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Liver damage activates processes aimed at repairing
damage; simultaneously, liver functions required for
survival must be maintained. The expression of genes
responsible for both in rat models of lethal (lipopoly-
saccharide, 90% hepatectomy, and bp-galactosamine)
and nonlethal (turpentine, 70% hepatectomy, and acet-
aminophen) liver damage and stress was measured at
3,6, 12, and 24 h after the intervention and quantitated
as the area between the control curves and the test
curves (AUC). The expression of genes for cell division
and remodeling was upregulated most in the lethal
models. The expression of most liver-specific function
genes was reduced. Positive AUC was found for ARG,
ASL, CPT1, Mdrlb, Mdr2, and PEPCK. It is concluded
that a high expression of genes for repair of liver dam-
age is associated with reduced expression of genes for
several liver-specific functions, possibly reflecting a
limited capacity for transcriptional activity. Main-
tained or increased expression of selected function
genes indicates that the corresponding functions have
high priority. The liver sustains metabolic homeosta-
sis ensuring that other organs in the body function
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normally. Simultaneously, the processes required for
the integrity of its own structure and function are
maintained as a result of regulated expression of the
genes that produce the proteins needed to perform
both set of functions.

Key Words: mRNA profiles; lipopolysaccharide; tur-
pentine; p-galactosamine; acetaminophen; partial hep-
atectomy; toxic liver damage; liver function; liver
regeneration.
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Liver damage reduces the homeostatic metabolic
functions more or less, if severe enough preventing
survival. Severe clinical liver damage is characterized
by multiorgan failure (1), demonstrating that the func-
tion of the affected organs depends on substrates pro-
duced by the liver. However, liver damage also triggers
the activation of genes serving to repair the damage,
e.g., by regeneration of liver cells. Survival is only
possible if indispensable homeostatic metabolic func-
tions and functions for repair of the liver are main-
tained before irreparable damage has occurred.

From a molecular point of view liver failure is insuf-
ficient capacity for transcription and translation of
genes encoding vitally important proteins and pep-
tides. It has been debated for about 70 years, ever since
Higgins and Anderson (2) introduced partial hepatec-
tomy in rats as an experimental model, whether re-
generating hepatocytes have the same functional com-
petence as normal, quiescent cells, or they “dedifferen-
tiate.” It is now generally agreed that hepatocytes
retain differentiated functions during regeneration.
However, while the overall pattern of RNA populations
and their translation products during liver regenera-
tion have been found to differ little from that of the
normal adult rat liver (3), quantitative changes do
exist (4).

The quantitative changes in the expression of genes
coding for liver specific function proteins in liver failure
are of interest. Reduced expression of function genes
and concomitant reduction of the associated functions
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may contribute to the clinical features of fulminant
hepatic failure (5). Therefore, changes in mRNA pro-
files may contribute to understanding of the molecular
adaptation of the liver to damage. How are the re-
sources shared between the requirements for function
and repair?

Numerous studies have shown changes in the ex-
pression of liver specific function genes after liver dam-
age from partial hepatectomy (5, 7, 8), in endotoxemia
(6, 10), and following administration of hepatotoxins
(9, 11). The purpose of the present study was to quan-
titate changes in the mRNA profiles of a set of liver
function genes, using the “area under the curve”
method as used in pharmacodynamic studies, and to
relate changes to the profile of hepatic genes activated
by injury or stress. Because the relation between func-
tion and repair could be more critical during poten-
tially lethal liver damage, both lethal and nonlethal
models were studied.

MATERIALS AND METHODS

Male Wistar 200 g rats were obtained from Mgllegaard, Denmark
and kept under a controlled 12-h light/dark cycle. Except for a fast
over night before the interventions (performed between 7 and 10 am)
the animals had free access to Altromin tablets and water. Partial
hepatectomy was performed in full anaesthesia (midazolam, 0.25
mg; and immobilonvet, 0.2 ml; followed by Revivon.vet, 0.2 ml). Rats
were sacrificed after 3, 6, 12, and 24 h by cervical dislocation, blood
was drawn from the aorta, and liver tissue was snap frozen and
stored at —80°C for RNA extraction. The Danish Council for Super-
vision with Experimental Animals had approved the study.

Procedures. (i) Thirty-six rats were injected with lipopolysaccha-
ride (L-2630 from Sigma, 15 mg/kg) intraperitoneally. Groups of 6
rats were killed at 3, 6, and 12 h after the injection. Four rats died
between 12 and 24 h and the remaining 14 rats were killed at 24 h.

(i) Twenty-four rats were injected with turpentine oil (BP93-
255059, Unikem A/S, Denmark), 1 ml in both thighs. Groups of 6 rats
were killed at each of the stated intervals. None died spontaneously.

(iii) Twenty-four rats were given an intraperitoneal injection of
D-galactosmine (G 0264, Sigma, 375 mg/kg dissolved in 0.9% NacCl).
Groups of 6 rats were sacrificed at the stated intervals. None died
spontaneously.

(iv) Twenty-four rats were given an intraperitoneal injection of
acetaminophen (1000 mg dissolved in 6 ml of 0.9% NaCl at 52°C).
Groups of 6 rats were killed at the stated intervals. None died
spontaneously.

(v) Twenty-four rats were subjected to a 90% surgical hepatec-
tomy as described in Ref. (12), except that no glucose supplement
was given. Groups of 5 rats were sacrificed at the stated intervals.
Two rats died before 12 h.

(vi) Twenty-four rats were subjected to a 70% surgical hepatec-
tomy as described in Ref. (2). Groups of 6 were sacrificed at the stated
intervals. None died spontaneously.

(vii) Controls consisted of 3—6 rats given the corresponding vehicle
or, for partial hepatectomy, sham operated rats. RNA was extracted
from approximately 200 mg snap frozen liver tissue and steady-state
mRNA levels determined by slot blot analysis according to the pre-
viously described protocol (9).

cDNA probes for genes encoding (i) proteins associated with repair
represented by IGFBP1, c-fos, c-myc, histone 3, ODC, PAI-1, uPAR,
a2-M, al-AGP, B-fibrinogen, .. C/EBPB TNFa. IL-6, IL-6R, B-actin,
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FIG. 1. Estimation of the area under the curve (AUC) for mRNA

levels of histone 3 and Cyp2B1/2 in rats treated with LPS 15 mg
intraperitoneally at zero time. mRNA levels are shown as ratio of
control (means = SEM).

a-tubulin, C/EBP«, and (ii) proteins associated with function repre-
sented by albumin, IGF-I, plasminogen, Bsep, Ntcp, Oatpl, Oatp2,
Mdr2, Mrp2, Mdrlb, GCS l.c., GCS h.c., GSTPi, CyplA2, Cyp2B1/2,
Cyp2E1, CPS-1, OTC, ASS, ASL, ARG, glutamine synthetase, glu-
taminase, PEPCK, CPT-1 were donated from other workers, bought
from ATCC, or cloned by RT-PCR. Where appropriate the identity of
the cDNAs was confirmed by DNA sequencing. Specificity of all
cDNA probes was assured by Northern blot analysis.

Specific hybridizations were visualized by autoradiography on an
imaging plate BASIII and the hybridization signal analyzed in a
FUJIX Bioimaging analyzer system BAS 2000 (Fuji Photo Film Co.).
Afterward, filters were rehybridized with cDNA for 18S rRNA, to
compensate for variations in RNA loading, the median variation
being 9%.

Calculations. Levels of mRNA are given as mean * SEM, nor-
malized as ratio of the corresponding control (see above). As a mea-
sure of the change in expression during the experimental period the
area of the mRNA/time curve (AUC; dimension: level X time) was
calculated as the sum of the area of the intervals between the
samplings, expressed as the mean of the mRNA level at the start and
the end of the period times the duration of that period. No change
(i.e., mRNA level equals to the control) was used as zero. Thus
positive values indicate an increased expression and negative values
a decreased expression during the period of observation relative to
controls (see Fig. 1). Cluster analysis was performed using the Sta-
tistica v.6 software.

Statistics. After logarithmic transformation of AUC (from the
baseline), analysis of variance or unpaired t test was used. P values
<0.05 were taken as evidence of significant difference.

RESULTS

Data were separated into mRNA encoding proteins
involved in repair (replication, remodeling, cytokine
response, acute phase proteins, and cell structure pro-
teins) (Table 1), and in liver specific functions (Table 2).
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TABLE 1
AUC of mRNA for Repair Proteins

Lethal Nonlethal
LPS PHx90% GalN Turp PHx70% APAP

Cell division

IGFBP1 20 1216 72 3 18 6

c-fos 9 398 2 -2 -3 2

c-myc 8 118 4 -5 1 4

Histone 3 22 31 44 1 25 -5

oDC 23 56 -10 13 -1 -12
Remodeling and

structure

PAI-1 530 491 72 9 14 12

uPAR 52 112 14 5 0 0

a-Tubulin 5 34 0 0 25 1

B-Actin 28 40 15 -2 29 2
Acute phase

a2M 58 9 -7 30 49 7

alAGP 49 10 -9 39 56 16

B-Fibrinogen 12 20 -3 16 12 8

C/EBPS 20 36 —-10 3 9 -2
Cytokines

TNFa 66 0 24 4 -2 1

IL-6 20 -2 1 21 -1 2

IL-6 R 20 -1 —14 22 8 -2

Figure 2 shows the changes in mRNA levels over time
in four examples of repair and function genes, respec-
tively, with the area under the curve (AUC) of each set
of observations. Both repair and function genes were
significantly different between the models (P < 0.001,
one-way analysis of variance), and within each model
repair was significantly higher than function (unpaired
t test) except for the APAP model (P = 0.056). The
MRNA levels over time curves were significantly dif-
ferent between the models for repair as well as
function, and between the lethal and the nonlethal
models (P < 0.001; interaction by two-way analysis of
variance).

The largest increase in repair gene expression was
observed in the lethal models LPS, PHx90%, and GalN,
those for cell replication most after PHx90%, remodel-
ing most after LPS and PHx90%, and those for acute
phase proteins most after LPS. TNFa expression was
increased after LPS and GalN, and IL-6 and IL-6R
after LPS. Among the nonlethal models the acute
phase gene expression was increased after Turp and
PHx70%. IL-6 and IL-6R expression after Turp was
similar to that after LPS.

Three-fourths (109 of 150) measured function mMRNA
profiles were negative (mean —7). Nine function genes
showed increased expression (>4) in one or more mod-
els. Seven were highest in the PHx90% model (CPT1,
PEPCK, CPS, ASL, ARG, Mdr2, and Mdrlb), three in
the APAP model (ASS, GCShc, and GST), and one in
the turpentine model (Cyp2B1/2). Positive values for
ASL were also found in the LPS, the PHx70%, and the
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APAP models, for MDR1b in the LPS, the GalN, and
the PHx70% model, and for CPT1 in the LPS, the
PHx70%, and the APAP models. The relative mRNA
level over time and the AUC of four function genes with
substantial increases in one or more models is shown
in Fig. 3.

The lethal and the nonlethal models were compared
by cluster analysis. The lethal models showed the AUC
of genes for cell division and for remodeling far sepa-
rated from the rest; in the nonlethal models this was
the case for the acute phase protein genes. Tree dia-
grams for the function genes are shown in Fig. 4.
Variables may be regarded as members of the same
cluster when the distance between them is below a
given level. In this study the 6-percentile was chosen
as point of discrimination, corresponding to 7 and 6.4
distance units in the lethal and the nonlethal models,
respectively. This included the majority of function
variables in one cluster, having from 1 to 10 links to
other variables (means of 5 and 4, lethal and nonlethal,
respectively). Excluded from this major cluster were
Mdrlb, CPT1 and ASL in both models, additionally
Mdr2, glutamine synthetase, PEPCK and ARG in the
lethal models, and Cyp2B1 and GST in the nonlethal

TABLE 2
AUC of mRNA for Function Proteins

Lethal Nonlethal
LPS PHx90% GalN Turp PHx70% APAP
Exported proteins
Albumin -6 ) 1 -6 -2 0
IGF-1 -10 -1 -1 -7 0 -7
Plasminogen -9 -3 -3 -3 -5 -4
Metabolism
CPT 15 20 —-15 1 9 9
PEPCK -2 9 -10 -10 -4 6
C/EBP« -1 -3 -8 -1 -2 -2
Urea metabolism
CPS -6 4 -6 -7 0 1
OoTC -7 -10 -3 -6 -6 -6
ASS -4 2 -7 -9 0 8
ASL 39 99 -10 1 14 11
ARG 1 25 -6 -6 0 1
Glutamine synt 4 3 -7 1 3 -6
Detoxification
CyplA2 -11 -10 -8 -3 -2 -10
Cyp2B1/2 -10 -14 -5 21 -3 -7
Cyp2E1 -12 -12 -4  -12 -5 -1
GCShc -8 -6 -3 -1 0 7
GCSlc -11 -7 -8 -14 -10 -8
GST Pi -1 —4 1 0 -5 5
Bile transport
Bsep -9 -5 -7 -2 3 -8
Ntcp —-10 -10 -6 -8 -6 -7
Oatpl -15 -12 -6 -6 ) -7
Oatp2 -17 —-15 -7 -16 -8 -11
Mrp2 -13 -6 -8 -5 -4 =11
Mdr2 -7 17 -6 -8 3 -5
Mdrlb 65 66 11 0 30 -1
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FIG. 2. mRNA levels over time during the 24-h experimental period in the six experimental models (see Materials and Methods) is
presented for four genes related to repair and four genes related to liver specific function. The estimated area under the curve for each

transcript is shown after the signature.
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FIG. 3. mRNA levels over time during the 24-h experimental
period in the six experimental models (see Materials and Methods) is
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models. In the nonlethal models CPT1 and ASL repre-
sented a cluster, in the lethal model they were further
separated. Links between repair and function genes at
the 6-percentile level were found In the nonlethal
group, i.e., one cluster comprising «-tubulin, B-actin,
histone 3 and Mdrlb, and one with c-fos, c-myc, albu-
min, ARG, CPS, and GSTPi. In the lethal group similar
links were only found at the 25-percentile distance
level, one including «1AGP and «2M, and one consist-
ing of a-tubulin, B-fibrinogen, C/EBPB, IL-6, IL-6R,
ARG, PEPCK, Mdr2, CPT1, and glutamine synthetase.

DISCUSSION

The expression of several genes of liver specific func-
tions were downregulated when genes required to pro-
tect and repair the liver were activated by the inter-
ventions applied. The six models differ as to severity,
three being life threatening (lipopolysaccharide and
p-galactosamine in the doses given, and 90% partial
hepatectomy), and three have no immediate mortality
(turpentine, acetaminophen in the relatively low dose,
and 70% partial hepatectomy). The models also differ
as to mechanism for injury and stress. LPS involves
hepatotoxicity (13) as well as induction of an acute
phase response, and turpentine induces an acute phase
response (14) without apparent hepatotoxicity. GalN
and the APAP are chemical hepatotoxins that damage
hepatocytes, GalN mainly through blockage of RNA
production by entrapment of uridine (15), and APAP by
adduct formation and inactivation of proteins with the
reactive metabolite NAPQI (16). The consequences of
liver damage from hepatotoxins are twofold, loss of
functional liver mass and release of cellular debris, like
fragments of actin (17) through necrotic destruction of
liver cells. In contrast, partial hepatectomy is a prac-
tically selective reduction of functional liver cell mass.
The distinction between repair and function genes may
be arbitrary, since the knowledge about the precise role
of each of the corresponding proteins is limited. Genes
related to cell replication, acute phase response, re-
modeling, cytokines, and transcription factors were re-
garded as repair genes and the others as function
genes.

Gene expression was estimated at the level of their
corresponding mMRNA during the first 24 h after the
intervention, i.e., the critical period after the lethal
procedures. As a measure of gene expression during
that period the area under the curve (AUC), i.e., the
area between the lines connecting mRNA levels and
zero (the control values) was calculated. Positive AUC

presented for four genes of liver specific functions that were upregu-
lated in one or more of the models. The estimated area under the
curve for each transcript is shown after the signature.
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FIG. 4. Treediagrams for AUC of function gene expression in the lethal (lipopolysaccharide, p-galactosamine, and 90% hepatectomy) and
in the nonlethal (turpentine, acetaminophen, and 70% hepatectomy) models. The Euclidean distance (single-linkage method) is shown on the

ordinate.

indicates increased mRNA level and negative AUC
reduced level in relation to the controls. It should be
noted that positive and negative AUC values couldn’t
be compared quantitatively. AUC was measured in
relation to values in control animals, where the expres-
sion rate of repair genes is quite low, so that, e.g., a
10-fold increase, corresponding to an AUC of +200,
may be a modest increase in number of transcripts
produced in relation to the total number produced by
the cell. In contrast, an AUC of —10 for the mRNA of a

gene supporting essential liver specific functions
means a reduction to about 60% of that of controls,
which in terms of reduced number of transcripts pro-
duced may exceed the transcription rate of the repair
gene. Furthermore, a negative AUC underestimates
the actual reduction of transcription rate of the corre-
sponding genes, in particular for those that have a
relatively long half-life of the transcript. For some of
them, e.g., albumin, it is possible that transcription
was practically discontinued in several of the models.
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The absolute value of the AUC of a transcript will
depend on the period of observation and the frequency
of sampling, and comparisons between profiles with
different period and frequency may be misleading. This
may also be the case if comparisons are based on ob-
servations made only at a single point in time due to a
large variation in mMRNA level over time for many
transcripts (cf. Figs. 2 and 3). The AUC depends on the
rate of transcription as well as degradation of mMRNA
which both may be modulated by the interventions
(18). Nevertheless, the AUC is a measure of the mRNA
available for translation to the corresponding proteins
during the period of observation.

The mRNA profiles for repair genes differed mark-
edly among the models. The AUC of mRNAs related to
cell division was most increased in the PHx90% model,
very high for IGFBP1 (19, 20) which together with
histone 3 also was high after GalN, indicating a strong
stimulus for cell division. Lower values were seen after
LPS and PHx70%. The AUC of TNFa was high only in
the LPS and the GalN models [in which very high ALT
values found (not shown)], and close to zero in the
PHx90% model. Our data suggest that in this setting
the role of TNF« is to stimulate apoptosis rather than
cell division (21). High AUC were found for PAI1 and
UPAR in the LPS, the PHx90% and in the GalN model,
i.e., in the lethal models. The uPA receptor and the
inhibitor PAI-1 are important for remodeling of liver
tissue, playing critical roles in regulation of hepatic
repair via proteolysis of matrix elements, clearance of
cellular debris from the field of injury, and proteolytic
maturation of hepatocyte growth factor (HGF) (22, 23).
Even though the lethal models differ widely as to
mechanism of liver damage, the uniform upregulation
of genes related to replication and remodeling suggests
that the corresponding gene products are critical for
survival. Since GalN limits the mRNA production, a
high priority for expression of those genes in this model
supports their critical role. In contrast, the expression
of the acute phase genes was downregulated after
GalN. The mRNA for acute phase proteins was ele-
vated in the LPS, the turpentine, and the PHx70%
models. While IL-6 is believed to be important for up-
regulation of transcription of these genes, mRNA of
IL-6 and IL-6R only was increased in the first two
models. In the PHx90% model the AUC of a2M, «al-
AGP and B-fibrinogen were only moderately increased,
but it is noteworthy that the transcription factor
C/EBPB. an important transcription factor for acute
phase genes (24), was highest in this model. A possible
interpretation is that in the PHx90% model signals for
acute phase reaction were active but ineffective.

A majority of the function genes had a negative AUC,
i.e., downregulated gene expression in relation to con-
trols. It is notable, however, that some function genes
showed a constant or increased expression. Thus sub-
stantial increases in expression were found for ASL,
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Mdrlb and CPT1 in the LPS and the PHx90% models.
CPT1, the rate limiting enzyme for B-oxidation of fatty
acids that provide energy for the hepatocytes (25), was
downregulated only after GalN. The activity of this
enzyme has been found to be temporarily reduced after
partial hepatectomy (26). The role of ASL may be to
stimulate the production of polyamines (27), assisted
by high expression of ARG and ODC as found in the
PHx90% model. Besides, high expression of ASL may
increase the availability of arginine for NO synthesis
(28). The data on the mRNA of enzymes for drug me-
tabolism and detoxification were in accordance with
reports of inhibition by inflammatory reactions, gen-
eral as well as local, on the transcription and activity of
the Cyp enzymes (29, 30). A notable exception was the
selectively increased expression of Cyp2B1/2 after tur-
pentine, which adds this compound to the known in-
ducers of the enzyme. Upregulation of Mdrilb has been
reported by others after high doses of LPS (10), PHx (31)
as well as after bile duct ligation (32). Mdrlb mediates
active transport of a of toxic hydrophobic substances from
the liver cell to bile, and it has been suggested that its
upregulation is a mechanism to limit cell injury by facil-
itating the elimination of toxic compounds (32) and per-
haps compensates for the decreased expression of other
ABC transporters. In contrast to those Mdrib is upregu-
lated by NF«B in response to stress-full stimuli such as
endotoxin, radiation, heat chock and toxic anti-cancer
drugs, under conditions where NF«kB has antiapoptotic
effects. Because pharmacological blockade of Mdrilb en-
hances apoptosis after experimental oxidative stress,
Mauller (33) speculated that Mdrlb upregulation could
provide antiapoptotic protection for cells against oxida-
tive induced cell damage. Since Mdrlb expression was
increased in all three lethal and the PHx70% model this
suggests that Mdrlb may be essential for replication.
Finally, PEPCK, a key enzyme in gluconeogenesis, was
moderately upregulated in the PHx models.

The cluster analysis confirms that the lethal and the
nonlethal models differ most in respect to repair gene
expression, while most of the function genes are
equally affected, although preferentially expressed
function genes, like ASL, ARG, CPT1, PEPCK, Mdrlb,
Mrp2, and glutamine synthetase, showed highest
MRNA levels among the lethal models.

The cause for the relative suppressed transcription of
many function genes, and an increased transcription of a
few, as a response to liver damage remains unknown. It
may be speculated that the transcriptional capacity of the
hepatocyte is limited and that an inherited “survival pro-
gram” confers priority to expression of repair and func-
tion genes producing the vitally most important proteins.
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