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Surgical biopsies from healthy livers and from
highly differentiated human hepatocellular
carcinomas (HC) were used for analysis of lipid
levels, enzyme activities and radioactive label-
ling patterns. Homogenates from autopsy sam-
ples — also including hepatomas of a low
degree of differentiation (LC) — were used to
study the lipid composition. In hepatoma (HC)
homogenates, when compared to healthy
livers, there was a ninefold decrease in the le-
vels of the free dolichol fraction, a 50% decrease
in the dolichyl ester fraction, while the dolichyl
phosphate level in homogenates was practi-
cally unalterd. The ubiquinone-10 concentra-
tion in homogenates (HC) showed a 50%
decrease, whereas the cholesterol level showed
amore than 100% increased concentration in all
hepatomas examined. The total phospholipid
level in homogenates showed a minor de-
crease, (10%) in hepatomas (HC). The choleste-
rol concentration in the hepatoma (HC)
microsomal fraction showed an increase of
about 50%, whereas the total phospholipid
level showed a 30% decrease in comparison to
control. The dolichel level in hepatoma (HC)
microsomes showed a 30% decrease, whereas
the dolichyl phosphate level was approximate-
ly doubled. When controls were compared
with hepatomas of a high degree of differentia-
tion, the relative amount of polyisoprenols
with different length and the degree of satura-

tion of polyisoprenols showed minor alter-
ations in all fractions examined. However he-
patomas of a low degree of differentiation,
exhibited a clear increase of shorter polyisopre-
nols and clear increase in the c-unsaturated
polyisoprenol fraction. The fatty acid composi-
tion of individual phospholipids in hepatoma
(HC) homogenates showed no major differen-
ces when compared with controls.

However, the microsomal fraction from the
highly differentiated hepatomas demonstrated
in comparison to control, a decrease in the
relative amount of the long chain polyunsatu-
rated derivatives and an increase in the per-
centage of 18:0 fatty acids.

In hepatomas (HC) the incorporation of the
radioactive precursors {[E'H]mevalnnic acid)
into both dolichyl phosphate and dolichol
showed an approx. 95% decrease when com-
pared with control. The labelling of cholesterol
and ubiquinone-10 showed an almost 100%
increase and a 50% decrease, respectively, in
hepatomas (HC). In hepatoma (HC) microso-
mal fractions the HMG-CoA reductlase activity
increased about 80% while the dolichol kinase
activity increased over 40%. The dolichol
monophosphatase activity in hepatoma (HC)
microsomes was practically unaltered (in-
creases of 8%). When labelled nucleotides were
used in the glycosylation studies in hepatomas
(HC), the incorporation into the dolichyl phos-

! Abbreviations: FPP, farnesyl pyrophosphate; HC, highly differentiated hepatocellular carcinoma; HMG-
CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; LC, low degree differentiated hepatocellular carcinoma;

LDL, low density lipoprotein.
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phate monosaccharides and the total proteins
showed a minor increase in the UDP-glucose
fraction as was also the case when GDP-man-
nose was used. The results for the hepatomas
indicate a major disturbance in the mevalonate
pathway especially in the metabolism of
polyisoprenols. The interpretation of the vari-
ous results are discussed.

A number of experiments mostly on animals
and cell cultures demonstrate that there are
alterations in lipid levels and distrubances in
membrane glycosylation in several neoplastic
tissues [1, 2]. It has been suggested that alter-
ations in lipid composition are responsible in
part for some of the altered properties of hepa-
toma membranes [3, 4]. The ratio between cho-
lesterol, phospholipids, fatty acids, ubiqui-
none, and polyisoprenols are all considered to
influence the properties like membrane sta-
bility and fluidity [3, 5-7]. All tissues and mem-
branes contain polyisoprenoid compounds
[8-10]. The phosphorylated dolichol serves as
an obligatory intermediate in the synthesis of
N-linked glycoproteins, where its level is sug-
gested to be rate limiting under certain condi-
tions [10-14].

Earlier reports have demonstrated a high cho-
lesterol level both in tissues [1] and sera [15]
from individuals with hepatomas. Several
scientific groups have also described specific
distrubances in sterol metabolism in rat hepa-
tomas and partly explained their result, i.e. the
high cholesterol levels, by the lack of feed-back
inhibition of the HMG-CoA reductase enzyme
by LDL cholesterol [16]. In addition to HMG-
CoA-reductase, other enzymes such as squa-
lene synthetase are also suggested to be regu-
lated by LDL cholesterol [17]. It has been sug-
gested that under normal conditions inhibition
of squalene synthetase leads to a decrease in
cholesterol synthesis with a following accumu-
lation of farnesyl pyrophosphate (FPP) and a
flow of metabolites towards ubiquinone [18].
These and other results have shown that HMG-
CoA reductase determines the availability of
FPP for further metabolism to the other endpro-
ducts of the mevalonate pathway and that the
flow of FPP into the sterol branck is determined
by the activity of squalene synthetase. The pur-
pose of this investigation was to analyse and
compare lipid metabolism in carcinoma tissue
and control.

There are few studies on human hepatoma
material which have been focused to the meva-
lonate pathway, and especially the metabolism
and levels of polyisoprenols in relation to other
lipids.

MATERIAL AND METHODS

The methods in these investigations used
were based on techniques which had been de-
veloped on animal liver tissues [19]. The proce-
dures were modified for analyses on human
tissues which contains a much higher lipid con-
centration than the animals studied [20, 21].

Samples were collected from healthy livers
(controls) and from hepatocellular carcinomas
(hepatomas) of various degrees of differentia-
tion. However, the study focused on hepato-
mas with a high degree of differentiation which
showed a morphological resemblance to the
control. The patients involved were in the age
of 45-65. The majority of the tissue samples
were analysed immediately after surgery
whereas a portion of the material was rapidly
frozen to -70°C and stored until used. In case
of the aulopsy tissues, samples were collected
about 22 h after death and used only for meas-
urements of certain lipid levels.

All samples were subjected to histological
examination and care was taken to exclude ne-
crotic, hemorrhagic and fibrotic areas.

The tissues were homogenized and a portion
was used for subcellular preparations or used
in slice experiments. The investigations on
enzyme activities, the analyses of the glycosyl-
ation and the radioactive incorporation studies
were made on tissues from fresh human highly
differentiated hepatomas and fresh healthy
liver tissue. A part of the material was exam-
ined by electron microscopy. Marker enzyme
activities were determined as previously de-
scribed [22, 23], and was found to be identical
between control and hepatomas with a high
degree of differentiation. Lipid values were ex-
pressed on a wet weight or protein basis. The
lipids, i.e. cholesterol, total phospholipids with
fatty acids, ubiquinone-10, total polyisoprenols
(both o-unsaturated and o-saturated polypre-
nols), dolichyl esters (with fatty acids) and doli-
chyl phosphates, both in homogenates and in
microsomal fractions, were extracted and iso-
lated according to methods described earlier
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[19]. The concentrations of the polyisoprenols
and ubiquinone were correlated to the initially
added standards which in turn had been cali-
brated against weighed amounts of standards
[24]. Measurements of protein were deter-
mined using the biuret procedure [25]. Lipid
mixtures were dissolved in 10 ml of Aqualuma
Plus and the radioactivity was determined by
scintillation counting. In the case of the incor-
poration studies using [ H]mevalonic acid, in-
cubations and extraction procedures followed
earlier methods [19, 26, 27].

Beside the HMG-CoA reductase activities,
other enzymes such as dolichol kinase and doli-
chol monophosphatase activities were assayed
as earlier described [26). In the case of the gly-
cnsylatmn studies using GDP- [ C]mannﬂse
UDP—[ C)-N-acetylglucosamine and UDP-
[ C]g]ucose the procedure followed the meth-
ods described in earlier publications [14].

RESULTS AND DISCUSSION

This article summarizes certain differences in
lipid metabolism in a human material consist-
ing of healthy livers and hepatocellular carci-
nomas. Analyses was made on samples from
fresh livers collected at surgery and from a
group of autopsy cases. The lipid composition
was analysed prior to and after freezing and

was found to be similar in both groups. The
data indicated that certain measurements on
autopsy material reflect the in vivo level of the
measured lipids, which was in agreement with
earlier studies [21].

The radioactive incorporation studies, the
enzyme measurements and phospholipid ana-
lysis were however made almost immediately
on fresh surgical biopsies from healthy livers
and from highly differentiated hepatocellular
carcinomas. The microsomal fractions deriving
only from hepatomas of a high degree of dif-
ferentiation showed (judged by electron micro-
scopy) a similar morphological appearance in
comparison with healthy liver microsomes
which was also in line with previous investiga-
tions [28). When marker enzyme activities were
compared the values did not differ between the
two groups. Earlier studies [1] especially on
animal models have to a large extent been deal-
ing with fatty acids, phospholipids and choles-
terol, however only a few studies have as
mentioned been reported on a human material
where the analyses are focused to the mevalo-
nate pathway. Earlier experiments using a ral
model with drug induced preneoplastic no-
dules showed an increase in the dolichol level
and a disturbance in the dolichol mediated gly-
cosylation [14]. These experiments showed a
disturbance in the polyisoprenol metabolism
and a correlation between the level of dolichyl

Table 1
Comparison of lipid levels in homogenates and in microsomes prepared from healthy human liver
(control) and from human hepatocellular carcinomas (hepatomas) with a high degree of differentation”

Tissue Lipid Relative lipid values
{Hepatomas:control)

I—Iﬂrrmgemteb Cholesterol 2.60

Total phospholipid 0.96

Ubiquinone-10 0.45

Total polyisoprenols 013

(o-saturated + o-unsaturated polyprenols)

Dolichyl ester 048

Dolichy] phosphate 0.96

Microsome® Cholesterol 1.53

Dolichol 0.65

Dolichyl phosphate 21
Total phospholipid 0.68

®[ata was taken from [26, 34, 35]; by alues were initially expressed in pg/g wet weight; “values were initially expressed in Hg/mg of

protein.
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phosphate and the degree of glycosylation
which was in line with earlier reports [10]. The
results from the analysis on lipid composition
in hepatomas (Table 1) indicated also a disturb-
ance in the metabolism of polyisoprenoid and
cholesterol compounds which was confirmed
by the studies using radioactive lipid precur-
sors (Table 2). The results from the metabolic
labelling studies (Table 2) could partly explain
the level of certain lipids (that is the low doli-
chol, reduced ubiquinone-10 and high choles-
terol levels, see Table 1). However, the low
mevalonate labelling into dolichyl phosphate
in tumours did not explain the dolichyl phos-
phate levels which showed a relatively unal-

tered concentration in the total hepatoma ho-
mogenates and an increased level in the micro-
somal hepatoma fractions. However, the
increased dolichol kinase and a relatively unal-
tered dolichol monophosphatase activity in he-
patoma microsomes (Table 3) helped to explain
the higher dolichyl-P levels in microsomes. The
results was thus in favor of the idea of an alter-
native regulatory system for the dolichyl phos-
phate level. These changes in the enzyme
activities in hepatomas (Table 3) could theore-
tically explain that under pathological condi-
tions, other factors than alterations in de novo
synthesis regulate the concentration of dolichyl
phosphate.

Table 2

Comparison of incorporation of [ *Hmevalonic acid into lipids in human liver homogenates and in
hepatocellular carcinomas (hepatomas) of a high degree of differentintion™

Relative lipid values®
Lipid {(Hepatomas:control)
A B
Polyisoprenol fraction: (o-saturated and o-unsaturated
¢ 0.07 0.6
polyisoprenol)
Dolichyl phosphate 0.05 0.02
Ubiquinone-10 0.53 1.1
Cholesterol 1.9 .95

*Data was taken from [26, 27]; Py alues were in A — initially expressed as c.p.m.Jfg tissue, and in B — c.p.mJ/yg phospholipid,

Table 3

Comparison of activities of various enzymes and of glycosylation activity in microsomal fractions from
human healthy liver (control) and hepatocellular carcinomas (hepatomas) of a high degree of

differentiation®
Relative dolichyl-P- ;
Incubation with la-| Relative enzyme | monosaccharide Rt?la.u ve total o
n L Yy i B tein Incorporation
Enzyme belled nucleotides | activity value mcorporation value®
as substrates value
Hepatoma:control | Hepatoma:control | Hepatoma:control
HMG-CoA . . o .
reductase )
Daolichol kinase o 15 —_ —
Dolichol
monophosphatase T i 105 - —
— GDP-mannose — 1.03 1.25
= 3 i o = 1.05 1.05
glycosamine e
s UDP-glucose S — 1.38 117

"Data was taken from [26, 27]; Pyalues were initially expressed in c.p.m./mg of protein per 10 min; “values were initially expressed

in c.p.m.fmg of protein.
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The increase of the dolichyl phosphate level
in hepatoma microsomes (Table 1) was paral-
lelled by a minor increase in the incorporation
into dolichyl phosphate monosaccharides
(Table 3) and an increased incorporation into
the proteins (Table 3) which was in line with
earlier investigations [14].

The increase in the human hepatoma micro-
somal HMG-CoA reductase activity (Table 3)
and the following increase in cholesterol syn-
thesis (Table 2) was also in line with earlier
investigations on animal models [16].

When analysing the composition of the differ-
ent polyisoprenoid length (free, esterified and
phosphorylated compounds), the lipids ex-
hibited minor changes with a minor shift to-
wards shorter dolichols in hepatomas (Table 4).
However, this was only in the case when con-
trols and highly differentiated hepatomas were
compared. In hepatomas of a low degree of
differentiation the distribution of polyisopre-
nols with different length showed a clear shift
towards shorter dolichols (Table 4). A shift in
polyprenol length could experimentally be ex-
plained by a decrease in the size of the mevalo-
nate pool which was earlier suggested by [29].

A difference in the mevalonate pool size thus
cannot be excluded between tumours and con-
trols but this seems unlikely when controls and
hepatomas witha high degree of differentiation
are compared. Since there are no reliable meth-
ods for measurement of the pool size of meva-
lonate the data from the mevalonic labelling
studies (see Table 2) should be carefully evalu-
ated. However, since the mevalonate molecule
is a common precursor to the polyisoprenoid
and cholesterol compounds, the specific incor-
poration pattern (i.e,, 50% and 95% reduction
in ubiquinone and polyisoprenols, respective-
ly, and an almost 200% increase in cholesterol
in hepatomas (HC)), thus cannot be explained
only by an alteration in the mevalonate pool
(Table 2).

Several studies have also concluded that the
first enzymes in dolichol and ubiquinone bio-
synthesis have a much higher affinity for farne-
syl pyrophosphate (FPP) than squalene synthe-
tase which means that even if the mevalonate
pool is small in tumours with a following de-
crease in the FPP concentration, saturation of
the other FPP-utilizing enzymes in the dolichol

Table 4
Comparison of distribution of individual polyisoprenoids in homogenates in the free dolichol fraction in
human homogenates from healthy livers (control), and hepatocellular carcinomas (hepatomas) of a high
and low degree of diffrentiation®

Relative values of dolichol length
(Hepatomas:control)

Group D17° D18 D19 D20 D21 D22
Hepatoma (high) : control 1.0 1.3 1.2 0.9 0.7 0.6
Hepatoma (low) : control 4.7 15 1.2 0.7 05 0.4

*Data was taken from [36]; "values were initially expressed as dolichol composition, percentage of total.

Table 5
Comparison of relative amounts of a-unsaturated polyprenols in polyisoprenoid compound containing 19
and 20 isoprene residues (saturated and unsaturated compounds) in homogenates prepared from control
liver and from hepatocellular carcinomas (hepatomas) of a high and low degree of differentiation”

Relative values of a-unsaturated compounds

{Hepatomas:contral)

Polyisoprenol-19

Polyisoprenol-20

Group {o-unsa t||41ra.h.":1:1)hl {o-unsaturated
Hepatomas (high) : control 1.26
Hepatomas (low) : control 57

*Data was taken from [34]; ®the figures were initially expressed as percentage of the total polyisoprenoid alcohol (saturated plus

unsaturated),
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and ubiquinone biosynthetic pathways are still
probably sufficient.

Considering the differences in both the recur-
rent pattern of incorporation and the clearly
altered pattern of lipid levels it thus seems
unlikely that all these differences are caused
simply by changes in the mevalonate or farne-
syl-pyrophosphate concentration, and/or an
increased flow of metabolites into the choleste-
rol pathway resulting in the depletion of pre-
cursor for the ubiquinone or polyisoprenol
pathways.

It seems thus more likely that the alterations
in lipid metabolism is not only restricted to the
regulatory enzyme HMG-CoA reductase but
most probably also to other enzymes sub-
sequent to farnesyl pyrophosphate, which
regulate the flow of metabolites beyond this
branch point to the three major polyisoprenoid
entities, i.e. sterols, dolichols and ubiquinones.
The results thus indicate an independent regu-
lation of these three lipids, where the individ-
ual pathways in hepatomas are likely to differ
from those in healthy livers. In order to explain
the mechanism behind the recurrent pattern of
the different lipid levels in hepatomas a battery
of enzyme disturbances have to exist which
hypothetically could be explained by an inter-
ference with the regulatory system controlling
the mevalonate pathway somewhere down the
line from the genome or more likely, in or close
to the genome. When the total polyisoprenol 19
and 20 fractions were analyzed in healthy livers
and in hepatomas with a high degree of dif-
ferentiation only a few percent was found in the
o-unsaturated form (not shown). A minor in-
crease in the c-unsaturated form was found in
the hepatoma fraction when compared to con-
trol (Table 5). On the other hand, in a material
consisting of carcinomas of a low degree of
differentiation the percentage of c-unsaturated
polyisoprenols, both of the 19 and 20 length
were found to be clearly increased in compari-
son with both controls and hepatomas of a high
degree of differentiation (Table 5).

When comparing individual phospholipids
in hepatomas of a high degree of differentiation
with control, only minor changes in fatty acid
composition were observed in the major micro-
somal phospholipid fractions, which consisted
of a decrease in the relative amount of long
chain polyunsaturated derivatives and an in-
crease in the percentage of 18:0 fatty acids in

hepatomas (not shown). The exact explanation
to these disturbances in the fatty acid composi-
tion and constituents of e-unsaturated and o-
saturated polyprenols are not fully understood.
Recent investigations of model membranes
suggest as already mentioned that changes in
the amount of dolichel influences properties
such as fluidity and stability [30, 7].

Other lipids like ubiquinone was earlier also
reported to influence membrane fluidity [31].
Compared to normal hepatocytes, hepatoma
cells were reported to demonstrate a lower
fluidity of the plasma membrane [3, 32], which
properties could partly be explained by the low
dolichol, low ubiquinone and high cholesterol
levels. It is thus tempting to speculate that the
physical alterations in rat hepatoma mem-
branes, which was described earlier, is depend-
ent not only on changes in the levels of cho-
lesterol and phospholipids and on the phos-
pholipid composition of membranes, on the
degree of unsaturation of bound fatty acids and
on the amount of membrane protein, which are
known natural modulators of lipid fluidity, but
also in the case of highly differentiated humans
hepatomas on the levels of ubiquinone and on
the type and amount of polyisoprenoid com-
pounds present. When summerizing the lipid
metabolism in hepatomas of a high degree of
differentiation the major disturbance at least
for the bulk of lipids, thus seems to be localized
to the mevalonate pathway and especially in
the polyisoprenol metabolism. It is thus tempt-
ing to speculate that during the carcinogenesis
some trigger mechanism in or outside the cell
could start the earlier described isoprenylation
of proteins with an activation of ras-oncogenic
products [33]. This product could influence the
function of the genome with a following dis-
turbance in the mevalonate pathway.

A disturbance in the mevalonate metabolism
and especially in the polyisoprenol metabolism
could thus cause or contribute to the mentioned
changes of membrane properties with the fol-
lowing altered behavior of the cancer cell.
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