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Although liver regeneration occurring after partial hepatectomy (PH) is greatly reduced in aged mice, liver hyperplasia
induced by xenobiotic mitogens was found to be age independent. Here, we investigated the potential utility of
mitogens in stimulating liver regeneration in old mice subjected to two-third PH. Although virtually no hepatocytes
entered S phase 48 h after PH, pretreatment (2 h prior to surgery) with 1,4-bis(2-(3,5-dichloropyridyloxy)benzene
(TCPOBOP), a ligand of constitutive androstane receptor, induced an increase of bromodeoxyuridine incorporation and
enhanced the expression of cyclin D1, cyclin A and proliferating cell nuclear antigen . Next, we investigated the potential
utility of mitogens in the context of donor conditioning prior to living-related transplantation. Three days after TCPOBOP
administration to intact young mice, an almost doubling of the liver mass and DNA content occurred; the regenerative
response to two-third resection of the TCPOBOP-induced hyperplastic liver was similar to that of mice subjected to PH
alone, suggesting that an increased liver mass at the time of surgery does not inhibit the regenerative capacity. The
present results suggest that mitogen-induced hyperplasia is a promising tool in conditions characterized by reduced
regenerative capacity, such as in the elderly, or when a rapid increase of liver mass is required, such as in living-related
transplantation.
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Life expectancy has increased over the past century from 48
years in 1900 to 77 years in 2001.1 Thus, because of the
increase in the number of elderly patients with liver disease,
many of these patients may be considered for surgery, and, in
addition, because of the shortage of available organs for
transplantation, older donors may also become a major
source of liver grafts. Unfortunately, aging is associated with a
decline in the intrinsic metabolic activity of the hepatic
parenchyma and in the expression of genes coding for
proteins involved in metabolism, mitochondrial respiration
and xenobiotic biotransformation.2

The impact of age of a cadaveric or living donor on the
outcome of liver transplantation and the results of liver re-
section in the elderly patients have been evaluated in only a
few clinical studies and are subject to considerable discussion.
Although one study failed to show any significant difference,3

others have suggested an increased risk for primary non-function

in liver transplant recipients receiving a graft from older
donors.4–6 In this context, it is of interest to note that a major
characteristic of the aging process is a decline in the cellular
capacity to respond to proliferative stimuli. Indeed, several
studies on the regenerative response that follows two-third
partial hepatectomy (PH) have shown that the response to
PH was both delayed and reduced with aging in rats and
mice.7,8 Although the mechanism(s) responsible for the age-
related decline in the post-hepatectomy proliferative response
are not known, an age-related switch from cyclin-dependent
kinase inhibition to repression of E2F transcription9 and/or a
decrease in expression of a gene coding for a critical Forkhead
Box transcription factor have been correlated with reduced
proliferation of regenerating hepatocytes from old rodents.10

In recent years, an increasing number of agents capable of
inducing hepatomegaly without causing liver injury (direct
hyperplasia) have been identified.11 Most of these agents are
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ligands of the superfamily of steroid/thyroid hormone
nuclear receptors.11 Activated nuclear receptors not only
regulate genes involved in lipid metabolism, adipogenesis,
xenobiotic detoxification and differentiation12 but also sti-
mulate hepatocyte proliferation.13 Interestingly, early changes
considered to be essential for liver regeneration after PH:14–16

activation of the transcription factors activating protein-1
(AP-1), nuclear factor-kB, signal transducer activator of
transcription 3 and C/enhancer-binding protein; increased
expression of immediate early genes such as c-fos, c-jun,
c-myc, liver regenerating factor-1, and early growth response-1
and release of the cytokines tumor-necrosis factor-a and
interleukin-6 are not observed in nuclear receptor-mediated
hepatocyte proliferation.17,18 The early signal transduction
pathways involved in nuclear receptor-mediated hepatocyte
proliferation are, therefore, different from those involved in
liver regeneration. Notably, it was shown that hepatocyte
proliferation induced by TCPOBOP, a ligand of the con-
stitutive androstane receptor (CAR), is age independent,
suggesting that hepatocytes retain their proliferative capacity
in old age despite impaired liver regeneration.19

On the basis of these observations, the first aim of this
study was to investigate whether pretreatment with xeno-
biotic mitogens, for example TCPOBOP, may allow the
growth of the liver in conditions associated with a reduced
regenerative capacity, such as the elderly. In particular, we
address the question whether nuclear receptor-mediated
signal transduction pathways could be capable of bypassing
the growth-constrained environment of an aged liver, thus
improving its proliferative capacity after 70% PH.

Another condition where the capacity of xenobiotic mi-
togens could be applied to human therapy is living-related
transplantation. Indeed, the ratio of liver to body mass
has emerged as a critical parameter in assessing the feasibility
of living-related liver transplants, thus ensuring availability
of an appropriate mass of liver to provide immediate
function in the recipient, while maintaining the appropriate
mass and function in the donor; a graft/recipient body weight
ratio of 0.8–1.0% has been suggested as a guideline.20

Given the relative scarcity of potential donors for living-
related transplantation, it follows that if the number of
recipients is large, the requirement to find a donor who
can safely provide adequate liver mass may further limit
donor selection.

Until recently, relatively little attention has been paid to
factors and techniques that could increase the size of a donor
liver before transplantation.21 Clearly, such approaches are
required to be safe and applicable in man, but developing
such approaches requires in vivo investigation in animal
models.

Therefore, the second aim of this study was to investigate
whether following 70% PH, a mitogen-induced hyperplastic
liver could still undergo an efficient regenerative process or,
on the contrary, hepatomegaly exerts a negative effect on the
subsequent post-operative regeneration.

MATERIALS AND METHODS
Animals
Female CD-1 mice (10 weeks and 18 months old), purchased
from Charles River (Milano, Italy), were used. Procedures
were performed in accordance with the Guidelines for the
Care and Use of Laboratory Animals of the animal ethics
committee of this University. Hepatocyte proliferation was
induced by gavage treatment with TCPOBOP (a gift from Dr
BA Diwan, Frederick Cancer Center, MD, USA), at a dose of
1 or 3 mg/kg body weight, dissolved in dimethylsulfoxide-
corn oil solution. The lower dose of TCPOBOP was used in
mice subjected to PH shortly after treatment to allow
metabolic handling of the chemical by the residual liver.
Controls received an equivalent amount of the vehicle. PH
was performed according to Higgins and Anderson.22 Five to
seven mice per group were used in animal experiments.

Experimental Protocol 1
Eighteen months old mice were given TCPOBOP at a dose of
1 mg/kg body weight. Two hours later, TCPOBOP-treated
mice and controls were subjected to 70% PH, and the ani-
mals were killed 48 h later, a time representing the peak of
mouse liver regeneration. Five mice treated with TCPOBOP
were killed at the same time point, but in the absence of
PH. For determination of total hepatocyte proliferation,
bromodeoxyuridine (BrdU, Sigma Chem. Co., St Louis, MO,
USA) was given in drinking water (1 mg/ml), starting 4 h
after surgery.

Experimental Protocol 2
Ten weeks old mice received a single injection of TCPOBOP
(3 mg/kg body weight) or an equivalent amount of the ve-
hicle. Three days later, half of the mice from each group were
killed, whereas the remaining mice were subjected to 70% PH
and killed 72 h after surgery. BrdU was given in drinking
water (1 mg/ml).

Histology and Immunohistochemistry
Liver sections were fixed in 10% buffered formalin and
processed for staining with hematoxylin and eosin or im-
munohistochemistry. The remaining liver was snap-frozen in
liquid nitrogen and kept at �801C until use. Mouse mono-
clonal anti-BrdU antibody was obtained from Becton Dick-
inson (San Jose, CA, USA), and the peroxidase method was
used to stain BrdU-positive hepatocytes. Peroxidase-con-
jugated goat anti-mouse immunoglobulin was obtained from
Dako (Dako EnVisionþt Peroxidase Mouse, Dako Cor-
poration, Carpinteria, CA, USA). The sites of peroxidase
binding were detected by 3,30-diaminobenzidine. A segment
of duodenum, an organ with a high rate of cell proliferation,
was included from each mouse to confirm delivery of the
DNA precursor. The labelling index (LI) was expressed as
the number of BrdU-positive nuclei/100 hepatocyte nuclei.
Results are expressed as means±s.e. of 4–5 mice per group.
At least 2000 hepatocyte nuclei per liver were scored. Mitotic
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activity was expressed as the number of mitoses/1000 hepa-
tocytes. Results are expressed as means±s.e. of 4–5 rats per
group. At least 5000 hepatocyte nuclei per liver were scored.

DNA Content
Total hepatic DNA content was determined by the
diphenylamine method as described previously.23

Liver Function
Prothrombin time (PT) was determined in the blood using
a Thrombotest (Thrombotest, ISI 1.01, Axis-Shield PoC AS,
Oslo, Norway), according to the manufacturer’s instruction.
Albumin content was determined in the plasma using
a photometric color test (Albumin OSR6x02, Olympus,
Dublin, Ireland).

Northern Blot
Isolation of total RNA, electrophoretic separation, transfer to
Hybond N membrane, labelling, hybridization and washing
of membranes were performed as described previously.19,24

The probe for b-actin was prepared from total RNA using
SuperScriptt IIIOne-Step RT-PCR System with Platinum
Taq DNA Polymerase (Invitrogen, Carlsbad, CA, USA).
Following PCR primers were used for b-actin: forward AGC
CATGTACGTAGCCATCC and reverse AAGGGTGTAAAAC
GCAGCTC. Probes for Cyclin D1 and Cyp2b10 were pre-
pared from total RNA, reverse-transcribed with Thermo-
Script RT-PCR System (Invitrogen) and PCR amplified with
Platinum Taq DNA Polymerase (Invitrogen) using the fol-
lowing primers: for Cyclin D1 probe, forward CCCA-
GACCCTCACACTCAGA and reverse ATCCACTCAGGC
ATCGACAT; for Cyp2b10 probe, forward AAATATGGAGA
TGTGTTCACAGTGCACC and reverse TGTAGAGCTGAAC
TCAGGATGGGGTA.

Western Blot Analysis
Preparation of nuclear extracts and western blot analysis were
performed as described previously.19 The following anti-
bodies were used: mouse monoclonal antibodies against cy-
clin D1 (72-13G) and proliferating cell nuclear antigen
(PCNA) (PC-10), rabbit polyclonal antibodies against cyclin
A (C-19) and goat polyclonal antibodies against p107 (C-18)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); mouse
monoclonal antibodies against p27 (Kip1-p27, Transduction
Laboratories, Lexington, KY, USA) and albumin (Bethyl La-
boratories, Montgomery, TX, USA). Primary antibodies were
visualized using anti-mouse or anti-rabbit or anti-goat
horseradish peroxidase-conjugated IgG (Santa Cruz Bio-
technology). Immunoreactive bands were identified with
chemiluminescence detection system (Supersignal Substrate;
Pierce, Rockford, IL, USA).

Statistical Analysis
Comparison between the two groups was performed by
Student’s t-test.

RESULTS
Experiment 1
First, we sought to find whether TCPOBOP-induced CAR
activation shortly prior to 70% PH could stimulate hepato-
cyte proliferation, thus restoring an appropriate regenerative
response in old mice. To allow metabolic handling of this
chemical by the residual liver after PH, a dose 1 mg/kg of
TCPOBOP, three times lower than that commonly used, was
administered. TCPOBOP causes immediate upregulation of
Cyp2b10 in young mice;25 accordingly, we evaluated whether
the response to TCPOBOP was still present in aged animals.
Two hours after treatment with TCPOBOP, a strong increase
in the hepatic mRNA levels of Cyp2b10, a CAR-target gene,
was observed (Figure 1), suggesting that transcriptional ac-
tivity of CAR was maintained in aged mouse liver. At this
time point, mice were subjected to two-third PH and were
killed 48 h after PH; two other groups of mice were either
subjected to surgery, without TCPOBOP, or treated with
TCPOBOP, without any surgery. No mortality was observed
in PH or TCPOBOPþ PH mice. In agreement with the lit-
erature,8,10 liver regeneration was severely impaired in old
mice subjected to 70% PH (Figure 2); indeed, 48 h after
surgery, virtually no hepatocyte nuclei were BrdU-positive;
on the other hand, treatment with TCPOBOP 2 h prior to PH
induced a very efficient proliferative response (Figure 2a);
LI was 21.3%±5.4 in TCPOBOPþ PH mice vs 1%±0.2 of
mice subjected to PH alone (Figure 2b). The entry into S
phase observed in the liver of TCPOBOPþ PH was accom-
panied by a fourfold increase of mitoses (Figure 2c). Notably,
the proliferative response observed in TCPOBOP-pretreated
mice appears to be entirely due to the mitogenic activity of
the xenobiotic; indeed, administration of TCPOBOP to in-
tact mice resulted in an LI of 20.8%±3.2, which was similar
to the LI observed in TCPOBOPþ PH mice (21.3%±5.4).

The increased hepatocyte entry into cell cycle observed in
the liver of mice receiving TCPOBOP prior to PH was as-
sociated with enhanced levels of cyclin D1 mRNA (Figure 3a)
and protein (Figure 3b), compared with those of mice sub-
jected to PH alone; together with its partners CDK4 and
CDK6, cyclin D1 is thought to stimulate entry into S phase

Figure 1 Induction of Cyp2b10 mRNA levels in the liver of aged mice

treated with TCPOBOP. Total RNA was prepared from mouse liver 2 h after

treatment with TCPOBOP (1 mg/kg) and subjected to northern blot analysis

as described in Materials and Methods. Each lane represents an individual

sample. TCP; TCPOBOP-treated mice; CO; controls. b-actin was used as a

loading control.
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by phosphorylating pRb family members, causing the release
of E2F transcription factors, which then transcriptionally
activates target genes.26 Pretreatment with TCPOBOP caused
a strong enhancement of the nuclear levels of p107 compared
with PH alone or unoperated mice (Figure 3b). The results
also show that although the lack of liver regeneration ob-
served in aged mice was associated with a strong increase in
the hepatic levels of p27, pretreatment with TCPOBOP
caused a significant reduction in the expression of this
inhibitory protein.

Cyclin A and PCNA, two proteins associated to S phase,
were also increased in the liver of mice treated with the mi-
togen prior to PH. The increased proliferation observed in
old mice, given the TCPOBOP, resulted in an increased liver
weight/body weight ratio compared with mice subjected to
PH alone (2.03 vs 1.63%, Po0.05; Figure 3c).

Experiment 2
To investigate the potential utility of mitogen-induced he-
patomegaly in the field of transplantation and resectional
surgery, we evaluated the regenerative response of the liver in
mice treated with a single dose of TCPOBOP 3 days prior to
performing 70% PH. As expected, administration of
TCPOBOP to intact mice caused a strong increase in hepa-
tocyte proliferation as shown by the enhanced nuclear in-
corporation of BrdU (50 vs 1.1% of controls; Figure 4a),

which was associated with an almost doubling of both the
liver weight (2.85 vs 1.62 g; Figure 4b) and the total DNA
content (6.7 vs 3.8 mg; Figure 4c). At this time, to evaluate
whether TCPOBOP-induced hepatomegaly could interfere
with liver regeneration, tow-third PH was performed in both
controls and mitogen-treated mice, and the regenerative ca-
pacity of the liver was examined 3 days later, a time point
when most of the hepatocyte replication had already taken
place. No mortality was observed in both experimental
groups. The results showed that the remnant liver mass 72 h
after PH was much greater in mice who had received
TCPOBOP than those who had received vehicle only (1.67 vs
1.0 g; Table 1). That the increased liver mass observed in PH
animals pretreated with TCPOBOP was a true regenerative
response and not simply a hypertrophic response is shown by
the increased total DNA content (4.3 vs 2.4 mg) as well as
by the analysis of the labelling index that was similar in both
the groups (76.3 and 74.1% in TCPOBOPþ PH and PH
alone, respectively; Figure 5a). Analysis of cell-cycle-
associated proteins revealed that the expression of cyclin D1,
E2F and PCNA was essentially similar in the liver from PH
and TCPOBOPþ PH mice (Figure 5b). These results de-
monstrate that the growth potential in response to surgery of
the TCPOBOP-induced hyperplastic liver was unchanged.
Notably, the increased mass of the liver remnant was asso-
ciated with increased liver function; indeed, two functional

Figure 2 (a) Representative photomicrographs that illustrate the effect of pretreatment with TCPOBOP on hepatocyte proliferation in aged mice subjected

to PH. Mice were subjected to 70% PH, with or without pretreatment, with a single dose of TCPOBOP (1 mg/kg) and killed 48 h later. All mice were given

BrdU (1 mg/ml) in drinking water until the time of killing (� 200, sections counterstained with hematoxylin). TCP, TCPOBOP-treated mice; CO, controls.

(b) Labelling index of hepatocytes from aged mice subjected to 70% PH with or without TCPOBOP pretreatment. At least 2000 hepatocyte nuclei per liver

were scored. LI was expressed as number of BrdU-positive hepatocyte nuclei/100 nuclei. Results are expressed as means±s.e. of 5–6 mice per group.

*Statistically significant from PH and controls for Po0.001. (c) Mitotic index was expressed as the number of hepatocytes entering mitosis/1000

hepatocytes. Results are expressed as means±s.e. of 5–6 mice per group. * Statistically significant from PH and controls for Po0.001.
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parameters, the PT and the content of serum albumin, were
found to be modified in TCPOBOP-pretreated mice. PT
determined 48 h after PH was 34 s±1.8 in TCPOBOP-pre-
treated mice vs 45 s±1.7 in animals subjected to PH alone
(Po0.05), suggesting a faster recovery in the coagulation
capacity of the hyperplastic liver; the PT of untreated mice
killed at the same time point was 30.5±1.3; determination of
albumin serum levels showed higher values in TCPOBOP-
pretreated mice (3.79±0.24 g/100 ml vs 3.11±0.17 g/100 ml;
Po0.05) compared with PH alone. To eliminate the possi-
bility that this albumin was produced by TCPOBOP prior to
the time of surgery, we determined the serum albumin
content in mice killed 3 days after TCPOBOP, in the absence

of PH. The results show no change in albumin content
72 h after TCPOBOP (4.14±0.25 g/100 ml) compared with
untreated mice (4.25±0.14 g/100 ml).

DISCUSSION
Several studies have shown that regeneration following
two-third PH is reduced and delayed in aged rodents.7–10

Figure 3 (a) Northern blot analysis of cyclin D1 mRNA levels in the liver

from aged mice subjected to 70% PH, with or without TCPOBOP, and killed

48 h after PH. Twenty to 30 mg/lane of mRNA were prepared from the liver

and northern analysis was performed as described in Materials and

Methods. b-Actin was used as a loading control. TCP, TCPOBOP-treated

mice; CO, controls. (b) Western blot analysis of cell-cycle-associated

proteins in the liver from aged mice subjected to 70% PH, with or

without TCPOBOP, and killed 48 h after PH. Nuclear extracts for cyclin D1,

p107, p27, PCNA and cyclin A (100–150 mg/lane) were prepared from the

livers, and western analysis was performed as described in Materials and

Methods. Albumin was used as a loading control. Each lane represents

an individual sample. CO, controls. (c) Liver weight/body weight ratio

in mice subjected to PH with or without TCPOBOP pretreatment.

Statistically significant for Po0.05.

Figure 4 Effect of a single dose of TCPOBOP (3 mg/kg) to intact young

mice on LI (a), liver weight (b) and total liver DNA content (c). Mice were

killed 3 days after the administration of TCPOBOP. All mice were given BrdU

(1 mg/ml) in drinking water until the time of killing. Administration of

TCPOBOP resulted in an increased LI, larger liver mass and corresponding

increase in total hepatic DNA content when compared with controls.

Results are expressed as means±s.e. of five mice per group. Po0.001.
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However, our previous findings19 have shown that the CAR
ligand, TCPOBOP, induces hepatocyte DNA synthesis and
mitosis in aged mice to the same levels found in young mice,
suggesting that the capacity of the hepatocytes to enter
cell cycle is maintained during aging, if an appropriate
proliferative stimulus is provided. As the signal transduction
pathways responsible for the transition from G0 to G1
phase of the hepatocytes in mitogen-induced direct

hyperplasia are different from those classically associated
to liver regeneration,13 the results stemming from the
above studies could have significant clinical relevance, as
they suggest a potential therapeutic approach to relieve
the proliferative block after liver injury that is observed
in the elderly. Treatment with mitogens could also have
applications in liver transplantation, gene therapy and
hepatic failure.

Table 1 The effect of TCPOBOP-induced liver enlargement on the regenerative response after 70% PH in young mice

Treatment LI (%) LW LW/BW (%) DNA content
mg/g liver

mg DNA/LW mg DNA/% LW

CO 0.91±0.3 1.54±0.08 5.24±0.24 2.55±0.14 3.91±0.18 13.31±0.66

PH 74.1±9.5 1.00±0.06 3.43±0.13 2.47±0.05 2.42±0.20 8.45±0.48

TCPOBOP+PH 76.3±2.0 1.67±0.07a 6.08±0.06a 2.56±0.11 4.28±0.15a 15.54±0.64a

Values are expressed as means±s.e. of five animals per group.
a

Significantly different from PH for Po0.001.

Figure 5 (a) Representative photomicrographs, which illustrate the effect of TCPOBOP-induced liver enlargement on the regenerative response,

subsequent to two-third PH, in young mice. TCPOBOP (3 mg/kg) was given 3 days before PH. At this time point, mice were subjected to 70% PH and

killed 72 h later. A group of mice was subjected to PH in the absence of TCPOBOP pretreatment. All animals were given BrdU (1 mg/ml) in drinking

water until the time of killing (� 200, sections counterstained with hematoxylin). TCP, TCPOBOP-treated mice; (b) western blot analysis of cell

cycle-associated proteins. Extracts for cyclin D1, PCNA and E2F (100–150 mg/lane) were prepared from the livers, and western analysis was performed

as described in Materials and Methods. Albumin was used as a loading control. Each lane represents an individual sample. TCP, TCPOBOP-treated mice;

CO, controls.
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Here, we showed that although no liver regeneration oc-
curred in aged mice in the first 48 h after two-third PH,
pretreatment with the hepatomitogen TCPOBOP was able to
elicit a conspicuous hepatocyte proliferation associated with
an enhanced expression of cell-cycle-related proteins and an
increased liver mass. These results, together with our pre-
vious findings,19 suggest that mitogens may represent a useful
tool to stimulate a rapid liver growth when the latter is im-
paired, such as, for example, when surgical resection is nee-
ded in aged patients.

The results of this study are also potentially important in
the field of transplantation. Indeed, we showed that a single
treatment with TCPOBOP induces a doubling of the liver
mass and, more importantly, of the hepatic DNA content
within 3 days. When 70% PH was performed in these large
livers, a massive liver regeneration (LI was approximately
70%) occurred that was similar to that observed in mice
subjected to PH alone. These results clearly suggest that the
regenerative capacity after 70% PH is independent of the
liver size at the time of surgery. This, in turn, suggests that,
on a theoretical basis, a drug capable of inducing the same
hyperplastic effect in human liver as that was observed in
mice could be extremely useful in the field of living-related
transplantation for the following reasons: (i) the donor will
have a larger liver after partial resection and (ii) the recipient
will be transplanted with a larger portion of the liver pos-
sessing a full regenerative capacity. It is also important to
note that regeneration of a larger liver is associated with
improved liver function, as shown by the analysis of the two
parameters of liver function, PT and albumin plasma levels,
commonly used after hepatic surgery.

A previous study21 focused on the potential utility of
primary mitogens, within the clinical context of donor
conditioning prior to living-related transplantation, was
performed with T3, a ligand of the thyroid hormone receptor,
which, similar to CAR, is a member of the steroid/thyroid
hormone nuclear receptor superfamily. The above study
showed that, when the liver mass was increased by an in-
jection of T3, given 10 days previously, and when 70% PH
performed, there was a larger remnant liver mass and an
increased total hepatic DNA content, as compared with rats
subjected to PH in the absence of T3 treatment. The results of
that study by Malik et al21 in rats are very similar to our
present findings in mice. The fact that an increased liver mass
could be obtained in two different species (rat and mouse)
using two different ligands of nuclear receptors encourages
the concept that the strategy of using primary mitogens could
be developed to provide better outcomes from surgery.
Whether interspecies differences (rodents vs humans) will
prevent application of this approach in man will require
further experimentation. However, it is important to stress
that techniques that could enhance liver mass might extend
the possibility of surgery to a greater proportion of patients27

and that the use of primary mitogens may form part of
such strategies. To accomplish these clinical goals, it will be

necessary to extend the observations to other species and
to find therapeutic ligands that activate human nuclear
receptors such as human CAR.
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