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Acute-phase-response induction in rat hepatocytes co-cultured
with rat liver epithelial cells
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The response of rat hepatocytes co-cultured with rat liver epithelial cells to conditioned medium (CM) from
lipopolysaccharide (LPS)-activated monocytes was investigated by measuring the concentration of a2-
macroglobulin (a2M), z,-acid glycoprotein (AGP), albumin and transferrin, as well as the changes in
glycosylation of al-acid glycoprotein. During an initial 8-day treatment with CM, concentrations ofa2M and
AGP increased markedly over those of control culture, whereas concentrations of albumin and transferrin
decreased. The glycosylation pattern of AGP indicated an important relative increase of the concanavalin
A-strongly-reactive (SR) variant upon treatment. When CM addition to hepatocyte culture medium was

stopped, the concentrations of the four proteins and the glycosylation pattern of AGP reverted to those of
control cultures. Further addition (on day 15) to cultures of CM increased the concentration of ac2M and
decreased albumin and transferrin concentrations. Although AGP concentrations did not increase above
those of controls, the appearance of the SR variant was again stimulated by CM. These results show that,
in co-culture, rat hepatocytes remain able to respond to repeated inflammatory stimuli.

INTRODUCTION
A major feature of the mammalian acute-phase re-

sponse is the increase in hepatic synthesis of a set of
plasma proteins termed 'acute-phase reactants'. This
response is mediated by hepatocyte stimulating factors
(HSFs) released into the circulation after tissue damage
[1,2]. The action of HSFs has been extensively studied in
pure cultures of rat hepatocytes [2], and it has been
recently demonstrated that the major hepatocyte
stimulating activity present in conditioned medium from
lipopolysaccharide (LPS)-stimulated human monocytes
was a cytokine identical with interferon /2, f-lymphocyte
stimulating factor, 26 kDa protein, interleukin HP- I and
HSF- 1 [3-5] and which has been called 'IL-6' [6].
However, the response of pure hepatocyte culture to
cytokines in vitro cannot be related to the liver acute-
phase response in vivo, since hepatocytes in primary
culture are in a stimulated state [7]. This is supported by
the fact that even the highest doses of cytokines fail to
reproduce the full extent of the response in vivo, and
there are differences in the pattern of plasma proteins
stimulated in vitro [2].
The reason for the failure of pure hepatocyte cultures

to reproduce exactly the response in vivo is unknown, but
may be due to the absence of additional regulatory
factors in cytokine preparations or the instability of the
hepatocyte phenotype in pure culture [8]. Rat hepatocytes
in pure culture rapidly lose their functional differentiation
and revert to a more foetal phenotype [9] and are therefore

not typical of the rat liver cell in vivo. Recently a method
of co-culturing hepatocytes with untransformed rat epi-
thelial cells of biliary origin has been described [10],
which allows long-term maintenance of hepatocyte-
specific functions [11], including the synthesis of acute-
phase reactants [7,12].
The aim of the present study was to investigate the

action of conditioned medium (CM) from LPS-activated
monocytes upon rat hepatocyte co-cultures. The response
of the cells to the CM was monitored by measuring the
concentrations of a2-macroglobulin (x2M), a,-acid
glycoprotein (AGP), albumin (Alb) and transferrin (TO).
The effects of this CM on the glycosylation pattern of
AGP were also investigated by crossed immunoaffinity
electrophoresis (CIAE) with concanavalin A (Con A),
since it has been previously shown that the micro-
heterogeneity of this glycoprotein changes significantly
during the acute-phase response in vivo [13].

METHODS

Rat hepatocytes were obtained by the two-step
collagenase-perfusion method of Guguen-Guillouzo &
Guillouzo [14] and were co-cultured with rat liver epi-
thelial cells as described in [10]. Hepatocytes (2 x 106) in
2 ml of Hams F-12 medium with insulin (10 ,ug/ml) and
5 %0 (v/v) foetal-calf serum were seeded in 25 cm2 flasks.
After 3 h the medium was removed and 2 x 10' rat liver
epithelial cells, from early passages, prior to spontaneous

Abbreviations used: CM, conditioned medium from lipopolysaccharide (LPS)-activated monocytes; AGP, ca,-acid glycoprotein; a2M, a2-
macroglobulin; HSF, hepatocyte stimulating factor; LPS, bacterial lipopolysaccharide; CIAE, crossed immunoaffinity electrophoresis; Con A,
concanavalin A; SR, Con A-strongly-reactive; NR, Con A-non-reactive; Alb, albumin; Tf, transferrin; PBS, phosphate-buffered saline; CRP,
C-reactive protein.
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transformation, were added. Confluency was achieved
within 24 h, and the above medium, supplemented with
3.5 x 10-6 M-cortisol hemisuccinate, was changed daily.
Human peripheral-blood monocytes were separated

by buoyant-density centrifugation, purified by adherence
and stimulated for 24 h with chromatographically
purified LPS (10 ,ug/ml) from Salmonella minnesota
(Sigma Chemical Co., St. Louis, MO, U.S.A.). The CM
was dialysed against phosphate-buffered saline (PBS;
0.15 M-NaCl/5 mM-phosphate, pH 7.2) and sterilized by
filtration through a 0.22 ,um-pore-size membrane. This
CM, at 25 and 10% (v/v), was added to the confluent co-
cultures from day 1 to day 8, after which addition ofCM
was stopped until day 15 and then resumed until day 20.
One set of controls was included, which consisted of
cultures to which identical volumes of sterile PBS were
added. All cultures were performed in triplicate, and
medium was collected daily and stored at -30 'C.
Alb and Tf were measured in culture medium by using

laser nephelometry. z2M and AGP were determined by
electroimmunoassay as described previously [7]. The
microheterogeneity of AGP was checked by CIAE as
described by Bog-Hansen et al. [15] and Nicollet et al.
[16]. Briefly, Con A in 1 mM-CaCl2/1 mM-MnCl2/1 mM-
MgCl2 was added to the first-dimension gel to a final
concentration of 1.5 mg/ml. Electrophoresis of each
sample (15 ,l of a 20-fold-concentrated cell culture
supernatant) was performed in 1 %-agarose gel for 1.5 h
at 10 V/cm in a 50 mM-Tris/20 mM-barbital buffer,
pH 8.6. The second-dimension electrophoresis was car-
ried out at 2 V/cm for 18-20 h in 1 %-agarose gels
containing 100,l of rabbit antiserum against rat AGP
and 1-0-methyl D-glucopyranoside (40 mg/ml). After
staining with Coomassie Blue R-250 the areas under the
immunoprecipitate curves were determined by plani-
metry. By using this method, four microheterogeneity
variants were characterized: variant 1, strongly reactive
(SR), which is precipitated with Con A in the first
dimension and eluted by 1-0-methyl D-glucopyrano-
side; variant 2, reactive with Con A; variant 3, weakly

100

reactive; and variant 4, which is Con A-non-reactive
(NR).

RESULTS
Morphological changes were observed in hepatocyte

co-cultures treated with CM. In PBS-treated controls the
characteristic hepatocyte co-culture morphology was
observed with extensive bile canaliculi formation. Within
8 h ofCM addition, bile canaliculi began to regress and
were not evident after 2 days treatment. Furthermore the
hepatocytes assumed a more elongated form reminiscent
of hepatocytes in pure culture on plastic, although
throughout treatment with CM contacts with epithelial
cells were maintained. When CM addition was stopped,
the hepatocytes had resumed their original co-culture
morphology, with numerous bile canaliculi, within 2
days.
a2M was detected in control cultures treated with 0.5

and 0.2 ml of PBS from days 6-8 and was present at a
concentration not exceeding 10 ,ug/ml throughout the
culture period. In cultures treated with CM, whether at
25 or at 10%, a2M was detected on day 2, and concen-
trations increased to greater than 60 ,tg/ml until day 8,
when addition of CM was stopped (Fig. 1). Thereafter
levels of a2M decreased and had returned to those of
control cultures by day 13. Re-addition ofCM on day 15
caused a rapid increase of c2M, although, in contrast
with the first stimulation, two peaks were observed. a2M
concentrations increased to greater than 80 ,ug/ml during
the second stimulation with CM and decreased rapidly
when addition was stopped on day 20.

Addition of CM to co-cultures decreased the concen-
trations of Alb (Fig. 2) and Tf (Fig. 3), whether added at
day 1 or day 15. Compared with their respective PBS-
treated controls, CM at 25 or 10% decreased Alb
concentrations by 75 % and those of Tf by 25-50 00.
Upon cessation of CM addition Alb and Tf concen-
trations increased and reached those of control cultures
within 4 days. Alb and Tf concentrations declined within
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Fig. 1. Concentration of ;2M in medium obtained daily from hepatocyte co-culture

Each point is the mean result for triplicate cultures. Cultures were treated on days 1-8 and 15-20 with 200 ,ul (-) and 500 ,ul
(O) of CM respectively or 200 ,l (*) and 500 ,ul (#) of PBS respectively.
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Fig. 2. Concentrations of albumin in co-cultured hepatocytes treated with CM or PBS

Each point is the mean result for triplicate cultures. Cultures were treated on days 1-8 and 15-20 with 200 1d (U) and 500 u1

(O) of CM respectively or 200 ,ul (*) and 500 ,ul (O) of PBS respectively.
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Fig. 3. Concentrations of Tf in co-cultured hepatocytes treated with CM or PBS

Each point is the mean result for triplicate cultures. Cultures were treated on days
(El) of CM respectively or 200 1, (*) and 500 ,u (*) of PBS respectively.

1-8 and 15-20 with 200,ul (U) and 500,l

24 h after resumption ofCM addition on day 15, and the
magnitude of the decreases were similar to those obtained
when the CM was added between days I and 8.

In control cultures four variants ofAGP were detected
by CIAE (Fig. 4), and the concentration increased
throughout the culture period (Fig. 5). From day 2 until
day 20 the concentration of AGP increased from 2 to
20 #tg/ml. Addition of CM at 25 or 10% after 24 h of
culture caused a 2-fold increase in AGP, and, although
addition ofCM was stopped on day 8, the concentration
of AGP did not decrease until day 10. Thereafter the
concentration of AGP was comparable with that of
control cultures, despite the resumption of CM addition
on day 15.
The four AGP variants identified in control culture

medium arise because of different reactivities with Con A
(Fig. 4a). Their number and relative distribution were

identical with those observed for AGP in the non-

inflamed rat [13]. In control cultures from day 4 to day
20 these four variants were observed, with the NR

variant present in higher quantities than the SR variant
(Figs. 4a and Sa). Addition of CM on days 1-8 resulted
in a substantial increase in the SR variant and the
disappearance of the NR variant (Figs. 4b and Sb). When
CM was stopped on day 8, the relative amount of SR
variant decreased, with a concomitant rise in the NR
variant, although the control-culture levels were not
achieved (Fig. Sb). A new addition of CM to culture
medium on day 15 caused the disappearance of the NR
variant and resurgence of the SR form of AGP. This last
modification of the AGP glycosylation pattern was not
related to an increase in AGP concentration, since the
level in stimulated co-culture was similar to that of the
controls during this period.

DISCUSSION
Our observations clearly demonstrate for the first time

the ability of rat hepatocytes, when co-cultured with rat
liver epithelial cells of biliary origin, to respond to CM
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2 3 4
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Fig. 4. CIAE patterns ofAGP as present in media of monolayers
of rat hepatocyte co-culture

1, 2 and 3, peak positions of AGP SR variants; 4, that of
the NR variant. (a) CIAE pattern at day 12 of co-culture,
4 days after stopping the addition of CM. (b) CIAE
pattern at day 20 of culture in the presence of CM.

from LPS-activated monocytes with increased synthesis
of a2M and a concomitant decrease in Alb and Tf
production. This responsiveness was not lost when CM
addition was stopped for 7 days and resumed on day
15 of culture. In parallel the glycosylation pattern of
AGP was affected, resulting in an increase in the Con A
SR variant and a decrease in the Con A NR variant.
Such alterations are comparable with the inflammatory
response in vivo [1,16].
During the initial 8 days of stimulation the concen-

trations of a2M and AGP were increased 7-10-fold and
2-fold respectively. Alb synthesis was strongly depressed,
with a less severe decrease in the concentration of Tf.
When CM addition was stopped, the concentrations of
the four proteins returned to those of the control cultures,
as did the glycosylation pattern of AGP. Resumption of
CM treatment produced changes only in a2M, Alb and
Tf. However, although the concentration of AGP failed
to rise above control values, which increased throughout
the culture period, the pattern of AGP glycosylation
variants was modified as in the first stimulation. It has
been previously shown that the epithelial cells do not
participate in the production of plasma proteins in the
co-culture system [7,10], and it can be assumed that it is
the hepatocytes which are responding to the cytokines
present in the conditioned medium.

In control cultures a2M was present during the culture
period despite the fact that this protein is virtually absent
from normal rat serum [17]. The production of z2M in
control cultures has been previously observed [7] and can
be attributed to the presence of cortisol in the culture
medium inducing z2M synthesis [18]. Cortisol has also
been shown to stimulate AGP production [18], and it can
be assumed that it is responsible for the increasing levels
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Fig. 5. Concentrations of AGP in medium obtained daily from
hepatocyte co-culture

Each point is the mean result for triplicate cultures;
cultures were treated on days 1-8 and 15-20 with 500 ,ul of
PBS (a) or with 500,l of CM (b). Histograms represent
the percentages of the NR variant ofAGP (E) and the SR
variant of AGP (O). The overall AGP concentration
(,ug/ml) is also shown (-Ol- in a; -R- in b).

of AGP in control culture. The presence of cortisol
in vitro is necessary for the hepatocytes to respond to
cytokines [8].
The second stimulation of co-cultures by CM differed

from the initial stimulation in two respects. When co-
cultures were treated with conditioned medium on
days 15-20, a double peak was observed for a2M, and
there was no detectable increase in AGP concentration.
The appearance of two peaks for a2M may possibly be
due to a stabilization of the mRNA or to a recycling or
induction of receptors for HSFs. However, in the case of
recycling of receptors it has been shown by Macintyre
et al. [19] that repeated inflammatory stimuli in the rabbit
results in a diminishing C-reactive protein (CRP) re-
sponse. Thus, after a series of seven biweekly turpentine
injections, the CRP response progressively decreased
such that after the fifth and seventh injections, occurring
only 3 days after the previous injections, there was no
CRP response. This effect was attributed to receptor
down-regulation. Alternatively the two peaks of oc2M
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could be explained by contaminating production of
cytokines by the epithelial cells, although the rapid
decrease in a2M concentration upon cessation of CM
addition argues against this hypothesis. The failure to
detect an increase in AGP concentrations during the
second period of CM addition may be due to the high
levels of AGP in control cultures at this time, masking
any cytokine-mediated increase.

During the first 2 days of culture the SR and NR
variants were detected in equal amounts in control
cultures, but by day 4 the relative proportion of the SR
variant had decreased to a minimal value. This initially
high proportion of the SR variant may reflect the
adaptation ofthe hepatocytes to the culture environment.
Treatment of the cultures with CM, whether started at
day 1 or day 15, effectively decreased the NR variant to
neglible levels and raised the proportion of the SR
variant. When CM addition was stopped between days 9
and 14 the proportion of the SR variant decreased, with
a concomitant increase in the NR variant. Despite the
failure to detect an increase in AGP concentration during
the second stimulation with CM, the glycosylation pat-
tern changed to that of the acute-phase response, which
suggests that different factors might control these
responses. A lack of correlation between AGP concen-
trations and the glycosylation pattern has also been
observed in humans in various disease states [20]. Further,
by using the human hepatoma cell line Hep 3B it has
been shown that, although CM altered the glycosylation
pattern of caeruloplasmin and proteinase inhibitor,
interleukin- 1, tumour necrosis factor and HSF- 1 were not
responsible for these alterations [21]. The mechanism by
which glycosylation is altered by acute-phase-response
mediators is unknown, but it is possible that the effect is
controlled via the glycosylating enzymes [21].

It has been shown both in vivo and in vitro that HSFs
mediate the liver-cell response by increasing the amount
ofmRNA for the acute-phase proteins [2,8,22,23]. In the
case of a2M in vivo and AGP in vitro this increase in
mRNA has been shown to arise from an enhanced
nuclear transcription rate [8,24]. However, in the case of
oz2M, although the transcription rate of the z2M gene is
increased during inflammation, the increase is insufficient
to account for the rise in cytoplasmic a2M RNA, and
other factors, such as intranuclear processing of a2M
transcripts, must also be altered [25]. In pure culture the
transcriptional activity of hepatocyte-specific genes re-
mains very low, even in hormonally defined medium [26],
and it is probable that this, plus the rapid loss of the
hepatic phenotype in pure culture, is responsible for the
differences between the response to cytokines in vitro and
in vivo [8]. In co-culture it has been shown that trans-
criptional activity is well maintained [27], and, since the
hepatocyte response to cytokines involves, at least in part,
the activation of transcription of specific genes, co-
culture of hepatocytes may provide an excellent system
for the study of cytokine-hepatocyte interactions, par-
ticularly the cellular mechanisms responsible for the
increase in acute-phase-protein synthesis. Certainly the
10-fold maximum increase in a2M concentration and the
2-fold increase in AGP are higher than those reported
previously for pure rat hepatocyte culture [4,28].
The results obtained in the present study have shown

that rat hepatocytes maintained in co-culture respond to
cytokines. This gives a further demonstration of the
ability of co-culture in maintaining the differentiated
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functional state of hepatocytes. Pure cultures of rat
hepatocytes have been used extensively in studying the
action of cytokines, but suffer from the disadvantage
that they can only be maintained in culture for a short
period and that they are physiologically and pheno-
typically unstable. In co-culture the hepatocyte differen-
tiation is maintained longer, as is the responsiveness to
CM, and this, consequently, may be of use in further
investigations of the action of HSFs on liver cells.

J. C. was in receipt of a Wellcome Trust Travelling
Fellowship.
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