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Proteochondroitin Sulfate Is the Main Proteoglycan Synthesized
in Fetal Hepatocytes (42185)
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Abstract. The synthesis of total and specific types of glycosaminoglycans (GAG) with emphasis
on proteochondroitin sulfate (PCS) was studied in late embryonic and early postnatal liver pa-
renchymal cells. In contrast to adult hepatocytes, which synthesize almost exclusively proteoheparan
sulfate (PHS), PCS proved to be the major type of GAG synthesized in fetal hepatocytes (more
than 60% of total GAG) whereas PHS contributes less than 40% of total GAG synthesis. Starting
immediately after birth PCS synthesis in hepatocytes declines progressively, at the 6th postnatal
day PCS formation is one-fifteenth of that measured in embryonic liver cells. Adult levels are
reached around the 10th postnatal day. A significant portion of plasma membrane-associated
proteoglycans in fetal hepatocytes is represented by PCS, its fraction declines in early postnatal
life. Between the synthesis rate of PCS and [*H]thymidine incorporation into DNA exists a strong
positive statistic correlation (r = (0.949). In conclusion, fetal hepatocytes have a completely different
profile of GAG synthesis characterized by preponderant production of PCS. This ability is lost
early after birth but might be regained in hepatocellular carcinoma cells and parenchymal cells
in chronically injured liver tissue developing fibrosis.  © 1985 Society for Experimental Biology and Medicine.

In normal liver proteochondroitin sulfate
(PCS) contributes about 10 to 15% of total
liver glycosaminoglycans (GAG), the pre-
dominant type of GAG is proteoheparan sul-
fate (PHS) amounting to about 65% of total
GAG (1-5). Two pathologic conditions of the
liver are known in which the fraction of PCS
increases considerably, that are both experi-
mental and human liver fibrosis (1-5) and he-
patocellular carcinoma (3, 4), respectively. A
comparable elevation of PCS is found in de-
veloping liver (6-8). The mechanism of ac-
cumulation and the possible cellular source of
PCS in fetal liver and in mature pathologic
liver are not known. Neither hepatocytes nor
Kupffer cells from adult normal liver were
shown to synthesize PCS, the former cell type
produces exclusively PHS (9, 10), the latter
cells do not synthesize significant amounts of
GAG at all (11). Nonetheless, hepatocytes
might be a candidate cell type for the produc-
tion of PCS if it is shown that the profile of
hepatocellular GAG synthesis is significantly
changed under these conditions. In a first at-
tempt to follow this hypothesis we studied in
the present report the rate of synthesis of total
and specific types of GAG, in particular that
of PCS and PHS, in isolated late embryonic
and early postnatal parenchymal liver cells in

comparison to that of mature hepatocytes and
analyzed the distribution of the main types of
GAG in the liver cell membrane. In addition
the synthesis rate of GAG was tried to relate
to the changes of DNA synthesis in developing
liver tissue. The results point to the capacity
of fetal hepatocytes to synthesize significant
amounts of PCS and show that this ability is
rapidly lost during the first 10 days of postnatal
life.

Materials and Methods. Animals. Male
Sprague-Dawley rats (Lippische Versuchs-
tieranstalt, Extertal, Germany) were used. Rat
embryos were prepared between the 19th and
22nd day of gestation.

Materials. Na [**S}sulfate (500-600 mCi/
mmole) and [*H]thymidine (6.7 mCi/mmole)
were obtained from New England Nuclear
Corporation, Boston. DNAse and papain (EC
3.4.22.2) were from Boehringer-Mannheim,
GmbH, Germany; chondroitin AC- (EC
4.2.2.5) and ABC-lyase (EC 4.2.2.4) from Sei-
kagaku Kogyo Company, Tokyo, Japan; col-
lagenase (EC 3.4.24.3, from Clostridium his-
tolyticum, type I) from Sigma Chemical
Company, Munich, Germany. Dulbecco’s
modification of Eagle’s medium was pur-
chased from Flow Laboratories, Bonn, Ger-
many.
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Isolation and incubation of hepatocytes from
adult liver. In principle the procedure of Seglen
was followed as it is described elsewhere (11,
12). In the final parenchymal cell suspension
the number of cells, the fraction of single pa-
renchymal cells, and the cell viability by ex-
clusion of trypan blue in the final concentra-
tion of 0.25% (w/v) were determined. The
concentration of parenchymal cells in Dul-
becco’s modification of Eagle’s medium was
adjusted to 1 X 107 cells, which were incubated
for 2 h at 37°C and 90 oscillations/min in 3
ml of Dulbecco’s modification of Eagle’s me-
dium (pH 7.4) under 95% 0,-5% CO, with
25 uCi of [¥*S]sulfate. At the end of incubation
the cells were centrifuged, rinsed with ice-cold
buffered saline, and transferred immediately
into about 10 ml of cold acetone.

Isolation and incubation of embryonic and
early postnatal liver parenchymal cells. The
method of Devirgiliis e al. (13) was used for
the preparation of embryonic and early post-
natal parenchymal cells. The livers from em-
bryonic and decapitated newborn rats were
quickly excised and sliced with a razor blade
in ice-cold Hanks’ balanced salt solution con-
taining 0.6 mmole/liter EGTA and 20 g/liter
bovine serum albumin (medium A). The slices
were freed of blood and about 1 g of liver tissue
was incubated in a shaking water bath for 10
min at 39°C in 7 m! medium A. The super-
natant was discarded, the tissue slices were in-
cubated three times each for 15 min at 39°C
with 7 ml of Hanks’ balanced salt solution
containing 0.005 mole/liter CaCl,, 1.5 g/liter
collagenase, and 0.05 g/liter DNAse. After
each incubation the cells were filtered through
nylon gauze (diameter of the pores 100 um)
and diluted 1:1 (v/v) with Dulbecco’s modi-
fication of Eagle’s medium. The cells were
pelleted by centrifugation for 2 min at 40g and
this cycle was repeated one time. The cells were
examined microscopically as described for
adult liver cells.

The procedure results in an embryonic liver
cell suspension containing besides hepatocytes
mainly erythroblasts. The incubation of the
mixed cell suspension with [*’S]sulfate was
performed as described above for adult liver
cells. To separate hepatocytes from the non-
parenchymal cells the adhesion of fetal he-
patocytes to serum-coated plastic petri dishes
was utilized. Two milliliters of Dulbecco’s
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modified Eagle’s medium containing 3% fetal
calf serum were filled in petri dishes and stored
for 5 hr at 4°C. Immediately before use the
medium was sucked off and the dish was
warmed up to 37°C. Cells (107) of the mixed
suspension were poured in the dish in which
they were incubated for 30 min at 37°C under
95% 0,—5% CO,. Thereafter nonattached cells
(mainly erythroblasts) and medium were
sucked off, the plate was washed with 2 ml of
ice-cold phosphate-buffered saline and the re-
maining cells (90-95% hepatocytes) were sub-
jected to papain proteolysis for the isolation
of glycosaminoglycans as described below.

Preparation and incubation of liver slices.
After decapitation of the mother rat, embryos
were quickly removed, their livers excised and
washed in ice-cold phosphate-buffered saline.
In principal the procedure described previ-
ously in detail for the preparation of liver slices
was applied (14, 15). The conditions of incu-
bations are very similar to those described for
liver cells.

Determination of the incorporation of
[?’S1sulfate into total and specific glyco-
saminoglycans. Cells were repeatedly washed
(defatted) in cold acetone, chloroform/meth-
anol (2/1, v/v), and ethanol/ethylether (3/1,
v/v) after which the material was dried for 24
hr at 60°C (15). Thereafter it was homogenized
in papain buffer (sodium acetate, 0.1 mole/
liter, pH 6.2; sodium-EDTA, 0.05 mole/liter;
cysteinium chloride, 0.005 mole/liter). An al-
iquot was taken for the determination of pro-
tein using bovine serum albumin as a standard
(16). The homogenate was proteolyzed for 48
hr at 60°C by two consecutive additions of
papain, each 12 U/ml. The proteolyzed, tri-
chloroacetic acid soluble and neutralized su-
pernatant was dialyzed overnight at 4°C
against 100 vol of 0.03 mole/liter NaCl. La-
beled total glycosaminoglycans together with
added unlabeled glycosaminoglycans as carrier
were preciy itated with cetylpyridinium chlo-
ride as described elsewhere (14). The radio-
activity of isolated glycosaminoglycans was
measured and referred to the protein content.

To specify individual GAG types, total gly-
cosaminoglycans were subjected to enzymatic
degradation with chondroitin AC and ABC
lyases to yield the incorporation of [**S]sulfate
into chondroitin 4,6-sulfate and dermatan
sulfate, respectively, and to degradation with
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nitrous acid to measure heparan [**S]sulfate
(14, 15). Synthesis of specific glycosamino-
glycans is expressed either in absolute terms
(dpm/mg protein) or relatively as fraction of
total labeled glycosaminoglycans.

Determination of DNA synthesis. The in-
corporation of [*H]thymidine into DNA was
measured in liver slices (about 100 mg wet wt)
and 1solated liver cells exposed for 1 hrat 37°C
to 2 uCi [*H]thymidine in 3 ml Dulbecco’s
modification of Eagle’s medium (17). After
incubation, cells and slices, respectively, were
washed in ice-cold phosphate-buffered saline
and boiled for 5 min in water. The material
was homogenized in water from which an al-
iquot was used for the determination of total
protein (16), the remaining portion was pre-
cipitated with ice-cold 10% (w/v) trichloro-
acetic acid. After centrifugation (15 min,
3000g, 4°C) the sediment was washed twice
in cold trichloroacetic acid and finally dis-
solved in 0.05 mole/liter NaOH for counting
of radioactivity. The incorporated radioactiv-
ity is referred to the protein content of liver
slices and cells, respectively.

Preparation of the plasma membranes. Cell
membranes were isolated from whole rat liver
and liver slices, respectively, labeled before
with [*°S]sulfate. The preparation was per-
formed by a modification (18) of previously
described methods (19, 20). In brief, the liver
was perfused with ice-cold 0.154 mole/liter
NaCl containing 0.5 mole/liter CaCl,, minced,
and homogenized in an all-glass Dounce ho-
mogenizer. The homogenate was filtered
through sterile gauze and centrifuged (15 min,
1500g, 0-2°C) four times. The final sediment
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was resuspended and centrifuged for 2 hr at
100,000¢ and 0-2°C through a stepwise su-
crose gradient (37, 41, 45, 48%:; (w/w). The
plasma membrane fraction was collected at
the interface between the 37% (d = 1.16) and
41% (d = 1.18) sucrose layer and washed twice
with 1 mole/liter NaHCO;. The purity of the
membranes was checked by measuring the
increase of the specific catalytic activity of 5'-
nucleotidase (EC 3.1.3.5) (21) and the de-
creases of specific activities of succinate de-
hydrogenase (EC 1.3.99.1) (22) and glucose 6-
phosphatase (EC 3.1.3.9) (23), respectively.
Labeled membrane associated glycosami-
noglycans were isolated and specified as de-
scribed above for liver cells.

Results. Synthesis of proteoglycans in em-
bryonic and perinatal hepatocytes. Embryonic
liver contains besides hepatocytes a number
of nonparenchymal liver cells (24). Erythro-
blasts accumulate in embryonic liver but de-
crease rapidly during the first 5 days of post-
natal development (25). To define GAG syn-
thesis in fetal hepatocytes the cells isolated
from embryonic liver were incubated together
with erythroblasts in presence of [*’S]sulfate
and thereafter separated from erythroblasts by
adhesion to serum-coated plastic petri dishes
as described under Materials and Methods.
Total GAG synthesis in parenchymal liver
cells from embryonic liver compared with that
in cells from late postnatal liver is strongly en-
hanced (Table I). The GAG synthesis rate de-
creases progressively after birth (Table I).
Chondroitin sulfate synthesis in embryonic
hepatocytes is about 15 times higher than that
measured in parenchymal cells at the sixth day

TABLE 1. INCORPORATION OF [**S]SULFATE INTO TOTAL AND SPECIFIC TYPES OF GLYCOSAMINOGLYCANS OF
EMBRYONIC AND NEONATAL RAT LIVER HEPATOCYTES

Total glycosaminoglycans

Source of hepatocytes (dpm/mg DNA)

Specific glycosaminoglycans
(dpm/mg DNA)

Heparan sulfate Chondroitin sulfate

Embryonic 16160 + 1000
Postnatal
1 day 9150 + 860
2 days 8200 + 1080
6 days 5770 £ 780

6300 + 485 8560 + 1130
4120 + 275 4670 = 370
5080 + 490 3120+ 410
4900 * 230 580 £ 120

Note. Hepatocytes were incubated with [*°S]sulfate in a mixed cell suspension (together with erythroblasts) for 3 hr
and isolated thereafter by adhesion to plastic surfaces. The mean values + SD of four experiments are given.
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of postnatal life. The production of heparan
sulfate exhibits only a minor decrease during
postnatal development (Table I). The distri-
bution pattern of **S-labeled GAG in embry-
onic, postnatal, and adult hepatocytes is shown
in Fig. 1. Chondroitin sulfate is synthesized as
the major type of GAG in embryonic hepa-
tocytes amounting to more than 60% of total
GAG synthesis. Chondroitin sulfate as the
major GAG type is replaced by heparan sulfate
at the first day of postnatal development (Fig.
1). The synthesis ratio of CS/HS of 1.4 in em-
bryonic liver declines to 0.12 during the first
week of postnatal life (Fig. 2). The profile of
GAG synthesis of mature hepatocytes is
reached at about the 10th postnatal day
(Fig. 1).

Erythroblasts, the major type of nonpar-
enchymal cells in fetal liver, synthesized nearly
exclusively chondroitin sulfate (98% of *3S-la-
beled GAG), heparan [*S]sulfate is found only
in trace amounts. However, the rate of chon-
droitin sulfate synthesis of erythroblasts in
embryonic tissue is low and contributes less
than 10% of total GAG synthesis.

The time-dependent changes of the rate of
incorporation of [*H]thymidine into DNA of
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FIG. 1. Relative incorporation of [**S]sulfate into he-
paran sulfate (HS), chondroitin sulfate (CS), and dermatan
sulfate (DS) of isolated hepatocytes of late embryonic and
early postnatal livers. The hepatocytes were incubated for
3 hrin a mixed cell suspension (together with erythroblasts)
and separated thereafter by their adhesion to serum-coated
plastic surfaces of petri dishes. Hepatocytes were proteo-
lyzed with papain and ¥S-labeled glycosaminoglycans were
determined as described under Materials and Methods.
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FIG. 2. Developmental changes of the synthesis ratio of
chondroitin sulfate to heparan sulfate in isolated hepato-

cytes.

perinatal liver slices parallel those of chon-
droitin sulfate synthesis. This is shown by the
strong positive correlation (v = 0.949) between
the synthesis of chondroitin sulfate and the
incorporation of [*H]thymidine into DNA
(Fig. 3). Because the synthesis of liver heparan
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FI1G. 3. Correlation between the rates of incorporation
of [*H]thymidine into DNA and [**S]sulfate into chon-
droitin sulfate and the chondroitin sulfate/heparan sulfate
ratio, respectively, in late embryonic (20th-22nd day of
gestation) and early postnatal (< 10th day of postnatal life)
rat livers slices and cells, respectively. The coefficient of
correlation is r = 0.949 (n = 8).
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sulfate is almost unchanged during the early
development (Table I) the correlation is also
found between the chondroitin sulfate/he-
paran sulfate ratio and [*H]thymidine incor-
poration into DNA (Fig. 3).

Plasma membrane associated proteogly-
cans. The pattern of proteoglycans associated
with the plasma membranes of early postnatal
and adult liver cells was determined in rats
injected before with [**S]sulfate. The purity of
the membrane preparation is documented by
a 12- to 15-fold increase of the specific activity
of 5-nucleotidase and significant reductions
of the activity of glucose 6-phosphatase and
succinate reductase, respectively (data not
shown). Adult liver cell membranes contain
almost exclusively heparan sulfate, only traces
of 3S-labeled chondroitin sulfate + dermatan
sulfate are present in these preparations (Table
II). Early postnatal liver cell membranes,
however, contain a relatively high portion of
chondroitin sulfate. This fraction declines
rapidly during the first 10 days of postnatal
life and reaches adult levels around the 10th
postnatal day (Table II).

Discussion. The data presented in this
communication point to the high capacity of
fetal hepatocytes to synthesize proteochon-
droitin sulfate, which was shown to be the ma-
Jjor type of GAG produced in these cells. Be-
ginning with birth parenchymal liver cell PCS
formation decreases progressively and is lost
almost entirely between the 10th and 1 5th day
of postnatal life. It is concluded that the high
amounts of PCS in fetal liver (6-8) are pro-
duced by the highly stimulated synthesis of
this GAG type in the parenchymal liver cells.

FETAL HEPATOCYTES

The assumption is further supported by a
strong similarity between the time courses of
perinatal changes of the composition of liver
GAG (6, 7) and of the GAG synthesis profile
in hepatocytes. Both are charactenzed by a
time-related decrease of PCS and dermatan
sulfate and an increase of PHS.

A significant portion of newly formed PCS
resides in the plasma membrane of the he-
patocytes. This fraction declines in parallel to
the postnatal shutdown of PCS production,
which might be of relevance for some criteria
of intercellular communication like cell rec-
ognition, membrane transport phenomena,
and adhesive properties (7).

The strong positive correlation between the
incorporation of [**S]sulfate into PCS and
[*H]thymidine into DNA supports the view
that this type of proteoglycan might play a role
in the regulation of cell proliferation by stim-
ulation of cell division as suggested previously
(6-8, 26-30). This is also indicated by the
strongly elevated PCS concentration in both
experimental (4) and human (3) liver cell car-
cinoma. Tumorous and embryonic liver tissue
exhibit striking similarities in the composition
of GAG (5). Our results let us suggest that the
increase of PCS in carcinomatous liver is due
to its stimulated active synthesis in hepato-
cellular carcinoma cells by reopening of some
fetal pathways of GAG synthesis. A similar
mechanism might be active in hepatocytes
from chronically injured liver tissue devel-
oping fibrosis and cirrhosis, in which PCS be-
comes a predominant GAG type (1-5). Studies
devoted to these problems are currently in
progress in our laboratory.

TABLE II. INCORPORATION in Vivo OF [*S]SULFATE INTO SPECIFIC TYPES OF GLYCOSAMINOGLYCANS ASSOCIATED
WITH PLASMA MEMBRANES FROM ADULT AND POSTNATAL RAT LIVERS, RESPECTIVELY

Relative distribution of glycosaminoglycans (%)

Source of plasma membranes Heparan sulfate

Chondroitin sulfate Dermatan sulfate

Adult liver 72+ 1.6
Postnatal liver

1 day 60 +2.0

2 days 66 + 34

10 days 64 +28

27+ 1.1

4014

230+ 4.6
15.5+3.3
5.8+42

Note. Adult rats received ip 300 pCi, neonatal rats 25 uCi of [>°S]sulfate 1 hr before exitus. Plasma membranes were
isolated by centrifugation in a discontinuous sucrose gradient. The data represent mean values + SD of three experiments.
In the case of adult liver plasma membranes chondroitin sulfate and dermatan sulfate were not differentiated.
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