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ABSTRACT 
AIMS: Expansion of human hepatic progenitor cells (HPCs) is a 
key feature of liver fibrosis associated with a variety of chronic liver 
diseases. We studied HPC expansion and its relationship to canals of 
Hering (CoH) and ductular reaction (DR) in liver fibrosis progression 
of aged cadavers. 
METHODS: Thirty-five cadavers (83.8 ± 10.8 years) with minimal 
fibrosis, septal fibrosis, bridging fibrosis and incomplete cirrhosis 
were studied. Cytokertin 7 immunoperoxidase staining was used to 
highlight HPCs, CoH and DR. 
RESULTS: HPC counts in the periportal HPC compartment and in 
the mid-lobule and centrilobule were 2.3-2.7 times and 2.8-4.5 times 

higher in advanced fibrosis stages (septal fibrosis, bridging fibrosis 
and incomplete cirrhosis) compared to minimal fibrosis, respectively. 
Periportal CoH numbers and DR grades were 2.0-2.6 times and 2.6-
2.7 times higher in advanced fibrosis than in minimal fibrosis, respec-
tively. Both CoH numbers and DR grades significantly correlated 
with periportal HPC counts. There was also a significant correlation 
between CoH numbers and DR grades. Portal inflammation, but not 
lobular inflammation, was significant in bridging fibrosis. Steatosis 
was not an obvious feature associated with the HPC expansion. 
CONCLUSION: Increased periportal and lobular HPC counts re-
flect an expansion of HPCs with increased periportal to lobular HPC 
migration. The expansion likely represents a regenerative response to 
chronic liver injury in the elderly. Our findings also point to an intri-
cate linkage between the HPCs, CoH and DR in hepatic fibrogenesis. 
Cadaveric livers provide a source of specimens for evaluating the 
role of HPCs in fibrosis progression of the aged liver.

Key words: Hepatic progenitor cells; Canals of Hering; Ductular 
reaction; Elderly cadavers; Liver fibrosis progression; Cytokeratin 7 
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INTRODUCTION
The canals of Hering (CoH) represent the smallest terminal branches 
of the biliary tree system[1-3]. The canals connect the intrahepatic 
canalicular channels to the bile ducts in the portal tract. They 
are specifically located at the interface between the portal tract 
and periportal parenchyma of the liver lobule. In normal human 
liver, hepatic progenitor cells (HPCs) reside in a quiescent state in 
the CoH. When the liver is subjected to acute on chronic injury, 
HPCs in the CoH become activated, undergoing proliferation 
and differentiation[4,5,6]. Being bipotential progenitors, HPCs can 
differentiate into cholangiocytes and hepatocytes. The activation of 
HPCs is generally associated with a ductular reaction (DR), defined 
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as a reactive reaction made up of a collection of HPCs around the 
circumference of the portal tract[7]. These are seen as ductules with no 
apparent lumen, cell aggregates and solitary single cells embedded 
in a niche of extracellular matrix and sometime inflammatory cells. 
This process occurs in the parenchyma of the periportal third of 
the liver lobule, which has been named the HPC compartment[8-10]. 
Moreover, depending on the severity of the liver damage, there is 
a concomitant extension-or migration-of HPCs from the periportal 
HPC compartment deep into the lobular parenchyma[11]. 
    In human liver disease, DR is closely associated with the severity 
of fibrosis. The association has been demonstrated in a variety of 
liver pathologies, including chronic hepatitis C[12], nonalcoholic 
fatty liver disease with steatohepatitis (NAFLD/NASH)[9,10,13], and 
alcoholic fatty liver disease[14]. These findings implicate that HPC 
activation with concurrent DR is a universal phenomenon in response 
to liver injury regardless of disease etiologies. 
    Hepatic fibrosis is prevalent in elderly cadavers with diverse 
causes of death[15]. The fibrosis includes central vein fibrosis, 
perisinusoidal fibrosis, portal tract fibrosis, septal fibrosis with septa 
formation, bridging fibrosis with linking septa, incomplete cirrhosis 
and cirrhosis. Variable degrees of inflammation and steatosis 
accompany these fibrotic changes. For these reasons, the liver of aged 
cadavers offers an opportunity to investigate into HPC expansion in 
association with fibrosis progression. The present study examined 
the lobular distribution of HPCs and their histological features in the 
aged cadaveric liver. We then determined the expansion of HPCs in 
the periportal compartment and extension of HPCs from the peiportal 
parenchyma into the liver lobule. Correlations between the HPC 
expansion and CoH and DR were evaluated. Portal inflammation, 
lobular inflammation and steatosis that may contribute to the HPC 
expansion were also assessed. 

MATERIALS AND METHODS
Specimens
Liver tissue of embalmed cadavers from our previous studies 
provided the source of specimens in the present investigation[15,16]. 
These liver samples were obtained from cadavers at the end of the 
Gross Anatomy course at the Icahn School of Medicine at Mount 
Sinai when the organs were no longer needed. The tissue (~ 1 
× 1 × 0.5 cm in size) was excised from the right lobe, placed in 
formalin and processed for paraffin embedment. The specimens 
were de-identified so that they could not be linked to the particular 
subjects. Permission to collect cadaveric livers was granted by the 
Administrative Manager of Laboratories and Facilities, Department 
of Medical Education and was approved by the office of Institutional 
Grants and Contracts. As previously reported[15], these cadaveric 
livers presented variable tissue preservation (good, fair or poor), 
evaluated by hematoxylin and eosin (H & E) staining. Based on 
combined fibrotic changes and tissue preservation (good and at least 
fair), we selected 35 liver samples (mean age, 83.8 ± 10.8 years) 
for the present investigation with their demographics summarized 
in Table 1. These included 10 livers with minimal fibrosis, 10 
with septal fibrosis, 10 with bridging fibrosis, and five cases of 
incomplete cirrhosis (sometimes designated as precirrhosis). The 
criteria for fibrosis staging based on Sirius red staining of collagens 
in paraffin-embedded liver sections are presented below. The size 
of liver sections was ~ 1 × 1 cm, which was sufficiently large to 
present at least 10 well-defined liver lobules that were demarcated 
by a central vein in the center with 3 or more portal tracts at the 
periphery.
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Table 1 Demographic characteristics of cadavers according to the stage of 
fibrosis.
Specimen Age/Gender Cause of Death 

Minimal fibrosis

1 68F Cardiopulmonary arrest

2 91M N/A

3 74M N/A

4 93M N/A

5 57M N/A

6 91M Cardiopulmonary arrest, Alzheimer's

7 86F Cerebellar hemorrhage

8 74M Respiratory failure 

9 92M Metastatic cancer of unknown origin

10 66F Metastatic lung cancer

Mean age = 78.2 ± 12.4 years.

Septal fibrosis 

1 75M N/A

2 78F Cardiac arrest

3 81F N/A

4 97M Congestive heart failure

5 98F Congestive heart failure, hypertensive 
heart disease

6 78F Cardiopulmonary arrest, emphysema, 
arteriosclerotic heart disease

7 74M Left lower pneumonia

8 98M Arteriosclerotic heart disease

9 99F Cardiopulmonary arrest

10 95M N/A

Mean age = 87.3 ± 10.8 years.

Bridging fibrosis

1 91F Parkinson's

2 85F Pneumonia

3 85M Cardiovascular disease

4 88F Arrhythmia 

5 86F N/A

6 81F Pneumonia 

7 67M Kidney cancer

8 68M N/A

9 94M N/A

10 92F B cell lymphoma 

Mean age = 83.7 ± 9.4 years.

Incomplete cirrhosis

1 90M Cardiopulmonary arrest

2 86M N/A

3 100F N/A

4 85F N/A

5 81F Respiratory ailure, pulmonary embolus, 
venous thrombosis

Mean age = 88.4 ± 7.2 years.

Hepatic fibrosis staging
Minimal fibrosis: with or without central vein fibrosis; variable 
perisinusoidal fibrosis; no evidence of portal tract fibrosis.
    Septal fibrosis: portal tract fibrosis with developing septa from the 
portal tract; or central vein fibrosis with developing septa from the 



vein; variable perisinusoidal/pericellular fibrosis.
    Bridging fibrosis: portal tract fibrosis with portal-portal linking 
septum, portal-central linking septum or central-central linking 
septum; variable perisinusoidal/pericellular fibrosis; no evidence of 
nodule-like formation. 
    Incomplete cirrhosis: an advanced stage of bridging fibrosis with 
development of incomplete nodules or nodule-like parenchyma.

Immunohistochemistry
Paraffin-embedded liver sections (5-μm in thickness) were 
simultaneously deparaffinized, rehydrated and antigen unmasked 
using Trilogy™ solution (a EDTA-based solution, Cell Marque, 
Rocklin, CA) heated to sub-boiling temperature for 30 min in 
a kitchen-type steamer, followed by rinsing in another hot bath 
of Trilogy for an additional 30 min[16]. After cooling, the slides 
were washed three times in distilled water and then phosphate-
buffered saline (PBS). Liver sections were sequentially incubated 
with peroxide block (10 min), nonspecific protein block (10 min) 
and antibody to rabbit monoclonal CK7 (1:3000 in 1% bovine 
serum albumin/PBS; Abcam, Cambridge, MA) for 90 min at room 
temperature. The immunoreaction was detected with rabbit polymer-
HRP (Dako Envision+System, Carpinteria, CA), with buffer washes 
in between steps. Diaminobenzidine tetrahydrochloride was used 
as a chromogen to yield a brown color reaction product. Sections 
were counterstained with Harris hematoxylin for nuclei followed 
with Sirius red stain for collagens. The specific immunoreactivity 
of CK7 was verified by positive staining of biliary ducts/ductules in 
the portal tract, serving as a positive control. Sections that were not 
antigen retrieved with Trilogy showed negligible or undetectable 
CK7 immunoreaction. 

Hepatic progenitor cells  
HPCs were positively identified by immunostaining for CK7, as 
validated (9-12, 17-24). Portal tracts cut transversely or obliquely 
showing a portal venule and at least one hepatic arteriole and one 
intraportal biliary ductule were selected for the assessment. CK7+ 
cells were counted manually under a microscope with 40X and/or 
60X objectives. Intermediate hepatocyte-like (IMHL) cells were not 
included (infra vide). Epithelial cells lining the intraportal bile ducts 
and ductules were not counted. To assess the extension of HPCs from 
the periportal parenchyma into the lobular area, we scored isolated 
ductules, cells in aggregates and solitary cells in the mid-lobule - at 
a distance of ~ 200 μm from the portal tract - and in the centrilobule 
around the central vein. In each liver section, 10 HPC compartments 
associated with 10 portal tracts and 10 lobular fields outside the 
periportal area were assessed. In each fibrosis stage, a total 100 HPC 
compartments/portal tracts and 100 lobular fields was analyzed, 
while in the case of incomplete cirrhosis, 50 HPC compartments 
and 50 lobular fields were assessed. Results were presented as HPC 
compartment (number of cells per portal tract), and as the number 
of HPCs per microscopic field in the case of the mid-lobule and 
centrilobule. 

Canals of Hering  
CoH were identified showing a string of CK7+ epithelial cells, 
flattened or cuboidal in shape, that emerged from the portal tract 
perpendicularly or obliquely to the border (limiting plate) of the 
tract. In most histological sections, CoH were seen to contain about 
10 cells in length, ~ 80 μm. As above, portal tracts in cross-sections 
or oblique sections showing a portal venule and at least one hepatic 
arteriole and one intraportal biliary ductule were selected for counting 
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the CoH. In each liver, five portal tracts were selected. In total, 50 
portal tracts in each fibrosis stage were analyzed, while 25 portal 
tracts in the liver with incomplete cirrhosis were assessed. Results 
were expressed as the mean number of CoH per portal tract. 

Ductular reaction  
DR reflected a collection of HPCs around the circumference of a 
portal tract that included cell aggregates, solitary single cells and 
ductules. DR was assessed by grading the distribution of these 
structures relative to the circumference of the portal tracts similar to 
the schemes of others[17-19]. We graded ductular reaction on a scale of 
0, 1, 2 or 3, where 0 indicated absence of CK7+ cells along the border 
of a portal tract; 1 indicated focal presence of CK7+ cells around the 
circumference of a portal tract; 2 indicated presence of CK7+ cells 
occupying less than half of the circumference of a portal tract; and 
3 indicted presence of CK7+ cells occupying greater than half of the 
circumference of a portal tract. In each liver, five portal tracts were 
taken for the grading, totaling 50 portal tracts in each fibrosis stage. 
In the liver with incomplete cirrhosis, 25 portal tracts were analyzed. 
The grading was presented as the mean grade per portal tract. 

Portal and lobular inflammation 
Portal inflammation was recognized as presence of small round cells 
in the stroma of portal tracts on H&E sections. Score 0 indicated 
sporadic presence of inflammatory cells; score 1 indicated diffuse 
presence of inflammatory cells in the portal stroma; score 2 indicated 
aggregates of inflammatory cells occupying less than half of the 
portal stroma; and score 3 indicated aggregates of inflammatory 
cells occupying more than half of the portal stroma. In each liver, 
scoring was based on the most severely affected portal tracts. Lobular 
inflammation was scored as follows: 1 indicated scattered and 
isolated mononuclear and/or polymorphonuclear leucocytes in the 
sinusoidal lumens; 2 indicated diffused presence of inflammatory 
cells in the sinusoidal lumens. When inflammatory cells were 
detected in the liver lobular parenchyma, an additional score of 1 was 
added, making a score of 2 or 3. 

Steatosis  
Steatosis was assessed on H&E sections. Steatosis was scored 
1-3 based on the proportion of the liver lobule occupied by fatty 
hepatocytes - containing macrovesicular or microvesicular droplets 
or both: 1 = 1/3 of the liver lobule, generally centrilobular location; 2 
= 2/3 of the liver lobule, generally centrilobular-midlobular location; 
and 3 = panlobular. 

Statistics
Data were reported as means ± SEM. Statistical significance was 
determined by Student’s t-tests. The correlations between two 
parameters were evaluated by the Pearson coefficient correlations. 
P < 0.05 was considered statistically significant. Statistics were 
performed using Microsoft™ Excel™ for Mac 2011, version 14.50.

RESULTS 
The demographics of the 35 cadavers are summarized in Table 1. 
There was no significant difference in the age between groups. As 
a whole, the mean age was 83.8 ± 10.8 years (range 57-100 years; 
N = 35). Eighteen were male and 17 female. Of the males, 6 were 
less than 84 years old and 12 more than 84 years. Of the females, 7 
were less than 84 years old and 10 were more than 84 years. Causes 
of death were available in 22 donors: 15 were pulmonary, cardiac 



and vascular-related with or without additional diseases, 4 were 
cancer-related, 1 had cerebellar hemorrhage and one had Parkinson’s 
disease. No liver disease was indicated as the cause of death in these 
22 donors; however, this did not exclude that they had ongoing liver 
disease. Moreover, it is not known if liver disease was indicated 
among the 13 donors with no causes of death available. 

Survey of lobular distribution of CK7 immunostaining 
We first surveyed the distribution of CK7 immunostaining in the 
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Figure 1 Survey of CK7 immunostaining in liver lobule. A: Liver with minimal fibrosis. This shows scarce CK7 staining at the border of the portal tract (arrow) 
and undetectable CK7 staining in the lobular parenchyma. B: Liver with septal fibrosis. CK7 staining reaction is evident in the periportal parenchyma (black 
arrow) and in the mid-lobule (blue arrow). C: Liver with septal fibrosis. Marked CK7 staining around the portal tract and in the mid-lobule (blue arrow) is 
seen. Note that in all cases intraportal ductules are stained for CK7. Sirius red post-stained. PT, portal tract; CV, central vein.

cadaveric livers (Figure 1). In the liver with little fibrotic changes, 
CK7 staining was generally absent, barely discernable, or visible in 
the periportal compartment around the portal tract. CK7 staining was 
inconspicuous or sparingly present in the lobular parenchyma outside 
the periportal area. In comparison, in the liver with more or severe 
fibrotic changes, CK7+ cells were quite obvious in the periportal 
compartment. There were clusters of variable sizes of CK7+ cells as 
well as solitary single CK7+ cells that were readily discernable in the 
lobular parenchyma outside the periportal area.

Figure 2 Histological features of CK7-immunostained HPCs in the periportal HPC compartment. A: CK7+ HPCs in the form of clumps, triplet, doublet 
and singly at the border of the portal tract. The HPCs are ovoid-shaped (~ 8 μm in size) containing an ovoid nucleus and a thin rim of cytoplasm strongly 
stained for CK7. B: The arrow marks a canal of Hering—sectioned somewhat obliquely and measured ~ 150 μm long—in the vicinity of the periportal 
parenchyma. It appears to contain two strands of flattened cells strongly stained for CK7. There are also CK7 stained structures in the form of twisted 
strings of varied sizes, aggregates of cells and single cells in the periportal parenchyma. C: This shows a canal of Hering as it emerges from the portal tract 
into the periportal parenchyma. D: A canal of Hering sectioned lengthwise. The lining cells, vividly stained for CK7, are squamous-cuboidal shaped and 
enclose a narrow lumen. It is ~ 300 μm in length, which is nearly the width of the periportal third of a liver lobule. Sirius red post-stained. PT: portal tract.



locate CK7+ cells in foci of marked perisinusoidal/pericellular 
fibrosis (Figure 4 A-C). CK7+cells were often found at the septal-
parenchymal borders of developing septa and bridging septa (Figure 
4D). 

Quantification of HPCs in progressive fibrosis 
Having defined the lobular distribution of CK7+ cells and their 
histological features, we quantified the CK7+ cells according to the 
stage of fibrosis (Figure 5). The number of cells in the periportal HPC 
compartment increased from 8.14 ± 1.44 per portal tract in minimal 
fibrosis to 18.91 ± 3.04 in septal fibrosis (P < 0.01), 21.81 ± 4.10 in 
bridging fibrosis (P < 0.01), and 17.92 ± 2.18 in incomplete cirrhosis 
(P < 0.01). In the mid-lobule and occasionally the centrilobule, the 
HPC count was 2.57 ± 1.11 cells/field in minimal fibrosis. The number 
rose to 7.08 ± 1.54 cells/field in septal fibrosis (P < 0.05), 11.59 ± 
2.18 cells/field in bridging fibrosis (P < 0.001), and 9.62 ± 0.65 in 
incomplete cirrhosis (P < 0.001). We also estimated that 24% of HPCs 
was distributed outside the periportal HPC compartment in minimum 
fibrosis, 27% in septal fibrosis and 35% in bridging fibrosis, and 40% 
in incomplete cirrhosis. These data demonstrate a striking expansion 
of HPCs with a 2.2-2.6 times increase of HPCs in the periportal HPC 

    Next, we examined the histological features and arrangement of 
CK7+ HPCs. HPCs were small oval- or cuboidal-shaped cells (~ 8 
µm in size) showing an ovoid nucleus and scant cytoplasm that was 
vividly stained for CK7, in concordance with the use of CK7 as a 
phenotypic marker of HPCs in chronic liver diseases[9-12,17-24]. In other 
studies, CK19 and EpCAM (epithelial cell adhesion molecule) have 
also been used[17,25,26]. In the periportal HPC compartment, CK7+ cells 
were disposed in strings/cords - tightly twisted - without a discernable 
lumen. They also presented in small clumps, triplets and doublets, as 
well as singly along the border of the portal tract (Figure 2A). At this 
location, CK7+ cells were also observed to line the CoH that revealed 
a narrow lumen depending on the plane of sectioning (Figure 2B and 
C). In rare occasions, one could see a canal as long as 300 µm, nearly 
traversing the entire width of the periportal third of the lobule (Figure 
2 D). Figure 3 A-E illustrate the diverse histological features and 
disposition of CK7+ cells in the mid-lobular parenchyma. In a number 
of livers with advanced stages of fibrosis, we could see CK7+ cells 
aggregated with IMHL cells; the latter were identified by a distinct 
cell membrane and faint cytoplasmic immunostaining for CK7 
(Figure 3 F and G). These cells were not included in the counting 
of HPCs - as indicated in the Method section. It was common to 
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Figure 3 Histological features of HPCs in mid-lobule. A: Small aggregates of CK7+ cells and a few solitary single cells in the lobular parenchyma. B: A large 
aggregate (~180 μm in size) of CK7+ cells in the lobular parenchyma. Cells appear tightly twisted, in small clumps or solitary. C: An isolated cord/string of 
CK7+ cells. It is composed of two strands of flattened cells, intertwined and without an apparent lumen. It appears to situate between the liver plates rather 
than in the sinusoid. D: CK7+ cells in an aggregate of three and four cells ensheathed by a thick band of collagenous matrix stained red with Sirius red stain 
(blue arrows). Note two individual CK7+ cells that are not surrounded by a collagenous matirx (black arrow); these are more vividly illustrated in image 
E: Solitary single HPCs. These are small oval-shaped cells ( ~ 8 μm in size) containing a thin rim of cytoplasm strongly stained for CK7; two of them are 
marked by arrows. They are located in the space of Disse or between the hepatocytes and are not surrounded by a collagenous matrix. F: In the mid-lobule 
of some liver specimens with severe fibrotic changes, one could see a collection of small oval-shaped CK7+ cells (black arrow) and cells that exhibit features 
of IMHL cells (blue arrows). Note a string of CK7+ cells are seen nearby (red arrow). G: The arrow indicates an IMHL cell, which is polygonal in shape and 
is smaller than the hepatocyte but larger than the HPC. It displays a distinct staining of the cell membrane and a faint staining of the cytoplasm for CK7. 
IMHL cell is not surrounded by a collagenous matrix. Sirius red post-stained.
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Figure 4 A-C: Localization of HPCs in foci of parenchymal fibrosis. A: CK7+ cells in single or strands (arrows) in close association with a small fibrotic lesion (~ 
60 μm) stained red with Sirius red. B: CK7+ cells in a tightly packed clump in a small fibrotic lesion (~ 80 μm). Individual CK7+ cells are also present. C: 
CK7+ cells in a relative large lesion (~150 μm across) of marked perisinusoidal fibrosis. The cells appear as strands of two rows of flattened cells, resembling 
a ductule or canal, and clumps as well as solitary single cells. D: A portal tract with two developing septa extending from the tract. CK7+ cells are seen 
disposed along the septal-parenchymal borders and at the growing front of the septa (arrows). The blue arrow marks an aggregate of CK7+ cells in the mid-
lobular parenchyma. Sirius red post-stained. CV: central vein, PT: portal tract.

Figure 5 Quantification of HPCs in periportal HPC compartment and in lobular parenchyma. A: HPC counts in the HPC compartment. B: HPC counts in 
the lobular parenchyma distal to the periportal area. In both areas, HPC numbers are significantly greater in the liver with septal fibrosis, bridging fibrosis 
and incomplete cirrhosis than in the liver with minimal fibrosis. PT: portal tract.
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Figure 6 A-C: Representative images 
illustrating the disposition of CoH as 
they emerge from the portal tract into 
the periportal parenchyma through 
the limiting plate. At this location, the 
canals (arrows) appear perpendicularly 
or obl iquely to the border of the 
portal tract. The cells are strongly CK7 
positive. They are generally 5-10 cell 
long, ~ 30 - 80 μm in length. They are 
arranged in two cell layers, somewhat 
twisted with a hardly discernable 
lumen. In image C, it is evident that 
the canal is in continuation with the 
intraportal bile ductule (at arrow). Sirius 
red post-stained PT, portal tract. D: 
CoH counts in periportal compartment 
according to f ibrosis stages. CoH 
numbers are significantly greater in 
the stages of septal fibrosis, bridging 
fibrosis and cirrhosis compared to 
minimal fibrosis. PT: portal tract.

Figure 7 Relationship between the number of CoH and expansion of HPC compartment according to the stage of fibrosis. Upper panel: There is a strong 
correlation between the number of CoH and the number of HPCs in progressive fibrosis stages. Lower panel: In each stage - minimal fibrosis, septal fibrosis 
and bridging fibrosis - the number of CoH is correlated with the number of HPCs. Note that the data from incomplete cirrhosis (N = 5) were not included 
in the analysis. PT: portal tract.
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Figure 8 Representative images illustrating the morphological grading of DR based on CK7 immunoperoxidase staining. A: Grade 0, B: Grade 1, C: Grade 
2, and D: Grade 3. See grading criteria in the METHOD section. Note that CK7 stained ductules in the portal tract stroma are not included in the grading. 
Sirius red post-stained. E: Assessment of the extent of DR based on DR grades. DR grades in septal fibrosis, bridging fibrosis and incomplete cirrhosis are 
significantly higher than the DR grade in minimal fibrosis. 

compartment and a 2.8-4.5 times increase of HPCs in the mid-lobular 
parenchyma as fibrosis progresses from minimal fibrosis to advanced 
stages of fibrosis. The higher HPC counts in the lobule distal to the 
periportal parenchyma likely resulted from portal to lobular migration 
of HPCs, in concordance with the observation of a previous study in 
patients with chronic hepatitis B and C[10].

Correlation between CoH and HPCs in liver fibrosis
To determine whether there is a relationship between the incidence of 
CoH and HPC numbers in the periportal compartment, the number 
of CoH was counted. We first illustrated the histological features of 
CoH highlighted by CK7 immunostaining of HPCs (Figure 6A), and 
then presented the counts of CoH according to the stages of fibrosis 

(Figure 6B). CoH numbers increased from 0.44 ± 0.07 per portal 
tract in minimal fibrosis to 0.88 ± 0.16 (P < 0.05) in septal fibrosis, 
to 1.14 ± 0.16 (P < 0.01) in bridging fibrosis, and to 0.92 ± 0.11 (P < 
0.01) in incomplete cirrhosis. Thus, the incidence of CoH in advanced 
fibrosis stages was 2.0-2.6 times higher than in the minimal fibrosis. 
When CoH numbers were plotted against HPC numbers in the HPC 
compartment, a strong correlation between these two parameters 
was found, P < 0.001, N =35 (Figure 7A). Furthermore, there was 
a significant correlation between the numbers of CoH and HPCs 
according to the fibrosis stage (Figure 7B), thereby linking CoH 
proliferation to HPC expansion. These data are in accord with the 
view that the CoH are a potential source of HPCs, observed in patients 
with chronic hepatitis C, hepatic B and autoimmune hepatitis[17].
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Figure 9 Relationship between DR extent and expansion of the HPC compartment. Upper panel: There is a highly significant correlation between DR 
grades and HPC numbers in progressive fibrosis stages. Lower panel: In each stage - minimal fibrosis, septal fibrosis and bridging fibrosis - the DR grade is 
correlated with the number of HPCs. Note that the data from incomplete cirrhosis (N = 5) were not included in he analysis. PT: portal tract.

Figure 10 Relationship between CoH and DR. CoH numbers and DR grades from the 
liver with minimal fibrosis, septal fibrosis, bridging fibrosis and incomplete cirrhosis 
are significantly correlated. PT: portal tract.

Correlation between DR grades and HPCs in liver fibrosis 
Since the extent of DR has been shown to be associated with 
progressive fibrosis in a number of liver diseases[9,12,17], we determined 
the grades of DR in the liver of aged cadavers. The histological 
grading of DR is illustrated in Figure 8 A-D, and the DR grades 
accompanied the stages of fibrosis are presented Figure 8E. The 
DR grade in minimal fibrosis was 0.50 ± 0.15. DR grades in septal 
fibrosis (1.30 ± 0.36), bridging fibrosis (1.32 ± 0.30) and incomplete 
cirrhosis (1.36 ± 0.24) were 2.6-2.7 times higher compared to 
minimal fibrosis (P < 0.05). When DR grades were plotted against 
HPC numbers in the HPC compartment, a strong correlation between 
these two variables was found, P < 0.001; N = 35 (Figure 9A). 
Furthermore, the grade of DR was significantly correlated with the 
number of HPCs according to the fibrosis stage (Figure 9B). These 
findings point to a link between the extent of DR and expansion of 
HPCs in liver fibrosis progression. 

Correlation between CoH numbers and DR extent   
Since the periportal HPC population correlated with CoH numbers 
as well as with DR grades, we predicted a correlation between the 
CoH and DR as well. Accordingly, Figure 10 demonstrates a strong 
correlation between the incidence of CoH and extent DR in cadaveric 
livers with progressive fibrosis (P < 0.001). The relationship reveals 
an anatomical linkage between CoH and DR in hepatic fibrogenesis 
of the aged cadavers. 
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Hepatic inflammation and steatosis
To evaluate whether liver inflammation contributes to the HPC 
expansion, we determined inflammatory changes accompanying 
the stages of fibrosis. As summarized in Table 2, the portal tract 
inflammation score was significantly higher in the bridging fibrosis 



2641

Mak KM et al . Hepatic Progenitor Cells in Fibrosis

than in the minimal fibrosis stage (P < 0.01), suggesting that the 
inflammation contributes to the HPC expansion in the liver with 
bridging fibrosis. Lobular inflammation invariably occurred in the 
aged cadavers, and the scores did not differ among the fibrosis 
stages. 
    We assessed steatosis in the aged cadavers. Table 3 summarized 
the incidence of fatty liver and steatosis grades according to the stage 
of fibrosis. The overall incidence of fatty liver in 35 cadavers was 
31.4 %, a level nearly similar to that observed in our previous study, 
35.5% in 68 cadavers[15]. However, steatosis was not an obvious 
feature associated with the stage of fibrosis; cadavers without fatty 
liver also had HPC expansion.

DISCUSSION 
The present study demonstrates that the HPC population in the 
periportal HPC compartment markedly expands with a concomitant 
greater extension of HPCs into the lobule outside the periportal area 
in the aged liver with septal fibrosis, bridging fibrosis and incomplete 
cirrhosis compared to minimal fibrosis. The expansion of the HPC 
compartment correlates with increased CoH numbers and higher 
DR grades accompanying the fibrosis progression. There is also a 
significant correlation between the incidence of CoH and grades of 
DR. Taken together, the findings point to an intricate linkage between 
HPCs, CoH and DR in hepatic fibrogenesis of the aged cadavers.
    Extension - also described as migration - of HPCs from the 
periportal area centrally into the liver lobule was first described 
in chronic viral hepatitis B and C with severe parenchymal 
inflammation[11]. The phenomenon has frequently discussed in 
association with investigations of fibrotic disease[17,18]. In the 
cadavers, we estimated that about 25% to 40% of the HPCs were 
distributed in the lobular parenchyma outside the periportal area 
of the liver with minimal fibrosis, septal fibrosis, bridging fibrosis 
and incomplete cirrhosis. HPC counts also showed a 2.8 - 4.5 times 
increase of HPCs in the lobular parenchyma in progressive fibrosis. 
The anatomical pathway of periportal to lobular migration of HPCs 
has not been established. It has been suggested that the HPCs move 
along the interstitium of the space of Disse[27]. The fate of these 
migratory HPCs in the hepatic lobules outside the periportal area has 
not been determined. It is likely that they differentiate into solitary 
HPCs that are seen in the Disse’s space and in the intercellular 
space of hepatocytes (Figure 4E), as previously described in human 
chronic liver disease and in experimental liver injury[17,27,28]. At these 
locations, solitary progenitor cells may transform into IMHL cells 
that can be highlighted by a distinct CK7 immunostaining of the cell 
membrane in conjunction with a faint cytoplasmic staining (Figure 
4G). The distribution of IMHL cells is possibly related to hepatic 
regeneration in response to liver injury consequent to fibrosis[13]. 
This scenario has been described in people with chronic viral 
hepatitis[11,17,18], alcoholic hepatitis[23] and alcoholic and NAFLD[5,14], 
and in pediatric NAFLD/NASH[10]. 
    The CoH are residence for HPCs[2,7]. The canals provide a source 
of progenitor cells that subsequently form ductules, cell aggregates 
and solitary cells in the periportal HPC compartment, often described 
as DR (supra vide). Our data indicate that the CoH at the interface 
of the portal tract and periportal parenchyma increase in progressive 
fibrosis stages from minimal fibrosis to advanced fibrosis. These 
changes occur in parallel with the rise of CK7+ cell counts in the 
HPC compartment, thereby linking proliferation of CoH to expansion 
of the HPC compartment. Furthermore, we found that the number of 
CoH correlates with the extent of the DR according to the stage of 

Table 2 Inflammation scores in aged cadavers

Stage of Fibrosis Portal Inflammation Lobular Inflammation 

Minimal fibrosis 1.5 ± 0.22                    1.8 ± 0.29   

Septal fibrosis 2.0 ± 0.21                    2.1 ± 0.31

Bridging fibrosis 2.6 ± 0.20** 1.9 ± 0.31

Incomplete cirrhosis 2.0 ± 0.45 1.6 ± 0.51

**Bridging fibrosis vs. minimal fibrosis, P < 0.01.

Table 3 Steatosis scores in aged cadavers.

Stage of fibrosis Steatosis incience Steatosis grade 

Minimal fibrosis 3/10 livers 1, 2, 2
Septal fibrosis 4/10 livers 2, 3, 3, 3
Bridging fibrosis 1/10 livers 1

Incomplete cirrhosis 3/5 livers 1, 2, 2
The incidence of steatosis in 35 cadavers is 31.4% and the grades of 
steatosis varied from 1 to 3.

fibrosis, implicating a morphological link between the CoH and DR, 
which is in concordance with the view proposed by Eleazar et al[17]. 
    Assessment of periportal DR has been considered a useful marker 
in the evaluation of the HPC activation in a variety of chronic liver 
diseases. An increased DR extent is associated with a HPC expansion 
in patients with NASH and the extent correlates with the degrees of 
NASH activity[9]. DR is prominent in the majority of patients with 
chronic hepatitis C, B and autoimmune hepatitis[17]. In hepatitis C, 
a strong correlation was noted between the DR and HPC expansion 
as well as the degrees of portal fibrosis[12]. Moreover, DR was found 
to occur preceding the onset of portal fibrosis, implicating that the 
DR initiates the fibrosis. In alcoholic hepatitis, which is an acute-
on-chronic condition, DR is a key event and along with the HPC 
expansion parallels the disease activity[29]. In the aged cadavers, we 
observed little or no DR in the liver with minimal fibrosis, whereas 
DR became more evident and conspicuous in septal fibrosis, bridging 
fibrosis and incomplete cirrhosis. Our data also indicate that the DR 
grades correlated with HPC counts as well as CoH numbers in the 
periportal parenchyma according to the fibrosis stage. Thus, these 
associations implicate a link between periportal DR, HPCs and CoH 
in liver fibrogenesis, consistent with the studies of others (reviewed 
in 30). 
    Inflammatory changes of the aged cadavers are common. Our 
data showed a trend of increased portal inflammation scores from 
minimal fibrosis to advanced stages of fibrosis. The inflammation in 
bridging fibrosis actually is significantly greater than that of minimal 
fibrosis. The observation appears to be consistent with the study in 
which portal inflammatory infiltrate is a key feature of NAFLD and 
can be linked to the extent of DR and HPC expansion in progressive 
stages of NASH[19]. Similar degrees of lobular inflammation occur 
in the cadaveric livers and the changes could not be related to the 
HPC expansion. Concerning steatosis, in patients with chronic 
hepatitis infection, steatosis was shown to exacerbate the periportal 
HPC expansion and DR, but the fatty change was not an obligate 
feature[12]. In the aged cadavers, the incidence of steatosis in 35 livers 
is 31.4%. Steatosis is not an obvious feature associated with the 
stage of fibrosis, and the cadavers without fatty liver also has HPC 
expansion. 
    The question could be raised of whether aging has any effects on 
the prevalence of HPCs in the human liver. In this regard, it is worth 
noting that, in chronic hepatitis C, HPC activation is a common but 
diverse phenomenon closely related to the patient age and hepatitis 
stage[18]. It was found that patients older than 40 years have a higher 
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number of HPCs and CK7 staining of hepatocytes than younger 
patients. Another study of chronic hepatitis C infected patients 
reported a correlation of HPC expansion and DR with increasing 
age[12]. Since our cadavers have a mean age of 83.8 year, it will be 
interesting to compare the HPC expansion in these aged people with 
a younger group of cadavers - below 65 years. This awaits future 
investigation. 
    In conclusion, increased HPC counts in the periportal HPC 
compartment along with increased lobular distribution of HPCs 
outside the periportal area reflect an expansion of HPCs. The 
positive correlations between HPCs and COH and DR suggest a 
linkage between these constituents. The expansion likely represents 
a regenerative response to liver injury caused by fibrosis in the 
elderly. Because of the diverse causes of death and the lack of 
information whether there was any ongoing liver disease in these 
cadavers, we cannot associate the HPC response to any specific liver 
disease. Nonetheless, our findings implicate that the HPC expansion 
is a universal phenomenon associated with chronic liver damage 
regardless of disease etiologies. Cadaveric livers provide a source 
of specimens for evaluating the role of HPCs in fibrosis progression 
in the aged liver. Finally, whether aging has any effects on the HPC 
expansion is a challenging question that awaits future investigation. 
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