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ABSTRACT
The liver, the organ that metabolizes food and chemicals and delivers nutrients to body tissues, is essential to 
vertebrate life. The architecture of the liver is adequately designed such that its activity is precisely aligned with 
individual body requirements, neither over- nor underperforming. Thus, liver weight (Wliver) is correlated with 
body weight (Wbody). In any vertebrate species, the ratio (RL/B) of Wliver to Wbody is relatively constant among 
adults with fully functional mature livers. Recently, we created a mouse (chimeric mouse) with a liver com-
posed of xenogenic hepatocytes and showed that the mouse can be used as a novel experimental animal model 
to study the mechanism of RL/B optimization. Liver tissue is generated via two different processes, embryonic 
liver organogenesis and liver regeneration in adults, and RL/B is optimized in the course of these biological phe-
nomena. Although liver organogenesis and regeneration have been abundantly studied and mice with chimeric 
liver have been characterized intensively, very few studies have investigated these biological processes in the 
mouse model with such chimerism in relation to the regulation of RL/B. In this article, we review these previous 
studies on liver embryogenesis, regeneration and liver-chimeric mice from a viewpoint of RL/B regulation to 
make it appeal that the chimeric mouse is a novel and useful animal model to investigate the RL/B optimization 
at the cellular and molecular levels.
Keywords: cell cycle, cell proliferation, chimerism, DNA synthesis, hepatocytes, liver organogenesis, liver 
regeneration, termination of DNA synthesis, xenotransplantation.

INTRODUCTION: LIVER MASS IS DETERMINED BY BODY WEIGHT1 
The weight (Wliver) of a vertebrate liver is empirically correlated with body weight (Wbody). The ratio 
(RL/B) of Wliver to Wbody of individuals within a vertebrate species deviates very little. For example, 
the RL/B of humans, dogs, rats and mice are 2.4–2.6% [1], 2.6–3.2% [2], 4.0–4.5% [3] and 5%, 
respectively. Data obtained from orthotropic liver transplants in humans and animals show that an 
individual’s RL/B value is critical: when the liver mass is not in the proper ratio to body weight, the 
individual promptly initiates reactions to restore the appropriate RL/B value. The correlation between 
Wliver and Wbody of a vertebrate is given by the following equation: Wliver = 0.33 × Wbody

0.87 [4]. 
These empirical observations allow us to postulate a ‘liver weight (RL/B) optimization’ rule that 
describes the relationship between the liver and individual body size and predicts liver mass from 
body weight using the above equation.

Occasionally, surgeons must transplant an intact liver into a recipient who is larger than the donor 
(small-for-size liver transplant) (Fig. 1) [1]. For example, a liver weighing 693 g from a 7-year-old 
boy whose body weight was 23 kg was removed as the donor liver (liverdonor) and orthotopically 
transplanted to a 44-year-old woman weighing 47.5 kg, whose 1,768-g liver had been removed at the 
time of transplant. The original donor and host RL/Bs were 3.01 and 3.72, respectively. The RL/B of 
the host decreased from 3.72 to 1.46. Over a 2-week period, the donor liver grew rapidly within its 
new host, increasing linearly at approximately 70 g/day, until a new hepatic mass (~1.6 kg) was 
achieved at 12 days post-transplantation. The restored RL/B was ~3.4, which was close to the original 
host RL/B (3.72) [1]. Kam et al. [2] showed that the host size determines the liver size in an orthotopic 
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liver transplant experiment using dogs. A similar size adjustment of transplanted livers to the recipi-
ent body size has been reported in rats [3].

These studies with humans, dogs and rats indicate that mammals possess an optimal RL/B value, 
quickly ‘sense’ any change in this value and initiate reactions to restore the correct RL/B. Liver size 
optimization may result from biochemical reactions induced by an RL/B change that is associated 
with physiological conditions both within and outside the liver. Due to the central role of the liver in 
nutritive metabolism, changes in RL/B most likely induce imbalances in homeostasis regulated by the 
liver and other parts of the body and, as a result, drive the remodelling of the liver to restore optimal 
RL/B. The mechanisms underlying the rule of liver weight optimization should also operate in liver 
organogenesis and regeneration to prevent hyperplasia.

In this review, we first briefly summarize the histological features of the mammalian liver, because the 
intercellular interactions among liver composite cells play critical roles in the liver weight optimization 
and these interactions are induced depending on the histological location. We then review the present 
status of the study of liver organogenesis and regeneration to see how the liver weight optimization is 
achieved in these biological processes. Third, we introduce a mouse with a liver whose parenchymal cells 
are largely replaced with human hepatocytes as a new experimental animal model for studying the liver 
weight optimization rule. Finally, we consider the possible significance of the liver weight optimization 
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Figure 1: Small-for-size liver transplantation. The liver is removed from a child with RL/B = Cchild 
(RL/B value of a child) and transplanted to the liver site of an adult with RL/B = Cadult whose 
liver has been removed due to liver failure. At the time of transplantation, RL/B is less than 
Cadult, which triggers the generation of signals (yellow arrow) in the host body, which then 
induces signals (green arrow) in the transplanted liver. These mutual signalling molecules 
enforce the donor liver to grow until the RL/B reaches Cadult, which generates exchanges of 
new signals between the body (purple arrow) and liver (dark blue arrow) that lead the liver 
to terminate the growth. RL/B, the ratio of Wliver to Wbody.
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from a biotechnological point of view. We are much obliged to the recent reviews by Zaret [5] and 
 Michalopoulos [6] on liver organogenesis and regeneration, respectively, for preparing the present review. 
This review appeared in the proceedings of WIT 2008 Conference in a condensed form.

HISTOLOGICAL FEATURES OF THE MAMMALIAN LIVER2 
Animal organs are generally composed of two types of cells, parenchymal and nonparenchymal [7]. The 
former are specialized to execute the functions of the organ, while the latter regulate the proliferation and 
function of the former. In the liver, the parenchymal cell is the hepatocyte, and the major nonparenchy-
mal cells are the endothelial cells of hepatic blood vessels, bile duct biliary cells, and stellate and Kupffer 
cells in Disse’s space, which is located between the hepatic plate and the sinusoids. The portal vein is the 
major import route for nutrients to the liver via the hepatic sinusoids from the small and most of the large 
intestine, spleen and pancreas. Substances such as nutrients and oxygen in sinusoids and secretions from 
hepatic plates are exchanged through Disse’s space. Stellate cells surround hepatocytes and are located 
under sinusoidal cells, a major cell type that produces the extracellular matrix (ECM) [8]. Hepatocytes, 
endothelial cells and stellate cells are the major cells responsible for the regulation of RL/B, whose 
occupancy ratios in humans are 65, 21 and 5.5%, respectively [9].

The liver processes the nutrients from the gut and intestine into proteins, lipids and carbohydrates. 
It also has an endocrine function in secreting albumin (Alb), most coagulation factors, several plasma 
carrier proteins and lipids into the blood. The liver also synthesizes bile and secretes them into the 
digestive tract. These functions are associated with the liver’s elaborate histological structure [10]. 
Hepatocytes are well organized in an aggregated association (the hepatic epithelium), in which hepa-
tocytes polarize, creating a small apical domain that lines channels between cells (canaliculi) that 
connect to bile ducts and drain into the intestine. The basal layer are juxtaposed to a fenestrated 
endothelium that lines sinusoids or tissue gaps in which blood flows from the arterial and intestinal 
portal circulations to the venous circulation [6]. These histological features of the liver enable it to 
fulfill the requirements for body to maintain life and constitute the background for the liver weight 
optimization. In other words, various cells cooperatively work to optimize the liver weight, respond-
ing to the changes in the conditions of body.

HEPATIC ORGANOGENESIS IN RELATION TO LIVER SIZE OPTIMIZATION RULE3 
A mouse starts its life as an independent individual at birth that occurs around 21 days after gestation 
(E21). The liver organogenesis is complete before birth, at E17, when the embryonic hepatocytes 
develop into adult-type parenchymal cells, which is accompanied with the termination of hemat-
opoietic functions of the liver and the commencement of the adult functions. To my knowledge, little 
is known as to the question whether the embryonic liver and the adult-type liver before birth develop 
following the liver weight optimization rule. Researchers paid most attention to the initial stages of 
development (liver bud formation and its specif ication to the liver) but much less attention to the 
mechanism by which late embryonic liver terminates the development that is deeply related to the 
thesis of this review. Despite this, we briefly summarize the current understanding of the molecular 
mechanism of liver organogenesis herein to make it clear that what should be studied for understand-
ing the liver organogenesis from the viewpoint of liver size optimization.

Emergence of liver bud, the aggregates of bipotential hepatoblasts under the influence of 3.1 
various signalling molecules

The embryonic liver originates from the endoderm of an early embryo and develops through a series of 
interactions between endodermal and mesodermal cells in which a variety of genes are involved (Fig. 2). 
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Endodermal cells in the ventral foregut differentiate into hepatoblasts, the progenitor population of both 
hepatocytes and biliary cells (cholangiocytes). This differentiation requires a series of inductive signals 
from at least two different mesodermal cell types, the septum transversum mesenchyme (STM) and the 
cardiogenic mesoderm (CM). Recently, other mesodermal cell type, endothelial cells that later form the 
blood vessels, has been reported as interactive cells with the STM and CM [5]. Among the ventral foregut 
endodermal cells, there are cells that are in a physically close apposition to the prospective STM cells that 
are secreting morphogenetic proteins [bone morphogenetic proteins (BMPs)] 2 and 4, members of the 
transforming growth factor β (TGF-β) superfamily of paracrine signalling molecules [11]. These proteins 
easily reach the nearby endodermal cells and are caught by them through the corresponding receptors, 
resulting in the emergence of the BMP-stimulated cells. The stimulated cells in turn start to synthesize 
autocrine factors such as forkhead box A (FoxA) proteins [previously known as hepatocyte nuclear 
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Figure 2: Major events in embryonic liver organogenesis. Ventral foregut cells transform to liver bud 
cells in which two types of molecules exert inductive actions, VEGF-associated factors 
from mesodermal cells and the others (BMP2 & 4) from STM cells. The resulting liver bud 
cells express Fox/HNF-3 and GATA gene to which another mesodermal cells (CM cells) 
deliver inductive molecules (FGF), which starts the hepatogenesis and differentiate liver bud 
cells into hepatoblasts. STM cells transform the hepatoblasts to hematopoietic hepatoblasts 
by stimulating with BMP, Hlx and TGF-β1. Then the hepatoblasts express HNF4, HNF1α 
and PXR genes, and then C/EBPα gene, which leads to the formation of adult-type 
hepatocytes. The cells in the hepatocyte lineage are highlighted with the light green 
rectangle. BMP, bone morphogenetic proteins; CM, cardiogenic mesoderm; C/EBPα, 
CCAAT/enhancer binding protein α; FGF, fibroblast growth factor; FoxA, forkhead box 
A; HGF, hepatocyte growth factor; Hlx, H2.0-like homeobox gene; HNF-3, hepatocyte 
nuclear factor-3; PXR, pregnane X receptors; STM, septum transversum mesenchyme; 
TGF-β, transforming growth factor β; VEGF, vascular endotherial growth factor.
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 factor-3 (HNF-3) proteins] and GATA-binding transcription factors (GATA factors) [12]. These ventral 
foregut cells become competent to begin hepatogenesis [13].

Then the competent cells become hepatoblasts under the influence of fibroblast growth factor 
(FGF). The competent cells receive FGF from the nearby CM at E8.5 [14] through the tyrosine 
kinase FGF receptors and activate a series of intracellular signalling that results in the activation of 
liver-associated genes in their chromatins. The endoderm domain consisting of hepatoblasts is called 
the hepatic endoderm. The hepatic endoderm develops to form the liver bud during E8.5–E9.5 [15]. 
The initiation of the liver bud is thought to be intimately associated with its vascularization [16]. 
Thus, early endothelial cells appear to act as an early mesodermal inducer of liver, perhaps earlier 
than that from the STM [5, 17].

Then the liver bud grows into the STM during E9.5–E10.5 under the influence of BMP [18]. The 
growth of hepatoblasts are also stimulated by other STM-factors such as H2.0-like homeobox gene 
(Hlx) [19], hepatocyte growth factor (HGF) [20] and TGF-β that activates Smad2 and Smad3 in the 
hepatic endoderm [21]. The enlargement of the liver bud is associated with the development of its 
vascularization, and the liver bud develops into a hematopoietic organ by E14.5.

Split of hepatic and biliary epithelial cell lineages in the liver bud under the influence of HNF, 3.2 
Foxf1 and Notch signalling

The bipotential hepatoblasts generate the hepatocyte and biliary epithelial cell lineages at ~E13.5 
[22–24] in which HNF4 and HNF6 genes play the prime roles, respectively. HNF4 in hepatoblasts 
directly promotes hepatocyte gene expression and the formation of hepatocyte epithelial morphology 
[25]. When the gene for this protein is inactivated in mice, many mature hepatocyte genes encoding 
apolipoproteins, serum factors and metabolic enzymes are also inactivated. HNF4 controls the 
expression of at least two transcriptional regulators, HNF1 and pregnane X receptor (PXR), and elicits 
the terminal phase of hepatocyte differentiation [26]. Two HNF genes, HNF6 [27] and HNF1b, are 
responsible for the biliary differentiation of hepatoblasts. These genes also positively control the later 
differentiation of biliary epithelia and the morphogenesis of bile ducts and of the gall bladder [5].

Construction of adult-type liver under the influence of C/EBP3.3 α signalling in relation to the 
liver weight optimization rule

The hepatocytes develop into adult-type parenchymal cells at E17 by constructing the adult liver 
plate. The plate contains the cell junctions that are required to create a polarized epithelium [28], 
where the apical cell surface is the site of bile secretion and the basal cell surface is apposed to the 
endothelial cells. The transcription factor C/EBPα (CCAAT/enhancer binding protein-α) plays a 
central role in these processes by regulating many transcriptional gene cascades [29]. To our knowl-
edge, no studies have measured RL/B at the time of completion of liver organogenesis. Although liver 
construction is complete at E17, the embryo is still dependent on its mother, which raises a question. 
The liver weight optimization rule is empirically postulated for the adult-type liver, the liver owned 
by a vertebrate whose life is independent on mother. In this respect, it is intriguing to examine the 
change in RL/B during liver regeneration after the partial hepatectomy (PHx) of the liver at E17–E21, 
when the liver construction has been completed, but the embryo is dependent on mother. The com-
parison of RL/B at E17 with that of adult mice would be indicative of the biological significance of 
RL/B and the functional status of the newly constructed liver in the whole system of the body at E17. 
It is also interesting to speculate that the genes working at the completion of liver organogenesis 
might also play critical roles in regulating RL/B.
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LIVER REGENERATION IN RELATION TO LIVER WEIGHT OPTIMIZATION RULE4 
Liver failure stimulates the injured liver to recover its original mass, indicating that liver regenera-
tion is a most appropriate phenomenon for studying the liver weight optimization rule. Liver 
regeneration studies have been usually undertaken with rats. Researchers surgically remove two-
thirds of the liver mass, which is referred to as a 2/3 PHx (2/3 PHx) rat model [30]. The RL/B in this 
model is reduced to one-third of the normal rat RL/B, and the rat senses this reduction through a still 
unknown body system and then restores the original RL/B (Fig. 3). The system should instantly rec-
ognize the change in RL/B and respond immediately to the greater needs of body with liver loss. The 
liver is activated, starts the regeneration process as soon as 5 min after the loss and re-establishes the 
normal weight within 5–7 days [6]. The liver continues to reorganize lobular structures for several 
weeks until it re-establishes a liver histology indistinguishable from the original [31]. The restora-
tion of the total cell number and mass of hepatocytes is an essential event of liver regeneration. 
Hepatocytes are the first cells to begin DNA synthesis at 12 h after PHx, with peak DNA synthesis 
at 24 h, followed soon after by biliary epithelial cells and then endothelial cells, starting at 2–3 days 
and ending at about 4–5 days after PHx [6].
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Figure 3: Conceptual scheme of liver regeneration. Initiation and termination of liver regeneration in 
response to the change in RL/B. The liver in the homeostatic condition has its own RL/B 
value (C). When it is injured, RL/B becomes less than C. The condition of RL/B < C generates 
changes in the quantities of metabolic parameters in the body, which triggers the interactions 
between the liver and the body. The signal from the body (yellow arrow) is delivered 
directly or indirectly through the nonparenchymal cells to the hepatocytes. In response to 
body signals, the damaged liver secretes molecules to the body (green arrow). These 
exchanges of the signalling molecules initiate liver regeneration and the liver grows, which 
increases RL/B to the original C value. When RL/B reaches C, exchanges of new signals 
begin between the body (purple arrow) and the liver (dark blue arrow) that lead the liver to 
terminate the growth and to get into a new homeostasis. B, body; D, damaged region of 
liver; L, liver; RL/B, the ratio of Wliver to Wbody.
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Possible factors comprising the sensing system of R4.1 L/B change – nutrient overload and 
hypoxia

Hepatic blood flow patterns change greatly following 2/3 PHx [6]. The blood supply per unit of liver 
tissue through the portal vein triples, causing nutrient overloading and may also increase the avail-
ability per hepatocyte of growth factors and cytokines derived from the intestine and pancreas, such 
as insulin and epidermal growth factor, which appears to favor the induction of hepatocyte prolifera-
tion. Nutrient overload apparently functions as a sort of ‘body signal’ to increase the number of 
hepatocytes to the original level (Fig. 4). The liver also becomes hypoxic, as portal vein blood has a 
much lower oxygen concentration than arterial blood, in which the oxygen content is unchanged 
after hepatectomy [6]. The resulting changes in redox environments in the remnant tissues may trig-
ger regeneration.

Hepatocytes under liver loss with smaller RL/B
Increase of blood flow
HypoxiauPA, toxins, HGF,  EGF, TNF, MMP

norepinephrin, bile acids, seretonin, IL6,

Hepatocytes into priming phase:
immediate early and delayed genes: protooncogenes &
transcription factor genes

Hepatocytes into cell cycle phase:
cell cycle genes and growth factors 

Hepatocytes into termination phase: 
smad signaling

Hepatocytes under original liver mass with optimal RL/B

Stellate cells
Endothelial cells

Stellate cells

TGF-β/activin

Blood
sphingosine1-phosphate

Figure 4: Outline of liver regeneration process. Hepatocytes with small RL/B receive increased blood 
flow and become hypoxic. Stellate and endothelial cells are activated. These conditions 
increase the concentrations of uPA, toxins, etc. around the hepatocytes and bring the cells 
into the priming phase in which the hepatocytes express immediate early and delayed 
genes (protooncogenes and transcription factor genes). The hepatocytes then undergo the 
cell cycle phase. The activated stellate cells deliver TGF-β/activin to the hepatocytes. 
Other factors such as sphingosine-1-phosphate also come from blood, which enforces the 
hepatocytes to move to the termination phase in which the cells activate the smad signalling. 
Finally, the hepatocytes reconstitute the liver with the original mass. The hepatocyte flow 
is indicated in light green color. EGF, epidermal growth factor; HGF, hepatocyte growth 
factor; IL, interleukin; MMP, matrix metalloproteinase; TGF, transforming growth factor; 
TNF, tumor necrosis factor; uPA, urokinase plasminogen activator.
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R4.2 L/B sensing system at the cell level

The remnant liver regenerates under parenchymal to nonparenchymal signalling interactions (Fig. 4). 
The residual one-third of hepatocytes undergo one round of DNA synthesis, which peaks 24 h after 
surgery and increases their number to 60% of that required. A smaller percentage of cells enter a sec-
ond round of DNA synthesis, which re-establishes the original number of hepatocytes [6]. Thus, the 
signalling interactions that initiate and terminate hepatocyte DNA synthesis and cell division are cru-
cial players in the liver weight optimization process (Fig. 4). The optimization process from a smaller 
to the normal RL/B is classified into four phases, the first three phases of which are usually distinguished 
in the regeneration process [32]: (1) priming phase (0–5 h after PHx), in which hepatocytes at the G0 
phase of the cell cycle prepare to go through the G1 checkpoint to enter the G1 phase, (2) growth factor 
phase, in which hepatocytes are in the cell cycle and receive growth factor signals, (3) autonomous 
replication phase, in which hepatocytes divide autonomously without the help of growth factors and (4) 
termination phase, in which regeneration terminates, because the liver has regained its original RL/B.

Initiation of hepatocyte DNA synthesis and division to restore the optimal R4.3 L/B – the process 
regulated by multiple genes

A smaller RL/B is immediately sensed by the body system as changes in the liver conditions such as 
nutrient overload and hypoxia, and rapidly induces more than 100 genes that are not expressed in the 
normal liver [33, 34], but are related directly or indirectly to the events that prepare the hepatocytes to 
enter the cell cycle (priming phase) (Fig. 4). HGF appears to be the most important contributor to the 
initiation of regeneration [6]. The genes participating in the ‘liver regeneration program’ are divided 
into four groups based on the time of expression [32]: (1) immediate–early genes, (2) delayed genes, 
(3) cell cycle genes and (4) DNA replication and mitosis genes.

Hemodynamic changes induce increased urokinase plasminogen activator (uPA) activity [35] as 
early as 5 min after PHx [36], which is critical to initiate liver regeneration, as mice genetically 
deficient in urokinase show defective liver regeneration [37]. Then, urokinase activates matrix 
remodelling, which causes the release of locally bound growth factors and peptides such as HGF 
[36, 38]. Tumor necrosis factor concentrations in the blood also increase very rapidly post-PHx [32] 
and may also play a role in matrix remodelling by inducing the expression of matrix metallo-
proteinase 9, another important matrix remodeller required for liver regeneration, in hepatocytes 
[39] by 30 min post-PHx [40,41].

HGF receptor, cMet, is activated within 30–60 min post-PHx in hepatocytes [42]. The establish-
ment of HGF/cMet signalling is a critical key in initiating liver regeneration [43]. HGF is also 
produced by stellate [44] and hepatic endothelial cells [45] 3 h post-PHx. In turn, the activated hepa-
tocytes produce growth factors, such as platelet-derived growth factor, that are mitogenic for stellate 
cells [46], as well as endothelial cell mitogens, such as vascular endothelial growth factor, FGF1 and 
FGF2 [47, 48]. Such interactive cell activities enable the residual liver tissues to construct new net-
works of sinusoids and liver plates. In this way, hepatocytes and endothelial or stellate cells establish 
new networks of mutually assisted proliferation [6]. Varieties of other factors that regulate the initial 
phase of liver regeneration have been reported [6]. In response to these environmental changes 
induced by smaller RL/B, the hepatocytes begin to express immediate–early genes 1–2 h post-PHx 
without requiring the prior activation of specific proteins, in which protooncogenes (c-fos, c-jun and 
c-myc) and transcription factor genes (NFκB, AP-1, C/EBPα and STAT3) are included [6]. 

Although, as summarized above, the gene-regulation networks have been revealed in detail, we still 
lack knowledge about the mechanism that directly connects the RL/B-dependent environmental 
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p arameter changes and the regeneration program activation. The studies to reveal the molecular mech-
anism of liver regeneration from the viewpoint of the RL/B optimization mostly remain to be explored.

Termination of regeneration to avoid abnormal increase of R4.4 L/B – the process regulated by 
relatively simple gene networks

Regeneration should be terminated when the optimal RL/B has been restored. Compared to the above-
described complex machinery for the initiation of regeneration, its termination seems to proceed 
through a simple mechanism. Only a few candidates, TGF-β and activin, have been suggested as 
termination signalling molecules [6]. TGF-β consists of three isoforms, TGF-β1 to 3, and is a mul-
tifunctional cytokine regulating cell development, growth and homeostasis in most tissues [49].  
Experimental data have supported the idea that TGF-β1 limits hepatocyte proliferation in the late 
phase of liver regeneration, as the liver approaches its original RL/B and terminates regeneration [50]. 
Stellate cells are a major producer of TGF-β1 [51], strongly suggesting the requirement of coordi-
nated interactions between hepatocytes and stellate cells to terminate regeneration normally. Activin 
is also a mitoinhibitor of hepatocytes [52].

However, recent studies with mice genetically altered to control gene expressions in hepatocytes 
have not unequivocally supported the role of TGF-β and activin as liver regeneration terminators. 
Transgenic mice overexpressing TGF-β1 in the liver suppressed early DNA synthesis after PHx but 
terminated liver regeneration normally [53]. The livers of transgenic mice that overexpressed TGF-β1 
in hepatocytes regenerated almost normally, despite high TGF-β1 levels in the liver and plasma [54]. 
Normal termination of liver regeneration was also reported in knockout (KO) mouse strains in which 
TGF-βRII was eliminated [55]. In these transgenic mice, the TGF-βRII gene (Tgfβr2) was knocked out 
of the liver (R2LivKO). As expected, the disruption of TGF-β signalling in the liver enhanced the pro-
liferative response of hepatocytes after PHx but, unexpectedly, did not affect the termination of liver 
regeneration. The KO-mice recovered liver mass more rapidly, with a significant increase in RL/B at 96 
and 120 h after PHx. However, there was no significant difference in liver mass between normal and 
KO mice after PHx. Activin-A signalling increased, and the Smad pathway, the intracellular signalling 
induced by activin A, was persistently active in the regenerating liver of the KO-mice. Blockage of 
activin-A signalling by follistatin, a specific inhibitor of activin A, resulted in slightly increased hepa-
tocyte proliferation at 120 h over that in control animals but without a significant difference in RL/B. 
Thus, it is possible that neither TGF-β nor activin is a major factor in hepatic regeneration.

Grady and colleagues [56] created a similar hepatocyte-specific Tgfβr2-KO mouse called Alb-cre 
Tgfβr2flx/flx. However, their conclusion about the role of TGF-β signalling in the termination of 
liver regeneration differed from that obtained using R2LivKO mice. After 70% PHx, hepatocyte 
proliferation and RL/B increased in the Alb-cre Tgfβr2flx/flx mice compared to the Tgfβr2flx/flx 
control mice, which led them to conclude that TGF-β signalling in vivo regulates the mitogenic 
response in the regenerating liver, thus affecting RL/B after PHx.

TGF-β and activin intracellular signallings commonly use the Smad protein complex as an intra-
cellular mediator from the cytokine receptors to chromosomal sites of target genes [57]. Ju et al. [58] 
engineered smad-KO mice with the following genotypes: Smad2f/f Smad3++ (normal control: Ctrl), 
Smad2f/f Smad3dex8/dex8 (Smad3 knockout: S3KO), Albcre/Smad2f/f Smad3++ (hepatocyte-specific 
Smad2 knockout: S2HeKO) and Albcre/Smad2f/f Smad3dex8/dex8 (hepatocyte-specific Smad2/Smad3 
double knockout: DKO). DKO mouse phenotypes are of particular interest. Both S2HeKO and DKO 
mice were viable and developed postnatal liver with normal morphology and functions for at least  
8 months, indicating that Smad2 and Smad3 are not required for liver development. Hepatocytes 
isolated from S2HeKO mice were transplanted into CCl4-injured mice. The repopulation rate 
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increased dramatically in recipient livers compared to that in livers of mice transplanted with hepa-
tocytes from control mice. However, the occupancy (repopulation rate) of S2HeKO hepatocytes was 
quite low (~3% at 3 months post-transplantation), and the changes in RL/B were not described.

These ‘loss of function’ experiments failed to directly show the roles of TGF-β, activin and Smad 
protein signalling in the termination of liver regeneration. However, a number of other studies 
strongly suggest that this signalling plays at least a part as a mechanism underlying the liver weight 
optimization rule. Nevertheless, other molecules may be involved in terminating liver growth [6], 
such as G-protein-coupled endothelial differentiation gene and sphingosine-1-phosphate, which 
have antiproliferative effects during liver regeneration after PHx [59]. Whatever the mechanism, the 
regenerating liver correctly assesses the termination point of DNA replication that matches optimum 
RL/B, ensuring the correct liver weight, but not exceeding it [6]. A small wave of hepatocyte apopto-
sis has been reported at the end of regeneration [60], which suggests that the liver continues to grow 
past the original mass at the end of regeneration and that the excess is deleted by an apoptotic 
mechanism [6]. Even if this were the actual termination mechanism, the mechanism by which the 
regenerating liver recognizes the amount of excess is yet to be elucidated.

LIVER REGENERATION BY TRANSPLANTED XENOGENIC HEPATOCYTES5 

A mouse bearing transplanted homogenic or xenogenic hepatocytes as a tool to study the 5.1 
mechanism of liver weight optimization

As a third model for studying the mechanism of the liver weight optimization, we introduce a mouse 
in which the liver is injured and the hepatocytes are in situ replaceable with transplanted counterpart 
cells. Sandgren et al. [61] developed a model of liver regeneration in albumin promoter/enhancer-
driven urokinase (Alb-uPA) gene transgenic (TgAlb-uPA) mice, in which the hepatocyte-targeted 
expression of the hepatotoxic transgene creates a functional liver deficit, thus generating a chronic 
stimulus condition for liver growth. This fact indicates that the RL/B of the mouse is ‘functionally’ 
decreased, although it might be ‘physically’ much unchanged. In this mouse, when a hepatocyte 
stochastically deletes the deleterious transgene, the hepatocyte starts to replicate and selectively 
expands to regain the original functional RL/B value. This event occurred most often in mice that are 
hemizygous for the transgene. In these animals, transgene expression in hepatocytes is abolished 
because of a DNA rearrangement that affects the transgene tandem array, permitting the individuals 
to survive beyond birth, with plasma uPA concentrations gradually returning to normal by 2 months 
of age. Transgene-deficient cells proliferate selectively, forming clonal colonies called hepatic nod-
ules. These nodules expand, replacing the surrounding transgene-active cells that cannot replicate 
because of cellular damage, and eventually replace the entire liver. This study demonstrated that a 
TgAlb-uPA mouse is useful to examine the replicative capacity of not only mouse hepatocytes but also 
those of other mammals that can be managed to acquire immunotolerance [61].

Rhim et al. [62] introduced the Alb-uPA transgene into immunotolerant nu/nu mice by mating 
TgAlb-uPA mice with Swiss athymic nude (nu/nu) mice, generating immunotolerant TgAlb-uPA mice 
(TgAlb-uPA/NUDE mice). Rat (r) liver cells were transplanted into the livers of TgAlb-uPA

+/+/NUDE 
mice that are homozygous for the transgene. The host livers that had not been transplanted with 
r-liver cells were completely pale (white) in color. In contrast, those with r-liver cells were com-
posed of white and red regions, with white regions representing the area composed only of 
transgene-expressing host cells and red regions representing the area composed only of transgene-
deleted host mouse (m) cells or repopulated r-cells, or both. Immunohistochemical analysis with 
specific antibody against r-hepatocytes revealed that the red region was composed primarily of 
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r-hepatocytes. Completely regenerated transgenic mouse livers resemble normal mouse livers in 
color, shape and size. Quantification of the Southern blot DNA bands demonstrated that up to 56% 
of the DNA was of rat origin, which accords well with the parenchymal cell occupancy rate in the 
liver and strongly supports the idea that the host liver consists of r-parenchyma and m-nonparenchyma, 
including vessels, bile ducts and associated connective tissues. The RL/B is 6.8%, which is similar to 
that of nontransgenic control mice (5.8%), indicating that r-hepatocytes in the rat and mouse 
(r/m)-chimeric livers composed of r-parenchyma and m-nonparenchymal cells are able to normally 
terminate growth. The successful generation of a healthy mouse with a chimeric liver indicates that 
r-parenchymal and m-nonparenchymal cells are able to communicate with each other to reconstitute 
a functional liver, despite the species difference.

As described previously, hepatocytes initiate and terminate proliferation under the influence of 
nonparenchymal cells. Thus, the normal proceeding and termination of r/m-chimeric liver regenera-
tion implies that r-hepatocytes produce surface proteins that interact correctly with soluble m-factors, 
m-ECM and m-surface proteins on m-nonparenchymal cells. The successful replacement of 
TgAlb-uPA

+/+/NUDE mouse livers with r-hepatocytes raised the exciting possibility that they could 
also be reconstituted with human (h)-hepatocytes [62].

In light of the successful creation of a mouse bearing an r/m-chimeric liver, we may consider the 
biological significance of the RL/B of mammals. One idea is that the r-hepatocyte has an inherent 
mechanism to memorize r-RL/B. Another interesting question is whether the RL/B of the r/m-chimeric 
mouse is r-RL/B or m-RL/B, but the similarity of r-RL/B and m-RL/B currently precludes an answer. At 
present, we support the idea that the ‘demands’ of the mouse body regulate gene expression associ-
ated with the initiation and termination of liver regeneration in both r-hepatocytes and 
m-nonparenchymal cells. Thus, we strongly suggest that r-hepatocytes stop proliferating when the 
liver mass adequate for the body demands of the mouse is acquired.

Repopulation of 5.2 h-hepatocytes in damaged mouse liver

We generated a mouse whose liver is almost completely replaced with h-hepatocytes, thus creating 
a humanized or chimeric (h/m) mouse [63]. A severe combined immunodeficient (SCID) mouse 
(mouseSCID) was mated with TgAlb-uPA

+/+ to yield liver-injured SCID mice (mouseAlb-uPA/SCID). 
h-hepatocytes were transplanted into the livers of these mice. The h-hepatocytes engrafted the liver 
at rates as high as 92% and progressively repopulated it. The expansion of h-hepatocyte colonies was 
visualized by immunohistological staining of liver sections with h-specific anti-CK8/18 antibodies. 
The h-hepatocytes started to proliferate at 7 days after transplantation. Their colonies gradually 
became larger and were almost confluent at around 70 days when the number ratio of h-hepatocytes 
to the total hepatocytes in the liver, replacement index (RI), reached as high as 96%. The chimeric 
nature of the liver was clearly demonstrated immunohistochemically, in which liver sections were 
stained for type IV collagen, laminin, stabilin (a liver endothelial cell marker), BM8 (a Kupffer cell 
marker) and desmin (a hepatic stellate cell marker) (Fig. 5). These results clearly show that the 
mouse liver in chimeric mice with a high RI consists of parenchymal cells (mostly h-cells and a low 
percentage of m-cells), m-nonparenchymal cells and m-ECMs.

Cytochrome P450 (CYP) plays key roles in the metabolism of chemicals and medicines. We evalu-
ated the functional normality of h-hepatocytes in mouse liver by comparing the expression profiles of 
mRNAs and proteins of h-CYP in the chimeric mouse liver and the donor liver and found that the 
expressions of six h-CYP (CYP1A1, 1A2, 2C9, 2C19, 2D6 and 3A4) mRNAs were similar to those of 
the donor liver [63]. This suggests that h-hepatocytes in the murine liver show the same spectrum of 
CYP gene expression as in the human body. In addition, the expression of these CYP genes is normally 
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regulated by specific CYP-inducing chemicals such as CYP3A4 against rifampicin, and CYP1A1 and 
CYP1A2 against 3-methylcholanthrene [63], indicating that h-hepatocytes in the mouse liver retain the 
same specific responsiveness toward drugs as they do in the human liver. Thus, we concluded that 
h-hepatocytes are able to initiate regeneration in the injured mouse liver, terminate it when they have 
largely repopulated the liver and exhibit normal phenotypes, at least in the examined cases.

Repopulation kinetics of 5.3 h-hepatocytes in the mouse liver

During the study of h/m-chimeric mice, we noticed that the liver size of mice with RI > 90% was much 
larger than that of the normal mouse liver (unpublished, Utoh et al. ), which seemingly contravenes the 
liver weight optimization rule. Thus, we examined the repopulation kinetics of h-hepatocytes in the  
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A

Laminin

B

Stabilin-2 
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Figure 5: Immunohistochemistry of h-hepatocyte-chimeric mouse liver. The chimeric liver is composed 
of h-hepatocytes and m-nonparenchymal cells. uPA/SCID mice were transplanted with 
h-hepatocytes. Liver sections were prepared from h-hepatocyte colonies of the mice 
after the repopulation was completed. Sections were immunostained with m-specific 
antibodies with type IV collagen (A), laminin (B), stabilin-2 (C), a maker of liver endothelial 
cells and BM8 (D), a marker of Kupffer cells. Immunosignals are brown colored and 
the typical immunopositive cells are indicated by the arrows in (C) and (D). Bar 
represents 100 μm.
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mouseAlb-uPA/SCID model, by comparison with r-hepatocytes in mouse that are able to normally repopulate 
the host liver as described above [62]. Although both hepatocytes showed a high bromodeoxyuridine 
(BrdU)-labelling index during the first 2 weeks post-transplantation, the h-hepatocytes formed colonies 
much slower than the r-hepatocytes [64]. The RI of the h/m- and r/m-mice reached 86% at 8 weeks and 
100% at 5 weeks post-transplantation of h- and r-hepatocytes, respectively. Experiments to measure the 
BrdU-labelling index and RI during xenogenic hepatocyte repopulation clearly demonstrated that the 
repopulation kinetics of h-hepatocytes are different from those of r-hepatocytes. r-Hepatocytes rapidly 
proliferated, completed repopulation by as early as 4 weeks post-transplantation and terminated the rep-
lication when the normal mouse RL/B was attained. In contrast, h-hepatocytes proliferated slowly for a 
longer period and the h/m-chimeric liver continued to grow beyond the normal m-liver size. We showed 
that the RL/B of chimeric mice was >3-fold than normal mice (manuscript in preparation, Utoh et al.).

The difference in replacement kinetics between r- and h-hepatocytes may be attributable to the 
extent of taxonomic remoteness between the two. The environment within the host liver generated by 
m-nonparenchymal cells apparently met the requirements of r-hepatocytes for the normal initiation 
and termination of proliferation as those in the rat liver. However, the differences between mice and 
humans appear to be too great for liver cells to normally exchange the signals necessary for  
h-hepatocytes to normally initiate and terminate the proliferation. As shown in Fig. 4, the crosstalk 
between hepatocytes and stellate cells are vitally important for the termination of hepatocyte growth. 
Immunohistochemistry demonstrated that h-hepatocytes are seemingly quite normally apposed with 
m-stellate cells (Fig. 6). But, h-hepatocytes and m-nonparenchymal cells do not appear to communi-
cate to terminate it at the correct time, i.e. the time when the RL/B regains the original value (Fig. 7). 
Or, there is the possibility that h-hepatocytes may not be able to change their inherent replication 
kinetics and autonomously determine proliferation speed independent of their host environments. 
From these studies of chimeric mice bearing xenogenic hepatocytes, we conclude that concordant 

m-Stellate Cells

h-Hepatocytes

Figure 6: Close apposition of m-stellate cells around h-hepatocytes in the chimeric liver. A serial 
section shown in Fig. 5 was doubly stained with h-CK8/18 (green) for localizing 
h-hepatocytes and m-desmin (red) for m-stellate cells. h-Hepatocytes are closely apposed 
with m-stellate cells in Disse’s space. Bar represents 10 μm.



136 K. Yoshizato et al., Int. J. of Design & Nature and Ecodynamics. Vol. 4, No. 2 (2009)

xenogenic hepatocytes (r-hepatocytes) are able to adapt to mouse liver environments, where they are 
accepted as ‘m-hepatocytes’ by m-nonparenchymal cells. However, disconcordant hepatocytes (h-hepa-
tocytes) cannot fully adapt to such environments. They can replicate, suggesting that signalling 
molecules from the surrounding m-nonparenchymal cells are functional in initiating DNA synthesis, 
cell division cycling. But signalling for terminating the hepatocyte replication is not adequate. These 
findings encourage us to use h/m-chimeric mice to study the molecular and cellular mechanism under-
lying optimization of RL/B, in which we could identify the molecule(s) that enables the h-hepatocyte 
chimeric mouse to correctly terminate the repopulation when RL/B increases to the optimal value.

CONCLUSIONS: BIOLOGICAL AND BIOTECHNOLOGICAL  6 
SIGNIFICANCE OF LIVER WEIGHT OPTIMIZATION RULE

We have compared the essential processes of liver construction in embryonic organogenesis and adult 
regeneration with respect to the major genes and proteins that participate and regulate the processes 
as an approach for understanding the mechanism underlying the liver weight optimization rule. These 
two liver construction processes usually consist of two essential elements: principal cells and support-
ing cells that communicate with the principal cells and regulate their proliferation. The principal cells 
in both types of liver construction are hepatocytes. However, hepatocytes are not available at the 
beginning of organogenetic liver construction but available in the process of regenerative liver con-
struction. Thus, the process by which hepatocytes are generated is also a part of the organogenesis 
program. The differentiation of endodermal cells to hepatocytes is the major process in liver construc-
tion during embryonic development in which inductive crosstalks between endodermal and 
mesodermal cells take place actively and consecutively. In contrast to the abundant information 

m- or r-Hepatocytes

m-Stellate Cells

h-Hepatocytes

TGF-β

m-Stellate Cells

RL/B < C

RL/B = C

TGFβR TGFβR

Figure 7:  Liver growth termination signalling between hepatocytes and stellate cells. The liver is 
under regeneration when RL/B is < its original value (C). When the RL/B reaches C, crosstalk 
starts between stellate cells and hepatocytes, which causes stellate cells to express a 
hepatocyte-proliferation-termination signal(s) such as TGF-β in a uPA/SCID mouse model 
bearing m- or r-hepatocytes, but not h-hepatocytes, although h-hepatocytes express its 
receptor. RL/B, the ratio of Wliver to Wbody; TGF, transforming growth factor; TGFR, 
transforming growth factor receptor.
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concerning the molecular events taking place in the initiation of liver organogenesis, as reviewed 
herein, little information is currently available about the molecular mechanism of the termination of 
liver organogenesis and about the timing when the liver starts to obey the liver weight optimization 
rule. Study on liver organogenesis is still fresh and challenging from the point of view of RL/B 
optimization, asking, for example, how do the liver cells perceive environmental requirements in an 
embryo and terminate organogenesis with correct RL/B? What is the relationship of a hypothetical 
gene signalling of termination with the C/EBPα-regulated gene cascades responsible for the 
development of embryonic hepatocytes to adult-type parenchymal cells?

When the liver loses mass by PHx, it senses the reduction of RL/B and activates the liver regenera-
tion gene program, which instructs hepatocytes to initiate and later terminate DNA synthesis and 
division. Nutrient overloading and the reduced oxygen concentration per hepatocyte in the remnant 
liver may be the major chemical mediator for the body system that senses the change in RL/B. The 
new environments created by the loss of mass generate a series of signalling between hepatocytes 
and nonparenchymal cells that directs hepatocytes at G0 to enter the cell cycle. When the original 
liver mass has been restored, growth factor signalling, most likely TGF-β/TGF-βRII and activin/
ACVRII, is established between hepatocytes and stellate cells, thus terminating regeneration.

Termination has been relatively well studied in the context of the liver regeneration program but 
poorly understood in the context of the organogenesis program. An intriguing question is whether 
TGF-β/TGF-βRII and activin/ACVRII signalling are at work in the final process of liver organo-
genesis. At the completion of the liver organogenesis program, liver mass may be established 
according to the liver weight optimization rule for the individual body, and RL/B may continue to 
increase to meet the growth of the body, generating a relatively stable RL/B when the body mass 
reaches a plateau. We are far from understating the molecular mechanism underlying the liver weight 
optimization rule. In this review, we have shown that RL/B is not simply a morphometric parameter 
but is in fact a metabolic parameter, reflecting the balance between bodily needs and the supply of 
nutrients and energy. Thus, the mechanism underlying the liver weight optimization rule appears to 
be highly complex, and its elucidation will be challenging.

Chimeric mice with disconcordant xenogenic livers constitute a better liver regeneration model to 
investigate the mechanism by which RL/B is ‘functionally’ determined. Current data strongly suggest 
that the initiation of xenogenic hepatocyte DNA synthesis takes place relatively normally, compared 
to the normal host hepatocytes of the mice. However, DNA synthesis does not appear to terminate 
normally, probably because of the lack of signalling between hepatocytes and nonparenchymal cells. 
If we can clarify experimentally which signalling is missing and how this can be corrected, we will 
contribute greatly to understand both the complex mechanisms of liver weight adjustment and the 
mechanism by which biological rules are generated to harmonize life with its environment.

Liver regeneration has been attracting researchers from the viewpoints of both basic and applied 
sciences. In this review, we showed the usefulness of a h/m-chimeric mouse for studying liver regen-
eration, especially for studying the mechanism of regeneration termination in relation to the liver 
weight optimization rule, because this animal allows the liver to grow not following the rule. TGF-β/
activin signalling between hepatocytes and stellate cells appears to be essential in the optimization 
rule. However, the direct parameters in the rule should be related to nutritional imbalances caused by 
liver failure. There is still a big lack of knowledge on the relationship between TGF-β/activin signal-
ling and nutritional imbalances. Our h/m-chimeric mouse will contribute to fill the gap. 
Comprehensive understanding of the mechanism underlying the rule at the cellular and molecular 
levels will undoubtedly provide us an ideal type of artificial liver for liver-damaged patients that 
incorporates not only hepatocytes but also nonparenchymal cells necessary for sensing varieties of 
factors involved in the liver weight optimization rule.
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