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Abstract
In advanced cirrhosis, impaired function is caused by intrinsic damage to the native liver cells and
from the abnormal microenvironment in which the cells reside. The extent to which each plays a
role in liver failure and regeneration is unknown. To examine this issue, hepatocytes from
cirrhotic and age-matched control rats were isolated, characterized, and transplanted into the livers
of noncirrhotic hosts whose livers permit extensive repopulation with donor cells. Primary
hepatocytes derived from livers with advanced cirrhosis and compensated function maintained
metabolic activity and the ability to secrete liver-specific proteins, whereas hepatocytes derived
from cirrhotic livers with decompensated function failed to maintain metabolic or secretory
activity. Telomere studies and transcriptomic analysis of hepatocytes recovered from
progressively worsening cirrhotic livers suggest that hepatocytes from irreversibly failing livers
show signs of replicative senescence and express genes that simultaneously drive both
proliferation and apoptosis, with a later effect on metabolism, all under the control of a central
cluster of regulatory genes, including nuclear factor κB and hepatocyte nuclear factor 4α. Cells
from cirrhotic and control livers engrafted equally well, but those from animals with cirrhosis and
failing livers showed little initial evidence of proliferative capacity or function. Both, however,
recovered more than 2 months after transplantation, indicating that either mature hepatocytes or a
subpopulation of adult stem cells are capable of full recovery in severe cirrhosis.

Conclusion—Transplantation studies indicate that the state of the host microenvironment is
critical to the regenerative potential of hepatocytes, and that a change in the extracellular matrix
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can lead to regeneration and restoration of function by cells derived from livers with end-stage
organ failure.

Expansion and altered composition of the extracellular matrix as a result of collagen
deposition is a common response to injury and plays a major role in chronic heart, liver, and
kidney failure. Understanding the extent to which reversal of this process can lead to
functional organ recovery is a critical issue, as numerous interventions have been proposed
to improve fibrosis and presumably reverse organ failure.1–4 The unique capacity of hepatic
parenchymal cells to undergo extensive proliferation in response to injury makes the liver an
ideal organ to study cellular regeneration in acquired chronic disease.

In the liver, expansion of the extracellular matrix with capillarization of the sinusoidal
endothelium and loss of fenestrae results in cirrhosis with production of regenerative hepatic
nodules, portal hypertension, loss of hepatocytes, and liver failure.5 Loss of significant
hepatocyte mass does not routinely produce hepatic failure, because the liver is capable of
normal function with less than half its normal complement of hepatocytes.6,7 Thus, the cause
of organ failure in cirrhosis is not well understood. Impaired hepatic function results from
intrinsic damage to the native liver cells and from the abnormal microenvironment in which
they reside.8–14 Because collagen deposition and vascular changes in cirrhosis can be
extensive before there is functional hepatic decompensation, it is not clear to what extent
each plays a role or at what point these factors tip parenchymal cell function toward organ
failure. Mito et al.15 attempted to address the role of the microenvironment in hepatic failure
by transplanting hepatocytes from the livers of patients with cirrhosis back into their own
spleens to reverse decompensated liver disease. If it is possible to recover the function of
parenchymal cells from a cirrhotic liver by changing the microenvironment, it may be
possible to restore hepatic function in the cirrhotic liver by reversing hepatic structural
abnormalities, and individual cells derived from some cirrhotic livers might prove to be
useful as an untapped source of transplantable cells for the treatment of patients with liver-
based metabolic disorders, where the liver microenvironment is intact.

Here, we demonstrate that primary cells derived from cirrhotic livers with decompensated
function exhibit severe alterations in gene expression and defects in proliferative capacity
and function directly after isolation, but engraft normally in a noncirrhotic
microenvironment. Transplanted cells recover their capacity to expand and function when
removed from the cirrhotic microenvironment, but normalization of hepatocyte function
occurs only after a period of months.

Materials and Methods
Induction of Liver Cirrhosis

Liver cirrhosis was induced as described beginning in 4-week-old inbred male Lewis rats,
weighing 100−130 g, using Phenobarbital (Sigma, St. Louis, MO) and carbon tetrachloride
(CCl4, Sigma).16 Specific details are provided in the Supporting Information.

Hepatocyte Transplantation
Four-week-old male inbred Nagase analbuminemic rats (weighing approximately
100−130g) were treated with two doses of 30 mg/kg retrorsine, a pyrrolizidine alkaloid that
inhibits hepatocyte proliferation,17–19 given 2 weeks apart via intraperitoneal injection. Four
weeks after the last injection, a 70% partial hepatectomy was performed to induce donor
hepatocyte proliferation. Hepatectomy was performed via ligation of the median and left
lateral lobes of the liver. Animals (five per group) then underwent transplantation via the
spleen with primary hepatocytes isolated from normal or cirrhotic rat livers or received
intrasplenic injection of 0.1 mL Dulbecco’s modified Eagle’s medium as a control.
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Cyclosporine was given to control rejection by daily intramuscular injection at 15 mg/kg
body weight. Five million cells for each transplantation procedure were washed,
resuspended in 0.1 mL of phosphate-buffered saline, and injected into the splenic pulp over
30 seconds using a 27-gauge needle. Primary hepatocytes injected into the spleens of
recipient noncirrhotic rodents are known to migrate and engraft into the liver parenchyma.
Hepatocytes from four donor sources were used for these studies: 6− and 9-month-old
control naїve Lewis rats (control); 6-month-old Lewis rats treated for 14 weeks with
phenobarbital and CCl4 to induce cirrhosis with normal liver function (cirrhosis without
liver failure); and 9-month-old Lewis rats treated with at least 26 weeks of phenobarbital
and CCl4 to induce stable cirrhosis-induced (Child-Pugh class C) liver failure (cirrhosis with
chronic liver failure).

Microarray Expression Analysis
All RNA samples were analyzed using an Agilent Bioanalyzer Lab-on-a-Chip Nano 6000
chip to determine the integrity and concentration of the samples. Only samples passing this
quality control step with a mass ratio of the 28S to 18S RNA peaks of ≥2.0 were used for
expression analysis. Twenty micrograms of total RNA was indirectly labeled using amino-
allyl deoxyuridine triphosphate and an anchored oligo(dT)20 to prime reverse-transcription.
Fluorescent label (CyDye, Amersham Biosciences) was coupled to the complementary DNA
(cDNA) and hybridized to the PancChip version 5.0 13K cDNA microarray.20 For each
array hybridization, labeled liver RNA from one animal from a study group was hybridized
with an RNA sample from an animal in the age-matched control group labeled with a
different CyDye. For each array hybridization, a dye-swap hybridization was performed,
such that for each data point, two of the biological replicates were hybridized as test (Cy5,
red) versus control (Cy3, green) and the other two biological samples were hybridized as
control (Cy5) versus test (Cy3). The replicate dye-swap analysis reduces the impact of dye
bias or other labeling artifacts on the ratio of gene expression at a given data point. The
median intensities of each spot on the array were measured by an Agilent Scanner using
GenePix version 5 software, and the ratio of expression for each element on the array was
calculated in terms of M (log2 (red/green)) and A ((log2 (red) + log2 (green))/2)). The data
were normalized by the print tip lowess method using the Statistical Microarray Analysis
package in the software package R.21 For statistical analysis, the genes were identified as
differentially expressed using the Patterns from Gene Expression package (PaGE version
5.0) as described.22 Two-class, unpaired data tests were also performed to specifically
identify genes that were differentially expressed by more than 1.5-fold when comparing the
different data points. Microarray data can be found on GEO, the public web site, at http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?cc=GSE22977.

The values of fold change across the three comparisons were used to perform a hierarchical
clustering analysis using Euclidean distance and the average agglomeration method.23 This
procedure assigned each expressed gene to a unique cluster; these clusters were then
classified according to their dynamics of change over time. Each gene cluster was subjected
to a core analysis via Ingenuity Pathway Analysis (IPA, Ingenuity Systems), using the fold
change difference between compensated and decompensated cirrhosis, for an assessment of
the signaling pathways, molecular networks, and biological processes most significantly
perturbed by the genes expressed per cluster with progression of cirrhosis to the
decompensated state. IPA is based on a manually curated database of interactions among
genes and gene products and can impute the presence of a given gene in a network from the
expression pattern based on this interaction database. The gene networks generated by this
analysis were scored by IPA to rank according to the degree of relevance to the set of genes
present in our cluster.

Additional methods are presented in the Supporting Information.
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Results
Induction of Cirrhosis and Characterization of Cells Isolated from Control and Cirrhotic
Livers

Hepatocytes were isolated from the livers of Lewis rats at two different stages of cirrhosis
and from age-matched controls. Animals treated with 14 weeks of CCl4 had normal liver
function (compensated cirrhosis) with bilirubin levels of <0.1 mg/dL, albumin levels of 3.4−
3.6 g/dL, prothrombin times of 13−14 seconds, and hepatic encephalopathy scores of 15,
representing normal behavior.24 Animals that received 26−28 weeks of CCl4, however, had
decompensated liver function with bilirubin levels of 0.4 ± 0.2 mg/dL, albumin levels of 2.2
± 0.4 g/dL, prothrombin times of 21 ± 1.4 seconds, and hepatic encephalopathy scores of 8 ±
0.7. All assessments were performed at least 4 weeks after the last administration of CCl4 to
eliminate the effects of acute CCl4 intoxication. Cirrhotic livers contained numerous
regenerating nodules on gross inspection. Histologic analysis documented nodular
regenerative hyperplasia and cirrhosis in both groups of animals, though fibrosis was
quantitatively slightly more extensive in animals that received the greater amount of CCl4
(Fig. 1).

The yield of cells recovered by collagenase digestion from cirrhotic livers was significantly
lower than that recovered from age-matched controls, and was approximately 5% of that
recovered from control livers (Fig. 2a), but hepatocyte viability and plating efficiency were
not statistically different among groups (Fig. 2b,c). As shown in Fig 2d and 2e, hepatocytes
derived from control rats and rats with compensated cirrhosis secreted equal amounts of
albumin and urea, whereas hepatocytes from the livers of cirrhotic rats with liver failure
secreted significantly less of each (P < 0.05, decompensated cirrhosis versus compensated
cirrhosis and age matched controls). Thus, directly after isolation, hepatocytes derived from
the livers of cirrhotic rats with liver failure functioned less well in vitro than those derived
from all other donor groups. A cohort of liver-specific genes (ADH1a1, CYP4502b9, GST,
fatty acid desaturase-1, and transthyretin) was examined via quantitative polymerase chain
reaction (qPCR) and confirmed significant down-regulation of CYP450 and metabolic
enzyme gene expression in hepatocytes derived from the livers of rats with decompensated
cirrhosis (Fig 2f).

We then used DNA microarray analysis to study the gene expression profile of the
hepatocytes recovered from cirrhotic livers with compensated and decompensated liver
function versus age-matched controls. As shown in Fig. 3a, hierarchical clustering of the
microarray data revealed five major dynamic patterns associated with progressive changes in
degree of cirrhosis and liver dysfunction. Each expressed gene is assigned to a unique
cluster, and therefore, to one of these five dynamic patterns. Cluster III, which consists of 60
genes, shows up-regulation in early cirrhosis, followed by down-regulation (compared with
control) in late cirrhosis (Fig. 3a). Genes included in this cluster are those for aldehyde
dehydrogenase (ALDH1a1), cytochrome P450 (CYP2d6, CYP2a2), glutathione S-
transferase (GSTM1, GSTM4, GSTM5), fatty acid desaturase-1 (FADS1), and transthyretin
(TTR) (Supporting Fig. 1). These results concur with the qPCR results shown in Fig. 2f.

Performing a core analysis in IPA on each of the five clusters, nuclear factor κB (NF-κB)
was found to be a central node in the most highly active networks generated by the genes in
each cluster (Supporting Fig. 2). The expression of the gene for NF-κB itself was in cluster
V, where it is seen to be slightly down-regulated as cirrhosis progresses from compensated
to decompensated. Because NF-κB is assigned to only cluster V, in all other clusters
predominant signaling pathways generated by IPA for the genes present were able to impute
the NF-κB complex as a central node. These analyses indicate activation of signals
promoting proliferation and regeneration, apoptosis, and cell death. These gene expression
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changes are most likely mediated by inflammation and oxidative stress, and are associated
with progressive loss of gene expression representing worsening of metabolic function. Fig.
3b summarizes our inferences from these data, in which we suggest that clusters I, II, IV,
and V are regulated by genes in cluster III (see Discussion). In addition, there was a
progressive loss of telomerase activity, an increase in polyploidy, and a critical shortening of
telomere length (Fig. 4), indicating replicative senescence as cirrhosis led to decompensated
liver function. HNF4-α was also found to be a central node in networks of expressed genes
in each of the five cluster patterns identified (Supporting Fig. 3). The expression of HNF4-α
expression progressively fell with worsening liver function, regulating function as seen in
two of the highly ranked networks generated by the genes in cluster IV, indicating
dedifferentiation of hepatocytes. Because HNF-4α is present only in cluster IV, it was
imputed as a node in the networks generated by IPA for the genes present in all other
clusters. Thus, hepatocytes derived from livers with progressive worsening cirrhosis
appeared to be undergoing replicative senescence and dedifferentiation. This finding is
further supported by studies showing that inhibitor of κB phosphorylation changes
significantly, as expected, with severity of cirrhosis (Supporting Fig. 4a).

To further characterize the cells isolated from these livers, we examined whether worsening
cirrhosis generated liver progenitor cells. As cirrhosis progressed there was an associated
increase in the percentage of cells expressing alpha fetoprotein (data not shown), and
putative liver progenitor cell markers CD44 and Epcam in liver sections (Fig. 5a–c). A
nearly identical percentage of the cells isolated from cirrhotic livers expressed each of the
marker proteins found in liver sections (Fig. 5d–f), indicating that the distribution of cell
phenotypes derived from cirrhotic livers after isolation most likely represented that found in
intact livers even though the cell yield following collagenase digestion from these livers was
significantly lower than that obtained following digestion of control livers.

Transplantation of Isolated Hepatocytes
To examine the extent to which the impaired function and the altered gene expression
associated with isolated cells derived from cirrhotic livers is affected by their
microenvironment, cells from the livers of cirrhotic and age-matched controls were
transplanted into the livers of Nagase analbuminemic rats. Recipients were treated with
retrorsine and underwent partial hepatectomy, a combination of interventions that allows a
selective long-term survival and repopulation advantage to the engrafted donor hepatocytes.
Fourteen days after transplantation, donor cells from cirrhotic and age-matched control
livers appeared to engraft with equal capacity. The albumin-expressing hepatocyte colonies
were relatively small in size, as expected, and their numbers were not significantly different
among groups (ranging from 21 to 24 engrafted donor colonies per low-power field),
although 26- to 28-week cirrhotic hepatocyte clusters were smaller in size than the control
and 14-week cirrhotic hepatocyte clusters (Fig 6a,b).

Because native Nagase rat hepatocytes produce no albumin, serum albumin level was used
to noninvasively assess the extent to which engrafted donor hepatocytes function and
expand in the noncirrhotic environment. As shown in Fig. 6c, early after transplantation
serum albumin levels in rats that received cells derived from donors with early cirrhosis and
age-matched controls were significantly higher than in rats that received cells from cirrhotic
rats with liver failure, but by posttransplantation day 49, the difference was dramatic (3 ±
0.7 g/dL versus 0.5 ± 0.5 g/dL, controls and early cirrhosis versus failing cirrhotic livers) (P
< 0.05). The serum albumin levels in recipients transplanted with cells from failing cirrhotic
livers, however, recovered their capacity to expand and release albumin approximately 2
months after engraftment in noncirrhotic livers. By posttransplantation day 63, there was
statistically no difference in the levels of serum albumin among recipient transplantation
groups.
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Liver sections from recipients (two animals per group) were examined at various times after
transplantation for albumin-expressing donor cells. As shown in Fig 6d, 14 days after
transplantation there was a small difference in the percentage of the liver replaced by donor
cells from control and early cirrhotic livers compared with that replaced by donor cells from
failing cirrhotic livers (P < 0.05), but by posttransplantation day 42, there was considerable
expansion of transplanted cells derived from controls and livers with early cirrhosis (57 ±
10% repopulation) with coalescence of hepatocyte colonies, whereas expansion of
transplanted cells recovered from failing cirrhotic livers was significantly less (22 ± 3%
repopulation) (P < 0.05, control and early cirrhosis versus failing cirrhotic livers). By
posttransplantation day 90, however, approximately 80% of the liver of all recipient rats was
replaced by albumin-producing hepatocytes, independent of the source of the donor cells
(Fig 6e). To confirm that recovered donor hepatocytes ultimately normalize function 90 days
after transplantation, we examined expression levels of the previously measured liver-
specific genes (ADH1a1, CYP4502b9, GST, FADS1, and transthyretin). As shown in Fig.
6f, qPCR demonstrated essentially no difference in the expression of hepatocyte-specific
enzymes in the livers of repopulated animals irrespective of the source of donor cells used
for transplantation. In addition, the repopulating cells derived from advanced cirrhotic livers
also regained telomerase activity and telomere length (Supporting Fig. 4b).

Discussion
Chronic tissue injury mediated by ischemia, autoimmunity, or numerous other processes
results in interstitial fibrosis and collagen deposition that can produce impaired parenchymal
cell function and organ failure. This process has been documented in ischemic and
hypertensive heart disease, diabetic nephropathy, chronic pancreatitis, and cirrhosis of the
liver,2,4,25 and results from both direct injury to tissue-specific parenchymal and
nonparenchymal cells and interaction with a severely altered extracellular matrix. Here we
showed that cells derived from failing cirrhotic livers have significant gene expression
abnormalities and intrinsic defects in function after isolation, and contain a subpopulation of
cells with characteristics consistent with hepatic progenitor cells. The isolated cells engraft
without difficulty in a noncirrhotic hepatic microenvironment where the intrinsic defects in
hepatocyte function and proliferation capacity recover over a period of months.

The extent to which the hepatocellular injury associated with end-stage liver cirrhosis is
reversible has not been examined extensively. Our studies indicate that resolution of
collagen deposition, vascular abnormalities, and fibrosis with restoration of the liver
microenvironment may be able to restore hepatocyte function in end-stage cirrhosis. This
issue is critical because interventions in animals have been shown to improve hepatic
fibrosis and reverse cirrhosis.1,26–28 Another potential consequence of this work might be
that injured and modestly functioning organs may serve as an untapped source of cells that
could potentially be used for cell therapy in some settings.

The composition of the extracellular matrix is known to change during the development of
cirrhosis, and the changes have been shown to inhibit hepatocyte regeneration and promote
collagen deposition.29–33 Our studies demonstrate that hepatocyte expansion in response to
partial hepatectomy is held in check for a period of months even after recovered cells from
end-stage livers are transplanted in a noncirrhotic hepatic microenvironment. The
mechanism by which parenchymal cell recovery may occur is difficult to know, as simple
reversal of hepatocyte injury would not require months for repair.

Because the cells isolated from failing cirrhotic livers are not a homogeneous population, it
is not possible to unequivocally determine the extent to which such complex signals are
active in individual adult hepatocytes or whether an induced progenitor population is
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responsible for regeneration. Although decompensated cirrhotic livers contain a
subpopulation of cells with characteristics consistent with hepatic progenitor cells, the
presence of these cells may not fully account for the difference in repopulation kinetics of
the cells obtained from 14-week versus 26- to 28-week cirrhotic livers. In fact, the
heterogeneity of the cell population seems to be evident in the repopulation data. The
number of expanding hepatocyte clusters per low-power field was the same for control and
cirrhotic hepatocytes at 2 weeks after cell transplantation, but the size of the clusters was
smaller with 26- to 28-week cirrhotic hepatocytes versus control or 14-week cirrhotic
hepatocytes. Thus, the transplanted cells from the 26- to 28-week cirrhotic livers seem to
already be proliferating 2 weeks after transplantation, though at a slower rate. In addition,
Fig. 6 shows that engrafted 26- to 28-week cirrhotic hepatocytes are expressing albumin at
that time, presumably when the progenitors cells, which are present in extremely low
numbers, would not be generating albumin and before they would have had time to
differentiate or begin expanding.

The results of our DNA microarray analysis suggest an apparent paradox, namely that the
irreversibly cirrhotic liver is expressing a transcriptomic program of both proliferation and
apoptosis, along with increased metabolism. We interpret this gene expression profile, along
with the qPCR analysis and the functional data, to indicate that individual hepatocytes are
severely affected by expansion and alteration of the surrounding extracellular matrix and
conversion of the discontinuous sinusoidal lining into a continuous one. On the path to
irreversible cirrhosis, we believe that chronic injury, in this case mediated by prolonged
exposure to CCl4, initially sends two normally mutually exclusive messages to the
hepatocyte: signals to proliferate simultaneously with signals to die. This dual signal appears
to be mediated via NF-κB, a stress-sensitive transcription factor that regulates the balance
between apoptosis on the one hand and inflammation (as a means of communicating cellular
stress) on the other. In the face of these competing and confusing signals, we hypothesize
that hepatocytes eventually can neither proliferate nor die, and that this process is regulated
by HNF-4α. Normal hepatocyte turnover is impeded, and this stasis leads to a reduced
number of functioning hepatocytes. Early in cirrhosis, hepatocyte metabolic functions are
elevated by up-regulation of multiple networks of metabolism-related genes; however, this
compensatory response can be maintained only to a certain point, beyond which hepatocytes
can no longer support the elevated demand and subsequently fail. Cluster III contains genes
that span all of the above processes, and it is tempting to speculate that this gene cluster
serves a key regulatory role. Our hypothesis is supported by the expression pattern of this
cluster, namely the initial increase in gene expression followed by a decrease below the
baseline expression levels. We interpret this expression pattern to suggest a continuous
attempt at maintenance of hepatic homeostasis driven by genes in cluster III.

Indeed, the loss of HNF-4α expression, activation of numerous networks involving NF-
κB,30,34–38 loss of telomerase, and critical shortening of telomeres strongly indicate that
worsening cirrhosis leads to replicative senescence of hepatocytes. Whether this process in
cirrhosis is reversible is not known. Changes in the microenvironment may result in loss of
polarity, marked alterations in tight intracellular junctions, and other structural receptor-
mediated cell–cell communication processes that could take months to recover.10,33 As
previously noted, it is not clear whether the majority of engrafted hepatocytes undergo such
a repair process or whether recovery and repopulation is mediated by a small population of
surviving stem-like cells that eventually expand to competitively replace the host Nagase rat
liver cells. Arguments can be made for either possibility. Hepatocyte dedifferentiation has
been shown to be reversible with changes in the composition of the extracellular matrix.29,33

However, the time from engraftment to recovery of proliferation capacity and function is
consistent with activation of progenitor cells that need to differentiate into functional hepatic
cells. This process takes time and does not occur consistently in a diseased liver.39 One
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interpretation of the data might be that hepatocytes from decompensated cirrhotic livers
initially engraft and begin to repopulate the liver, but that these cells gradually undergo
apoptosis and the progenitor cells, which are not readily detectable during the initial
engraftment, later take over and repopulate the liver.

Regardless of the source of the regenerating cell population, long-term correction of
cirrhosis by hepatocyte transplantation may be possible only following serious modification
of the environment into which the cells engraft as the extracellular hepatic matrix may
interfere with the function and expansion potential of the newly engrafted cells. This
concept has support from the results of rodent studies wherein correction of hepatic failure
and prolonged survival in end-stage cirrhosis after hepatocyte transplantation using
syngeneic cells has been demonstrated to last for only a few months.16

In conclusion, we have demonstrated for the first time that parenchymal cells recovered
from end-stage cirrhotic livers have the capacity to engraft, proliferate, and resume normal
hepatic function when placed in a noncirrhotic liver environment. Although Sirma et al.40

have shown that human telomerase reverse-transcriptase is activated in hepatocytes during
liver regeneration, our studies were performed in rodents and will need to be repeated with
human hepatocytes derived from end-stage cirrhotic livers to confirm that the same process
occurs in human hepatocytes. These studies provide important information on potential
causes of organ dysfunction after chronic injury and insights into potential therapies that
might be effective in treating chronic diseases associated with alteration and thickening of
the extracellular matrix.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CCl4 carbon tetrachloride

cDNA complementary DNA

HNF-4α hepatocyte nuclear factor 4α

NF-κB nuclear factor κB

qPCR quantitative polymerase chain reaction
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Fig. 1.
Gross and histologic changes associated with CCl4-induced liver injury. (a) Examination of
normal control livers, (b) early cirrhotic livers from animals treated with 14 weeks of CCl4,
and (c) advanced cirrhotic livers from animals treated with 26–28 weeks of CCl4 were
examined via gross examination (upper panels), hematoxylin and eosin (middle panels; bar
= 250 µm), and Masson’s trichrome stain (lower panels; bar = 250 µm). Cirrhotic livers
contained numerous regenerating nodules on gross inspection. Histologic analysis
documented nodular regenerative hyperplasia and cirrhosis in both groups of animals
although fibrosis and (d) collagen deposition was more extensive in animals that received
the greater amount of CCL4.
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Fig. 2.
Yield after isolation and functional characteristics of cells recovered from normal control
livers, early cirrhotic livers, and advanced cir-rhotic livers. (a) The yield of cells recovered
by collagenase digestion from cirrhotic livers was significantly lower than that recovered
from age-matched controls and was approximately 5% of that recovered from control livers.
(b,c) Cell viability (b) and cell plating efficiency (c) were not statistically different among
groups. (d,e) Hepatocytes derived from control rats and rats with compensated cirrhosis
secreted equal amounts of albumin (d) and urea (e), whereas hepatocytes from the livers of
cirrhotic rats with liver failure secreted significantly less of each (P < 0.05). (f) A cohort of
liver-specific genes was examined using qPCR and documented up-regulation in early
cirrhosis followed by significant down-regulation (compared with control) in late cirrhosis
of CYP450 and metabolic enzyme gene expression in hepatocytes derived from the livers of
rats with decompensated cirrhosis: ADH1a1, CYP4502b9, GST, FADS1, and transthyretin.
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Fig. 3.
DNA microarray analysis of messenger RNA from hepatocytes recovered from normal
control, early cirrhotic, and advanced cirrhotic livers. (a) Hierarchical clustering of
differentially expressed genes from hepatocytes isolated from livers with compensated and
decompensated cirrhosis demonstrated significant gene expression differences among
groups depending on the extent of cirrhosis from which the hepatocytes were derived. (b)
Schematic representing hypotheses regarding liver cirrhosis, as gleaned from gene
expression data. The DNA microarray results suggest that the irreversibly cirrhotic liver is
expressing genes that simultaneously drive both proliferation and apoptosis, with a later
effect on metabolism (clusters I, II, IV, and V ) , under the control of a central cluster of
regulatory genes (cluster III). This regulatory process involves the actions of NF-κB and
HNF-4α.
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Fig. 4.
Assessment of markers for senescence in hepatocytes recovered from normal control, early
cirrhotic, and advanced cirrhotic livers. (a,b) qPCR for telomere length (a) and rat
telomerase expression (b) showed progressive loss of activity with progression of cirrhosis.
These data were confirmed by direct assessment of functional telomerase activity (c), and
Southern blot analysis (d) demonstrated critical shortening of telomere length in hepatocytes
derived from end-stage cirrhotic livers. These studies indicate the occurrence of replicative
senescence, because cirrhosis leads to decompensated liver function. (e) An increase in
polyploidy was also noted.
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Fig. 5.
Induction of hepatic progenitor cells in progressively worsening cirrhosis. (a–c) As cirrhosis
progressed, there was an associated increase in the percentage of cells expressing putative
liver progenitor cell markers (a) CD44 and (b) Epcam in liver sections bar = 100 µm. **P ≤
0.05. Hepatocytes isolated from control, early cirrhotic, and end-stage cirrhotic livers, which
were used in transplantation studies, were similarly characterized for the presence of
putative liver progenitor cells. (d–f) A nearly identical percentage of the cells isolated from
cirrhotic livers expressed CD44 (d) and Epcam bar = 100 µm (e) in liver sections. These data
indicate that the distribution of cell phenotypes derived from cirrhotic livers after isolation
most likely represented that found in intact livers even though the cell yield after
collagenase digestion was significantly lower than that obtained after digestion of control
livers.
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Fig. 6.
Repopulation of retrorsine-treated Nagase analbuminemic rat livers by donor hepatocytes.
(a) Fourteen days after transplantation, donor cells from age-matched control, early
cirrhotic, and advanced cirrhotic livers appeared to engraft with equal capacity bar = 150
µm. The albumin-expressing hepatocyte colonies were relatively small in size, as expected,
and their numbers (b) were not significantly different among groups. (c) Early after
transplantation, serum albumin levels in rats that received cells derived from donors with
early cirrhosis and controls were significantly higher than in rats that received cells from
cirrhotic rats with liver failure. The serum albumin levels in recipients with cell transplants
from failing cirrhotic livers, however, recovered their capacity to expand and release
albumin approximately 2 months after engraftment in noncir-rhotic livers. (d) Fourteen days
after transplantation, there was a small difference in the percentage of the liver replaced by
donor hepatocytes from control and early cirrhotic livers compared with that replaced by
donor hepatocytes from failing cirrhotic livers (P < 0.05). (e) By posttransplantation day 42,
there was considerable expansion of transplanted hepatocytes derived from controls and
livers with early cirrhosis with coalescence of hepatocyte colonies, whereas expansion of
transplanted hepatocytes recovered from failing cirrhotic livers was significantly less. By
posttransplantation day 90, however, approximately 80% of the liver of all recipient rats was
replaced by albumin-producing hepatocytes, independent of the source of the donor cells.
Expression levels of previously measured liver-specific genes were assessed to determine
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whether recovered donor hepatocytes normalize function after transplantation. (f) qPCR
demonstrated essentially no difference in ADH1a1, CYP4502b9, GST, FADS1, and
transthyretin in the livers of repopulated animals irrespective of the source of donor cells
used for transplantation.
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