sorrounded by
PK are coexpressed in ductal cells within cholangiofifibrotic septa including many oval cells and contained
roses of NNM-treated rats and that in glycogen-poor haainly clear and acidophilic cell populations: these cells
sophilic cell foci appearing in the livers of NNM-treatetvere confined to focal lesions (up to 10 foci/liver lobe)
animals a shift from L-PK to MPK expression takesor occupied large areas of the pseudolobules. In addition,
place. in those animals that had received NNM for 21 days and

Materials and methods ) _ _ _

Fig. 1 aExpression of L-PK in the liver of an untreated rat: omly
Forty-eight male outbred 6-week-old Wistar rats from Charl@arenchymal cells are stained. x1@0Expression of M-PK in
River (Sulzfeld, Germany) were housed in plastic cages on a fitgg liver of an untreated rat: only bile duct epithelial, blood vessel
day and night cycle and exposed to 500 mg NNM/I drinking watégll and sinusoidal lining cells are stained. x400

for 5, 10, 14 or 21 days. Animals were either sacrificed at thesg » | .pk distribution in the liver of a rat treated 10 days with
time-points or kept for another 4 weeks without being further expitrosomorpholine (NNM): L-PK is not detected in the centri-

posed to NNM. Forty-eight rats not given NNM were used as Cqp|ar necrotic areas, while its expression is strongly reduced in
trols and were sacrificed in groups of six at the given tlme-pom(ﬁ8 remaining hepatocytes. x? 00

Livers were quickly removed under light ether anaesthesia, an _
liver slices ~2 mm thick were prepared. Slices of liver were fixdtig. 3 M,-PK expression is restricted to oval and ductal cells in
in 10% formalin in phosphate-buffered saline, and sections of ftie liver of a rat treated for 14 days with NNM. x.2:00
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Fig. 4 alL-PK andb M,-PK

are present in the ductal cells of
a cholangiofibrosis that devel-
oped within the liver of a rat
treated for 21 days with NNM.
Serial sections, x4(:0

Fig. 5 M,-PK-positive focus
adjacent to M-PK-positive
oval and ductal cells in a rat
treated for 21 days with NNM.
x40C




Fig. 6 L-PK-positive and -neg-
ative foci in the liver of a rat
treated for 21 days with NNM
and sacrificed 4 weeks later.
x10C

Fig. 7 aL-PK andb M,-PK
expression in a liver focus of a
rat treated for 21 days with
NNM and sacrificed 4 weeks
later. x10C
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were sacrificed 4 weeks later up to three mixed and Il@at L-PK was detectable in oval and ductal cells within
sophilic cell foci/liver lobe as well as cholangiofibrosethe livers of rats fed CDE, while MPK was regarded as
were observed. a bile duct epithelial cell lineage-specific marker in the
The specificity of the monoclonal antibodies againsame experimental model [31, 33-35]. Third, in the past
L-PK and M,-PK was tested on liver slices from untreaBannasch’s group had provided extensive documentation
ed rats. L-PK expression was restricted to liver parezenfirming that the appearance of oval cells, cholangio-
chymal cells (Fig. 1a), whereas,NMPK was detected in fibroses, clear and acidophilic cell foci, and mixed and
bile duct epithelial, blood vessel wall, endothelial arshsophilic cell foci could be induced very efficiently in
Kupffer cells (Fig. 1b). In rats sacrificed immediately afats by adding NNM to the drinking water [4, 5, 7, 10].
ter NNM treatment no L-PK was present within the cefihe decision to include animals treated with NNM for a
trilobular necrotic areas and its expression was markedbfined time period and then maintained without NNM
reduced in the remaining hepatocytes (Fig. 2) comparfed 4 weeks in this study is based on the fact that in a
with the control tissue (Fig. 1a). While proliferating ovatumber of experimental models foci of phenotypically
cells were consistently L-PK negative ang-RK posi- altered hepatocytes were shown to disappear (‘revert”)
tive (Fig. 3), staining of serial sections revealed that théer the discontinuation of carcinogen administration
ductal cells of the cholangiofibroses were clearly L-PR]. Therefore, Bannasch et al. [6] proposed that stop ex-
positive (Fig. 4a) and coexpressed-PK (Fig. 4b). In periments should be conducted whenever foci with a dis-
addition, in animals receiving NNM for 21 days isolateguted significance develop after the administration of a
M,-PK-positive foci surrounded by MPK-positive oval compound.
cells were observed (Fig. 5). The number of oval cells remaining in the livers of
In rats that had received NNM for 5, 10, 14 or 21 dayats fed NNM for 5 or 10 days and then left NNM-free
and were kept without NNM for another 4 weeks, L-P#r 4 weeks was far lower than the number in the livers
expression in the liver parenchyma was similar to thatoh rats sacrificed immediately after the 5- or 10-day
control animals, except for the hepatocytes arranged\NINM treatment. In contrast, in animals that were treated
foci, as described below. The number of L-PK- oy Mfor 14 or 21 days with NNM and then left NNM free for
PK-positive foci appearing in these animals was highdyweeks oval cell proliferation did not regress. Hacker et
dependent on the duration of the NNM treatment. In ratls [19] showed earlier that in rats fed CDE for 4 or 6
receiving NNM for 5 or 10 days and sacrificed 4 weekgeeks and then maintained on a standard lab chow for
later 3—10 glycogen-rich, L-PK-positive foci per liveup to 62 weeks only a low number of oval cells were vis-
lobe were observed. In animals that had been treaitdd, whereas in rats sacrificed immediately after the 4-
with NNM for 14 or 21 days and were then were maiot 6-week CDE feeding period oval cell proliferation had
tained without NNM for 4 weeks, 10-20 L-PK-positivddeen shown to be massive [30]. If the rats were fed the
foci per liver lobe were seen (Fig. 6). However, up to 8arcinogenic diet for 10, 14 or 22 weeks and then left on
10 and 20 glycogen-poor, MPK-positive foci per liver a standard lab chow for 1 year a pronounced oval cell
lobe were observed in rats that had received NNM foroliferation was still observed [17]. The data obtained
10, 14 or 21 days, respectively, and were sacrificedrdthe two experimental models [19, 30] (this study) sug-
weeks later. The staining of serial liver sections frogest that many of the oval cells proliferating in the early
these animals showed consistently that L-PK was no l@tages of the carcinogenic process undergo necrosis and
ger present in the MPK-positive foci (Fig. 7a, b). In thedisappear with time, whereas those oval cells that have
four groups of animals MPK again proved to be an exbeen in contact with a carcinogen for a longer period
cellent marker for all cholangiocellular lesions and L-PKight have developed a sort of survival mechanism and
was again detected in the ductal cells forming part of tleenain as they were in the liver tissue or give rise to fur-
cholangiofibroses but not in the proliferating oval celther lesions such as cholangiofibroses, cystic cholangio-
(data not shown). mas and cholangiofibromas [19, 30] (this study). In con-
trast to the early proliferating oval cells, the cholangio-
fibroses developing in the livers of NNM-treated animals
Discussion in no way reverted, and these are therefore viewed as
persistent cholangiocellular lesions.
In an attempt to improve our understanding of the role of As in the oval cells proliferating within the livers of
different cell lineages (liver parenchymal and oval cell§)DE-fed rats [31, 33—-36], MPK proved to be an excel-
in the development of experimentally induced cholangient marker for the oval cells and the ductal cells in
cellular and hepatocellular carcinomas, we chose to aN&M-treated animals. Interestingly, the duct cells not
lyse the expression of L- and,NPK in the livers of rats only expressed MPK, but also stained positive for L-
treated with a high dose of NNM for up to 3 week®K. This observation, which also applies to the ductal
First, the PK isoenzymes were known to be expresseadtis in the CDE model [31, 33-36], has been interpreted
a cell type-specific way in the untreated liver (L-PK iBy Yeoh's group [35, 36] as strong support for the hy-
present in liver parenchymal cells, whereasRK is re- pothesis that oval cells are able to differentiate into hepa-
stricted to bile duct epithelial, sinusoidal lining antbcytes. However, in our investigations the ductal cells
blood vessel wall cells). Second, it had been reportbat stained positive for L-PK in the CDE [31] and the




219

NNM model [this study] showed no morphological signicknowledgements A. Klingelhéffer was the recipient of a grad-
of differentiation towards hepatocyte-like cells. Thus, tr‘\’@t;a isetr‘f%?t ;Cmiig?tl)%:ro?cﬁém(;ﬁk ?S)%A'tr?é SS%'SE‘ELge'SFth
expression Qf th? hepato_cyte marker L-PK in a cell of tbegwﬂngsgemeinschaft, ang this study V\F/)as supported by the Heisen-
bile duct epithelial cell lineage does not allow the coBerg-Programme with grant Ste 493/2—1.
clusion that such a differentiation has taken place.

The most striking result in this study is the unequivo-
cal demonstration that during the NNM-driven hepat®eferences
carcinogenic process in rats a shift from L-PK tg-RK

i ithi - ; ic ic ird. Aterman K (1992) The stem cells of the liver — a selective re-
expression occurred within glycogen-poor foci. This is it view. J Cancer Res Clin Oncol 188:87-115

accordance with a very recent paper PU'C?“Shed by HaCkﬁrBannasch P (1986) Preneoplastic lesions as end points in car-

et al. [20], who reported the same shift in a low number cinogenicity testing. I. Hepatic preneoplasia. Carcinogenesis

of mixed and basophilic cell foci as well as in hepatocel- 7:689-695 _ _

lular adenomas developing in CDE-fed rats. In contradt Bannasch P (1996) Pathogenesis of hepatocellular carcinoma:
: : sequential cellular, molecular and metabolic changes. In: Boy-

to the report by Hacker et al. [20] and this study, Relr.]ac' er JL, Ochner RK (eds) Progress in liver diseases, vol. XIV.

her et al. [25] were unable to show that a decrease in L-saunders, Orlando, pp 161-197

PK in preneoplastic foci induced in rats by a single dose Bannasch P, Massner B (1976) Histogenese und Cytoge-

of NNM followed by the administration of phenobarbital nese von Cholangiofioromen und Cholangiocarcinomen bei

or a-hexachlorocyclohexane in the diet was accompa- Nitrosomorpholin-vergifteten Ratten. Z Krebsforsch 87:239—

nied by the expression of MPK in these foci. This dis- 5 Bannasch P, Reiss W (1971) Histogenese und Cytogenese
crepancy is most probably due to the fixation procedure cholangiocellulérer Tumoren bei Nitrosomorpholin-vergifteten
used by Reinacher et al. [25]. As shown in this study and E::teznkrzeﬂgrcgcﬁi9681e9i)t?:a%125ur Morphogenese der Cystenle-
in that by Hacker et al. [20], acetone alone is not suffl; o2t Co "0 oe Wia, Kiimek F, Zerban H (1982) Biologi-
cient to fix M,-PK within the preneoplastic lesions. In ™ 5| markers of preneoplastic foci and neoplastic nodules in ro-
both cases a further step involving isopropanol (this dent liver. Toxicol Pathol 10:19—34

study) or ethanol [20] as fixative was needed to obtaih Bannasch P, Hacker HJ, Klimek F, Mayer D (1984) Hepatocel-

positive staining for M-PK in the liver slices. lular glycogenosis and related pattern of enzymatic changes

Because of the expression of the oval cell markgr M (Mng hepatocarcinogenesis. Adv. Enzyme Regul 22:97-

PK in preneoplastic hepatocytes, it is tempting to suggestcriss WE (1969) A new pyruvate kinase isoenzyme in hepato-
that the precursor cells of these,MK-positive hepa-  mas. Biochem Biophys Res Commun 35:901-905

tocytes are the oval cells. However, it should be taken if- Eigenbrodt E, Fister P, Reinacher M (1985) New perspectives
to account that most of the MPK-positive foci were not on carbohydrate metabolism. In: Beitner R (ed) Regulation of

carbohydrate metabolism. CRC Press, Boca Raton, 141-
surrounded by oval cells and that no oval cells were seen 79 Y PP

within these foci. Therefore, in this case we conclude. Enzmann H, Bannasch P (1987) Potential significance of phe-
that the shift of L-PK to M-PK occurs within the same  notypic heterogeneity of focal lesions at different stages in he-
cell type (the hepatocyte). The situation is different ﬂ patocarcinogenesis. Carcinogenesis 8:1607-1612

. . Evarts RP, Nagy P, Thorgeirsson SS (1987) A precursor—prod-
the case of the few MPK-positive foci that were sur-""" .t rejationship exists between oval cells and hepatocytes in

rounded by M-PK-positive oval cells (such as that de- rat liver. Carcinogenesis 8:1737-1740
picted in Fig. 5); in this particular case it is not possible. Evarts RP, Nagy P, Nakatsukasa H, Marsden E, Thorgeirsson
to discern whether the cell of origin of the,/K-posi- SS (1987) In vivo differentiation of oval cells into hepatocytes.

. ; e Cancer Res 49:1541-1547
tive foci was a pre-existing hepatocyte or an oval cell. 3 £2i) FA, Shatton JB, Morris HP, Weinhouse S (1974) Isoen-

By using a laser micro-dissection device and perform-"zymes of pyruvate kinase in liver and hepatomas of the rat,
ing a microbiochemical analysis, Klimek and Bannasch Cancer Res 34:1439-1446 . . .
[21] had previously found that in NNM-treated animalkt. Fausto N (1990) Oval cells and liver carcinogenesis: an analy-

o ; : T sis of cell lineages in hepatic tumors using oncogene transfec-
PK activity was enhanced in clear and acidophilic cell tion techniques. Prog Clin Biol Res 331:325-334

foci, and on the basis of kinetic data they concluded that fischer G, Domingo M, Lodder, D, Katz N, Reinacher M, Ei-
the increase in PK activity was due to L-PK. Further- genbrodt E (1987) Immunohistochemical demonstration of de-
more, they reported that in the same model mixed andcreased L-pyruvate kinase in enzyme altered rat liver lesions

basophilic cell foci L-PK activity decreased. The results gg‘)g‘i‘gcsef by different carcinogens. Virchows Arch [B] 53:

presented in this immunohistochemical study clear¥ Gerpracht U, Roth E, Becker K, Reinacher M, Eigenbrodt E
confirm the earlier work by Klimek and Bannasch [21]; (1988) A study of the activities of carbohydrate-metabolizing
the foci storing glycogen in excess overexpressed L-PK, enzymes and the levels of carbohydrate metabolites and amino

i - acids in normal liver and in hepatocellular carcinoma. In:
\rllvehe:tei\?: ;285(3 ;Eatov;lﬁirvee poor in glycogen were L-PK Roberfroid MB, Préat V (eds) Experimental hepatocarcino-
9 _M pa : . . genesis. Plenum Press, New York, pp 163-174
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nogenic process a shift in the expression of L-PK o M Schulte-Hermann R, Eigenbrodt E (1988) Comparative study
PK occurs in glycogen-poor foci and the ductal cells on the effect of different treatment schedules on some carbo-

i ; ; hydrate metabolizing enzyme activities in rats during hepato-
within the cholangiocellular lesions coexpress the two carcinogenesis. In: Feo F, Pani P, Columbano A, Garcea R

PK isoenzymes. In neither case is there evidence for mor-egs) Chemical carcinogenesis. Plenum Press, New York, pp
phological differentiation of oval cells into hepatocytes.  323-335
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