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ABSTRACT

Expression of two important glucose transporter proteins, GLUT 2
(which is the typical glucose transporter in hepatocytes of adult liver) and
the erythroid/brain type glucose transporter GLUT 1 (representing the
typical glucose transporter in fetal liver parenchyma), was studied iniimi-

nocytochemically during hepatocarcinogenesis in rats at different time
points between 7 and 65 wk after cessation of 7-wk administration of 12
mg/kg of body weight of \-nitrosomorpholine p.o. (stop model). Foci of

altered hepatocytes excessively storing glycogen (GSF) and mixed cell foci
(MCF) composed of both glycogenotic and glycogen-poor cells were pre

sent at all time points studied. Seven wk after withdrawal of the carcino
gen, GSF were the predominant type of focus of altered hepatocytes.
Morphometrical evaluation of the focal lesions revealed that the number
and volume fraction of GSF increased steadily until Wk 65. MCF were
rare at 7 wk, increased slightly in number and size until Wk 37, but
showed a pronounced elevation in their number and volume fraction from
Wk 37 to Wk 65. In both GSF and MCF, GLUT 2 was generally decreased
or partially absent at all time points. Consequently, foci of decreased
GLUT 2 expression showed a steady increase in number and volume
fraction from Wk 7 to Wk 65. GLUT 1 was lacking in GSF but occurred
in some MCF from Wk 50 onward. The liver type glucose transporter
GLUT 2 was decreased in all adenomas and hepatocellular carcinomas
(HCC). In three of seven adenomas and 10 of 12 carcinomas, expression of
GLUT 1 was increased compared with normal liver parenchyma. In two
cases of adenoid HCC, cells of ductular formations coexpressed GLUT 2
and GLUT 1. In contrast, normal bile ducts, bile duct proliferations, and
cystic cholangiomas expressed only GLUT 1. Seven of 12 HCC contained
many microvessels intensely stained for GLUT 1, a phenomenon never
observed in normal liver. Whenever adenoid tumor formations occurred,
GLUT 1-positive microvessels were located in the immediate vicinity of

these formations. Only in one HCC were such microvessels found in the
absence of adenoid formations. Our studies indicate that a reduction of
GLUT 2 expression occurs already in early preneoplastic hepatic foci and
is maintained throughout hepatocarcinogenesis, including benign and ma
lignant neoplasms. Reexpression of GLUT 1, however, appears in a few
MCF and in the majority of adenomas and carcinomas.

INTRODUCTION

Glycogen storage and glucose release of hepatocytes play a pivotal
role in the regulation of blood glucose homeostasis. In liver, glucose
is transported into parenchymal cells mainly via a facilitative transport
mechanism. Within the family of facilitative glucose transporters that
have been detected so far (1), the low-affinity liver type glucose

transporter GLUT 2, which occurs in all hepatocytes of adult animals,
is responsible for a symmetrical transport of glucose and, thus, part of
the blood glucose level regulating system in hepatocytes (2, 3). In
addition, a second glucose transporter, namely, the erythroid/brain
type transporter GLUT 1, is found in liver, especially in the layer of
hepatocytes surrounding the terminal hepatic vein (4). During rat liver
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development a shift in the expression of glucose transporters from
GLUT 1 present in high amounts in embryonic liver to GLUT 2 occurs
2 days after birth (5, 6).

GLUT 1 has a high affinity for glucose and shows an asymmetrical
transport, i.e., in direction of glucose uptake (3, 7). Fasting causes a 3-
to 4-fold GLUT 1 protein expression involving additional perivenular

hepatocytes, whereas GLUT 2 protein expression remains unchanged.
During refeeding, however, GLUT 2 increases, whereas GLUT 1 falls
to basal level (8). These observations suggest that GLUT 1 is impor
tant for the glucose supply of hepatocytes under glucose-deficient

conditions. In addition to these physiological changes in GLUT ex
pression, recent studies have shown that human liver tumors known
for their increased glucose uptake express high amounts of GLUT 1,
GLUT 2, and GLUT 3 mRNA (9, 10), suggesting shifts in glucose
transporter gene expression during neoplastic transformation.

Investigations in various species revealed that characteristic
changes in the morphological and biochemical phenotype of hepato
cytes including fundamental alterations in the different pathways of
carbohydrate metabolism emerge in focal hepatic lesions long before
hepatocellular adenomas and carcinomas develop (11). These changes
have been particularly well studied in the rat (11-13). On the basis of

correlative cytomorphological, cytochemical, and morphometric stud
ies in this species, a predominant sequence of cellular changes has
been inferred, leading from clear and acidophilic cell foci excessively
storing glycogen (GSF)3 over MCF and HCA composed of glycog

enotic and glycogen-poor cells to HCC in which glycogen-poor, ba-

sophilic cells rich in ribosomes prevail (14). This sequence of cellular
changes is associated with alterations in the activities of important
enzymes involved in glycogen degradation, gluconeogenesis, glycoly-

sis, and the oxydative pentose phosphate pathway (11, 15, 16). Since
these different metabolic pathways depend on a sufficient supply of
glucose, it was of interest to study the expression of glucose trans
porter proteins in preneoplastic and neoplastic liver lesions. Here, we
report that the expression of the liver type glucose transporter GLUT
2 is markedly reduced in preneoplastic hepatic foci and hepatocellular
neoplasms, whereas GLUT 1 is often reexpressed in hepatocellular
adenomas and carcinomas.

MATERIALS AND METHODS

Animals and Tissue Preparation. Adult male Sprague-Dawley rats (pur

chased from the Institut fÃ¼rVersuchstierzucht, Hannover, Germany) were kept
under constant conditions (room temperature, 22Â°C;humidity, 55%; light:dark

cycle, 12 h:12 h). The experimental animals were treated with /V-nitrosomor-

pholine which was given in the drinking water at a concentration of 120
mg/liter for 7 wk (stop model) (11); control animals received tap waler. The
animal experiment was conducted by Dr. E. Weber (17). A'-Nitrosomorpholine

was kindly provided by Dr. R. PreuÃŸmann,Abteilung fÃ¼rUmweltcarcinogen-

ese, DKFZ, Heidelberg. Groups of 5 experimental and 5 control animals were
sacrificed at Wk 7, 11, 15, 20, 27, 37, 50, and 65 after cessation of the

3 The abbreviations used are: GSF, glycogen storage focus; MCF, mixed cell focus;

HCA, hepatocellular adenoma; HCC, hepatocellular carcinoma; PAS, periodic acid-Schiff
reaction; G6P, glucose 6-phosphate.
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carcinogenic treatment and examined for preneoplastic and neoplastic liver
lesions by conventional histology. Liver samples of 3 experimental animals
and one control animal from each time point were selected for cytochemical
demonstration of glycogen content and glucose transporter proteins. Tumors
were gained from 15 animals that were sacrificed at Wk 50, 57, 62, 64, 65, 77,
78, 79, and 80 after the end of treatment. Animals were invariably sacrificed
between 9 and 10 a.m. to avoid variations in carbohydrate metabolism due to
the circadian rhythm (18). The livers were removed immediately and slices 5
to 10 mm thick were snap-frozen in isopentane at -150Â°C. The tissue was

stored at -80Â°C until used.

Cytochemistry. Antibodies against GLUT 1 and GLUT 2 were raised in
rabbits and prepared as previously described by Thorens et al. (19-21). Serial

sections of liver samples 6 jxm in thickness were cut in a cryostat (Leica,
NuÃŸloch,Germany), and the first section was stained for glycogen by PAS and
counterstained with toluidine blue in order to identify the different types of
preneoplastic and neoplastic lesions. The following serial sections were fixed
in 0.1% alcoholic periodic acid (optimal for GLUT 2) or 1% alcoholic for
maldehyde (optimal for GLUT 1), and a biotin-streptavidin-amplified indirect

immunoalkaline phosphatase method was used for detection of GLUT 1 and 2
proteins as described in detail earlier (22). Briefly, as a secondary antibody a
highly biotinylated goat anti-rabbit antibody (Biogenex, San Ramon, CA) and
a streptavidin-conjugated intestinal alkaline phosphatase (Biogenex) were used

for demonstration of GLUT 1 and GLUT 2. Application of Fast Red TR salt
(Biogenex) resulted in a red-colored precipitate at the antigenic site. Pictures
were taken with a Leitz (Leica, Wetzlar, Germany) comparison photomicro-

scope using an AGFAAPX 25 film combined with a monochromatic interfer
ence filter Amax= 553 nm for sections stained for GLUT 1 and GLUT 2, and
Amax= 560 nm for sections stained by periodic acid-Schiff in order to enhance

the black and white contrast.
Morphometric Evaluation. Preneoplastic and neoplastic liver lesions

were classified according to Bannasch and Zerban (23). GSF, MCF, foci of
GLUT 1 expression, and foci of decreased GLUT 2 expression were correlated
using a comparison microscope (Leica). The number and area of the lesions
were determined with the aid of a Zeiss Ultraphot microscope converted for
projection and a digitizer (Kontron Digicad, MÃ¼nchen,Germany) combined
with a semiautomatic image analyzing system (Compaq Deskpro 386/20); for
evaluation of the number and size of focal lesions, a computer program was
used as described by Zerban et al. (24). Only altered areas of more than 0.003
mm2 were counted as foci. Calculation of the volume fraction was performed

according to the method of Enzmann et al. (25).
Statistical Analysis. The morphometric parameters, area (A ) of focal le

sions (mm2), total area of parenchyma A (cm2), number of focal lesions (N),
density of focal lesions D = N/A (number/cm2), and volume fraction V (%)

were determined in each animal for GSF, MCF, and GLUT 2. Arithmetic means
and standard deviations were calculated as descriptive parameters. The depen
dency of the morphometric parameters on the time of the cessation of treatment
was analyzed by linear regression methods (26). Morphometric parameters of
GLUT 2 were correlated linearly with the respective parameters of GSF, MCF,
and the sum of MCF and GSF by linear regression methods and graphically
illustrated by scatter plots. Variance explained by the regression model (A2)

and the P value of the statistical significance test for a positive or negative
slope of the regression line were used for the assessment of a linear relation
ship.

RESULTS

In the liver parenchyma of control rats, glycogen was uniformly
distributed in perivenular and periportal regions of the liver lobule
(18). GLUT 2 occurred as a basolateral protein in all hepatocytes. In
contrast, GLUT 1 was only found in a small rim of hepatocytes
surrounding the hepatic vein, in the wall of portal veins, and in the bile
duct epithelium as described in detail earlier (8, 20, 22). In livers of
treated animals, a zonal reduction of glycogen was observed in peri
venular areas 7 wk after the end of the carcinogenic treatment (Fig.
la). However, the glycogen content returned to normal in these zones
within the following 4 wk. The reduction of glycogen was accompa
nied by a decreased expression of GLUT 2 and an increased expres
sion of GLUT 1 (Fig. 1, b and c). Like the perivenular changes in
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Fig. 1. Serial sections through rat liver 7 wk after stop of a 7-wk treatment with 120
mg/liter of W-nttrosomorpholine. Bar represents 100 p.m. a, zonal reduction of glycogen
in perivenular areas (PAS reaction); b, decreased expression of glucose transporter GLUT
2 closely related to the zone of glycogen depletion; and c, increased expression of GLUT
1 related to the same zone, h and c, indirect immunoalkaline phosphalase method.

glycogen content, this pattern of glucose transporter expression was
reversible. However, it returned to normal only 20 wk after cessation
of treatment.
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Table 1 Number, area, and volume fraction of (!SF and MCF after 7 wk of treatment with N-nitrosomorpholmc

Wk after
Ircutmcnl7111521127375065A2No./cm28.38

Â±0.60"11.54

Â±3.5417.66
Â±7.0028.40
Â±8.8539.21
Â±17.1342.6(1
Â±19.6558.67
Â±10.9357.29
Â±32.860.6055GSFArea

(mm2)0.016

Â±0.0070.015
Â±0.0070.017

Â±0.0020.038
Â±0.0020.051
Â±0.005(1.067
Â±0.0040.1

28Â±0.0200.164
Â±0.0310.9259Vol.

fraction(%)0.140.190.301.081.962.827.378.720.8249No./cm~1.01

Â±1.750.72
Â±1.260.71
Â±1.241.65

Â±0.553.30
Â±2.982.62
Â±0.8010.01
Â±9.4124.57
Â±2.520.6494MCFArea

(mrrr)0.006

Â±0.0110.007
Â±0.0120.019

Â±0.0320.061
Â±0.0230.054
Â±0.0480.097
Â±0.0110.185
Â±0.0540.283
Â±0.0620.8511Vol.

fraction(%)0.1130.020.040.100.28(1.251.556.960.6392"

Mean Â±SD.

In contrast to the reversible perivenular reduction of glycogen, foci
of altered hepatocytes, namely, GSF (which correspond to clear and
acidophilic cell foci as seen in conventional hematoxylin/eosin-

stained sections) and MCF, were present at all time points studied.
GSF developing preferentially in intermediate and peripheral zones of
the liver lobule were the predominant type of focus found throughout
the observation period. The morphometric evaluation of the focal
lesions revealed that the number and volume fraction of GSF in
creased from Wk 7 until Wk 65 (Table 1). MCF were rarely found 7
wk after withdrawal of the carcinogen. They increased only slowly in
number and volume fraction until Wk 37, but showed a pronounced

elevation in these parameters from Wk 37 to Wk 65 (Table 1). Evalu
ation with the comparison microscope showed that GLUT 2 was
decreased or absent in the majority of both the GSF and MCF at all
time points (Fig. 2, a and c). Consequently, foci of decreased GLUT
2 expression showed a steady increase in number and volume fraction
from Wk 7 to Wk 65 (Table 2). GLUT 1 was absent from GSF but
emerged in some MCF starting at Wk 50 after the cessation of treat
ment, particularly in glycogen-poor, basophilic cells which appeared

in mixed cell foci with time (Fig. 2, c and d). The morphometric data
for the foci expressing GLUT 1 indicated only a slight increase in the
number and volume fraction of these lesions (Table 2).
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Fig. 2. Serial sections through a GSF (a, b) and a MCF (c, d). Bar represents 100 p.m. a and c. demonstration of glycogen by PAS reaction; b, strongly decreased expression of

GLUT 2 in cells excessively storing glycogen; note basolateral localization of GLUT 2 in surrounding hepatocytes (arrows); d, reexpression of glucose transporter GLUT 1 in the MCF.
b and d, indirect immunoalkaline phosphatase reaction.

4206

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/18/4204/2451715/cr0530184204.pdf by guest on 19 M

ay 2023



OI.UCOSE TRANSPORT IN HHPATOCARC INCKil NI SIS

Table 2 Number, area, and volume fraction of foci of altered glucose transporter expression after 7 wk of treatment with N-nilrosomnrphnlme

Wk after
treatment711152027375065R2Foci

of decreased GLUT 2expressionNo./cm29.311(1.0717.5429.8141.5442.7967.6686.S8Â±

2.73Â°Â±4.004.206.6822.3618.1012.41Â±

36.660.7771Area

(mm2)0.016

Â±0.0090.021
Â±0.0170.0190.0420.0560.0590.137(UX)80.0340.0510.0070.1420.139

0.1130.8397Vol.

fraction(%)0.140.240.331.232.292.567.9311.560.754Foci

of GLUT 1expressionNo./cm2

Area (mm2) Vol. fraction(%)3.85

Â±2.81 0.156 Â±0.0380.585.65
Â±4.79 0.1 70 Â±0.0200.950.0384

0.64220.0943"
Mean Â±SD.

Table 3 Gluco.se transporter expression in ht'patocellufar neoplasms

Microvessels,
Glycogen GLUT 2 GLUT I GLUT 1

Tumor Histopathology content expression expression positive

HCA1HCA
2HCA
3HCA
4HCA
5HCA
6HCA
7HCC

1HCC
2HCC
3HCC
4HCC
5HCC
6HCC
7HCC
8HCC
9HCC
10HCC
11HCC

12Solid

i"Solid

1iSolid
1Solid
1Solid
iSolid
iSolid

iiTrabecular

iTrabecular
1jTrabecular/adenoid
1[Solid/adenoid
||Solid
11Solid
1iSolid
1Ã•Solid/trabecular
Â¡iAdenoid/solid
JiAdenoid/solid

4Adenoid/solid/
itrabecularAdenoid

j 1i

11
11
Ji
iii

ii
iii

ii
ii
ii
iJ
I1
i1
1i11i

itÃ®â€”â€”â€”â€”ttÃ®

Ã®Ã®Ã®Ã®Ã®â€”â€”Ã®rtt

Ã®â€”â€”â€”â€”â€”â€”â€”T

Ã®TÃ®â€”â€”â€”â€”Ã®

Ã®Ã®
Ã®T
tÃ®

Ã®
" Key: | , decrease; i |, strong decrease;

Ã®Ã®, strong increase.
â€”¿�,not detectable; t . increase;

In HCA and particularly in HCC, glycogen content was decreased
in comparison to the normal liver tissue. In all HCA and HCC studied,
the expression of GLUT 2 was reduced (Table 3; Fig. 3, a to d). By
contrast, in 3 of 7 HCA and 10 of 12 HCC, expression of GLUT 1 was
increased compared to control liver (Fig. 3, e and /). In the cells of
these tumors GLUT 1 was localized preferentially at segments of the
plasma membrane corresponding to the sinusoidal pole of normal
hepatocytes. However, not all portions of the tumor tissue showed a
GLUT 1 expression. In 4 HCA and 2 HCC, tumor cells did not express
GLUT 1 (Table 3). In 4 of 6 adenoid HCC, cells of the adenoid
formations expressed only GLUT 1, whereas in 2 adenoid HCC, these
cells coexpressed GLUT 1 and GLUT 2 (Fig. 4, a to c). Cells of
normal bile ducts, bile duct proliferations, and cystic cholangiomas,
however, expressed only GLUT 1. Interestingly, microvessels, in
tensely stained for GLUT 1, were observed in 7 HCC (Table 3; Fig.
4, d and e). These newly formed blood vessels usually occurred in
close vicinity to adenoid tumor formations. Only one solid HCC
displayed areas with GLUT 1-positive microvessels in the absence of

adenoid tumor formations. Such microvessels were never found in the
livers of control animals, preneoplastic hepatic foci, or HCA.

DISCUSSION

Two basically different reaction patterns were observed in the liver
parenchyma after carcinogenic treatment: (a) reversible changes re
lated to glycogen reduction in perivenular hepatocytes and (h) per
sistent alterations associated with the development of preneoplastic
and neoplastic lesions.

The reduction of glycogen in perivenular hepatocytes was accom
panied by an increased expression of GLUT 1 and a decreased ex
pression of GLUT 2. These changes reversed to normal 11 (glycogen
reduction) and 20 wk (GLUT 1 and 2 expression), respectively, after
withdrawal of the carcinogen. Since it is well known that the revers
ible perivenular loss of glycogen is a frequent consequence of a
nonspecific toxic effect of hepatocarcinogens (27), this effect is most
probably also the reason for the increased expression of GLUT 1 in
the same lobular area. In this context it should be mentioned that
cultured baby hamster kidney cells likewise responded with an el
evated expression of GLUT 1 to "stress" induced by arsenite (28).

Regarding the toxic lesion in perivenular hepatocytes, a transient shift
in glucose transporter expression from GLUT 2 (bidirectional glucose
transport) to GLUT 1 (preferred unidirectional transport into hepato
cytes) might be necessary to meet an increased intracellular demand
for glucose.

Persistent changes in the expression of GLUT 2 were encountered
in GSF which characterize early stages of hepatocarcinogenesis. Nu
merous studies revealed that GSF express also many other biochemi
cal "markers" of preneoplastic cell populations regularly preceding

the development of liver neoplasms (11-14). The early decrease or

lack of GLUT 2 in GSF suggests that there is a disturbance in glucose
transport of the hepatocytes in a way that only small amounts or no
glucose can be transported in or out of the cell via this transporter. It
is difficult to understand how the excessive storage of glycogen can be
achieved under these conditions. Whether preneoplastic hepatic foci
might express other types of glucose transporter, such as GLUT 3
found in some liver tumors (10), or use other precursors for glycogen
synthesis, like lÃ¡clateor amino acids (29), awaits further investiga
tions. Previous enzyme histochemical and microbiochemical studies
have shown that the excessive storage of glycogen in GSF is usually
associated with a normal activity of glycogen synthase (16). In con
trast, there is a disturbance in phosphorolytic glycogen breakdown,
which is not due to a loss of the phosphorylasc protein (30) but to a
reduction in the activity of this enzyme (16). The previous enzyme
histochemical finding of a reduced activity of adenylate cyclase in
GSF (31 ) suggests that the reduced activity of glycogen phosphorylasc
may result from alterations in superordinate regulatory mechanisms
implicating signal transduction at the plasma membrane. Moreover,
many GSF show a reduced activity of the microsomal enzyme glu-
cose-6-phosphatase (15) and of the a-glucosidase which is responsible

for hydrolytic glycogen degradation in lysosomes (32). All these
observations support the concept that the focal glycogenosis is caused
by an inhibition of glycogen breakdown rather than by an increased
glycogen synthesis. Our observation of the reduced expression of
GLUT 2 in GSF suggests that there is also a diminished glucose
release which might contribute to the accumulation of glycogen in
hepatocytes. This is in accordance with the finding that GSF retain this
polysaccharide longer than the surrounding liver tissue after starvation
or administration of glucagon (15, 33). In addition, reduced expres-
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Fig. 3. Glucose transporter expression in hepatocellular neoplasms. Bar represents 100 /Am.a to c, serial sections of a HCA; d to /, serial sections of a HCC. a and d, demonstration

of glycogen by PAS reaction; b, decreased expression of GLUT 2 in contrast to the surrounding tissue (arrows); c, reexpression of GLUT 1 within tumor cells; e, reduced expression
of GLUT 2;/, strong reexpression of GLUT 1. b, c, e, and/, indirect immunoalkaline phosphatase reaction.

sion of GLUT 2 in hepatic GSF indicates that excessive storage of ing duct system and show a strongly reduced expression of its typical
glycogen is most probably not the consequence of increased uptake of glucose transporter GLUT 1 (34).
glucose from the blood but results from a disturbance in intracellular There is convincing evidence that an increased level of G6P plays
flux of metabolites. A similar conclusion has recently been drawn a central role in the long-term regulation of glycogen synthesis in a
from findings in preneoplastic and neoplastic rat renal clear cell le- glycogen-storing liver cell line which shares also many other meta-
sions excessively storing glycogen, which originate from the collect- bolic features with cells of hepatic GSF in situ (35). Elevated G6P
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b

e
Fig. 4. Serial sections through two different adenoid HC'C. Rar represents l(K) Â¡im.a, cells lining adenoid formations (PAS reaction); b, strong expression of GLUT 2 within these

cells; r, slight expression of GLUT I within the same tumor cells; d. adenoid tumor formation (ttf) with microvessels (/m1) (PAS reaction); i\ strong expression of GLUT 1 in the
microvessels. Note also localization of GLUT 1 in tumor cells lining the adenoid formation (arrow), b. c. and t*. indirect immunoalkaline phosphatase reaction.

levels have likewise been measured in rat liver homogenates at the end
of a 7-wk p.o. administration of Â¿V-nitrosomorpholine (36) and in
specimens of glycogen-storing human renal clear cell carcinomas (37,

38). It is thus conceivable that G6P might also be increased in GSF
and trigger both glycogen synthesis and the pentose phosphate path
way, the key enzyme of which, glucose-6-phosphate dehydrogenase,

usually shows a markedly increased activity in these lesions (15, 16).
Baba ci al. (39) found a close relationship in preneoplastic liver
lesions between elevated glucose-6-phosphate dehydrogenase activity

and an increased proliferation in these foci.
MCF, which contain less glycogen than GSF, show the same re

duction in the expression of GLUT 2 and in the activities of glycogen
phosphorylase and glucose-6-phosphatase as the GSF. Glycogen syn

thesis, however, is drastically diminished as indicated by a very low
activity of glycogen synthase (16). In addition, there is an increased
lysosomal glycogen breakdown as demonstrated by an elevated ac
tivity of the a-glucosidase (33) and, perhaps, a more pronounced
channeling of G6P into the pentose phosphate pathway, since glucose-
6-phosphate dehydrogenase activity shows a further increase com

pared to GSF (16, 40). Because glycogen synthesis is reduced and the
activity of glyceraldehyde-3-phosphate dehydrogenase is usually in
creased in addition to that of glucose-6-phosphate dehydrogenase in

MCF (16), it is conceivable that metabolites are not only channeled

into the pentose phosphate pathway but also into glycolysis. These
pathways may provide the energy and precursors of nucleic acid
synthesis to sustain the increased growth rate of MCF, which has been
demonstrated by proliferation kinetic studies using pulse labeling with
[3H]thymidine (41). These considerations are in line with the meta

bolic congestion-cascade concept of neoplastic cell conversion (42),

implicating persistent, genetically or epigenetically fixed primary mo
lecular lesions which result in an early congestion of carbohydrate
metabolism, e.g., by an accumulation of G6P, initially leading to a
hepatocellular glycogenosis but then increasingly channelled via a
cascade of intermediate steps to alternative pathways of carbohydrate
metabolism. This metabolic shift might be indispensible for cell sur
vival but leads to uncontrolled growth at the expense of differentiated
cell functions and integration of the cell in physiological cell-cell

interactions. This hypothesis receives additional support from the
observation that patients suffering from inborn hepatic glycogenosis,
mostly that of the von Gierke type which is due to a genetically fixed
defect of glucose-6-phosphatase, have an exceedingly high risk of

developing hepatocellular neoplasms when they pass through adoles
cence (15, 42). Interestingly, common regulatory mechanisms of the
glycogen metabolism, the expression of the nuclear oncogcnes c-myb
and c-jun, and certain aspects of development in Drosophila have

recently been discussed (43).
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In our studies, 3 of 7 HCA and 10 of 12 HCC displayed an elevated
GLUT 1 expression. Since GLUT 1 has a low Kâ€ž,for glucose influx
and a high Km for glucose efflux, an increase of this transporter
protein (7) endows tumor cells with a high capacity for glucose uptake
even at low blood glucose concentrations. The high glucose consump
tion of HCC is also reflected hy an isozyme shift from glucokinase to
hexokinase (44). In a different model of hepatocarcinogenesis Fischer
el al. (45) found hy microhiochemical means that this isozyme shift
occurs already in preneoplastic hepatic foci (as defined hy a defi
ciency in glucose-6-phosphatase or membrane-hound adenosine-tri-

phosphatase activity). However, in our experimental model, similar
microbiochemical studies on the different types of preneoplastic foci
(as defined by cytoplasmic glycogen content and basophilia) recently
revealed that hexokinase activity is not significantly altered in GSF
and MCF but shows a pronounced increase in all HCC (46). The
partial reexpression of GLUT 1 in some late MCF (Table 2) might
correlate with the beginning of this isozyme shift in tumor develop
ment. The observation that in 2 HCC and 3 HCA neither GLUT 1 nor
GLUT 2 expression could be detected within the limits of our methods
does not preclude the presence of very low amounts of these trans
porter proteins or the existence of another type of glucose transporter,
e.g., GLUT 3, which has been found in human hepatomas (10).
Although these authors demonstrated an elevated GLUT 2 mRNA
level in one human hepatoma, none of the 12 HCC in our study had
a pronounced GLUT 2 protein expression. This might be due to
species-related differences in glucose transporter expression, to varia

tions in glucose transporter expression pattern in hepatocellular neo
plasms, or to alterations in the translation of this protein in neoplastic
hepatocytes.

Glucose transporter expression in adenoid HCC deserves special
attention because the cells lining adenoid formations were in 4 cases
positive only for GLUT 1, but in 2 cases for GLUT 2 and GLUT 1.
Fully differentiated bile duct epithelium in control liver (22), bile duct
proliferations, and cystic cholangiomas, however, express only GLUT
1. Previous ultrastructural and immunocytochemical studies on pri
mary adenoid HCC by RÃºan et al. (47) provided evidence for a
transdifferentiation (metaplasia) from cells with a hepatocellular phe-

notype to cells resembling bile ductular epithelium in adenoid forma
tions. Some of the adenoid formations contained cells with a transi
tional phenotype expressing features of both hepatocytes and bile
ductular epithclia. The occasional coexpression of GLUT 1 and 2 in
epithelial cells of adenoid formations in these HCC appears to support
the concept of transdifferentiation in the development of adenoid
structures of HCC. Another remarkable finding in adenoid HCC is the
frequent presence of microvessels usually located in the immediate
vicinity of adenoid formations, which exhibit a strong expression of
GLUT 1. Since particularly high cell proliferation in the cells lining
these formations was found,4 the concentration of microvessels

around the adenoid formations might indicate a high demand for
glucose in these rapidly growing cellular subpopulations of HCC.
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