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Senescence markers in focal nodular hyperplasia of the liver:
pathogenic considerations on the basis of
immunohistochemical results
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Focal nodular hyperplasia (FNH) is a polyclonal tumour-like hepatic lesion characterised by parenchymal nodules, connective tissue
septa without interlobular bile ducts, pronounced ductular reaction and inflammation. It may represent a response to local arterial
hyperperfusion and hyperoxygenation resulting in oxidative stress. We aimed at obtaining closer insight into the pathogenesis of
FNH with its characteristic morphologic features. Immunohistochemistry and immunofluorescence microscopy was performed on
FNH specimens using antibodies against keratins (K) 7 and 19, neural cell adhesion molecule (NCAM), lamin B1, senescence markers
(CDK inhibitor 1/p21Cip1, CDK inhibitor /p16Ink4a, senescence-associated (SA) β- galactosidase activity), proliferation markers (Ki-67,
proliferating-cell nuclear antigen (PCNA)), and the abnormally phosphorylated histone γ-H2AX, indicating DNA double strand
breaks; moreover SA β- galactosidase activity was determined histochemically. Ductular metaplasia of hepatocytes indicated by K7
expression in the absence of K19 plays a major role in the development of ductular reaction in FNH. Moreover, the expression of
senescence markers (p21Cip1, p16Ink4a, γ-H2AX, SA β-galactosidase activity) in hepatocytes and cholangiocytes suggests that stress-
induced cellular senescence contributes to fibrosis and inflammation via production of components of the senescence-associated
secretory phenotype. Expression of proliferation markers (Ki-67, PCNA) was not enhanced in hepatocytes and biliary cells.
Senescence and ductular metaplasia of hepatocytes may thus be involved in inflammation, fibrosis and apoptosis resistance. Hence,
fibrosis, inflammation and reduced apoptotic cell death, rather than proliferation (hyperplasia) may be responsible for increased
tissue mass and tumour-like appearance of FNH.
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INTRODUCTION
Focal nodular hyperplasia (FNH) is a polyclonal tumour-like lesion
in the liver with an incidence of about 0.8% in autopsy series.
80–90% of FNHs are discovered in women in their 3rd to 4th
decades. They are mostly solitary, clinically asymptomatic
incidental findings and may regress with age1–5. The lesion is
regarded as hyperplastic response to local arterial hyperperfusion
and hyperoxygenation1,2,6. mRNA expression levels of the
angiopoietin genes (ANGPT1 and 2) involved in vessel maturation
and the ANGPT1:ANGPT2 ratio are increased in comparison to
normal liver, liver neoplasms and cirrhosis7.
Aim of the present study was to shed further light on the

pathogenesis of morphologic features characteristic of FNH.
Moreover, this lesion may also serve as a model regarding origin
and significance of pronounced ductular reaction (DR) with its
associated inflammation and fibrosis. The results obtained suggest
that cellular senescence of hepatocytes and ductular cholangio-
cytes plays a major pathogenic role.

MATERIAL AND METHODS
Sixteen surgically removed FNH specimens were selected from the archive of
the Institute of Pathology, Medical University of Graz, Austria (patient

characteristics are listed in Table 1). The study was approved by the Ethics
Committee of the Medical University of Graz, Austria. The tissues were fixed
in 10% buffered formalin and embedded in paraffin by routine procedures;
5 μm thick sections were stained after removal of paraffin with hematoxylin-
eosin (H&E) and chromotrope aniline blue (CAB) for light microscopy and
subjected to immunohistochemistry. In addition, immunofluorescence
microscopy was performed on 5 μm thick acetone-fixed sections of frozen
material of one FNH specimen with adjacent normal liver tissue. Sections
were examined by two board-certified pathologists (H.D., C. L.). Details
concerning antigens to be detected and immunohistochemical and
immunofluorescence procedures are listed in Supplementary Table 1.
For grading of keratin (K) 7 expression in hepatocytes (K7-positive/K19-

negative hepatocytes) and DR the method proposed by Yabushita et al.8

was modified (grade 1: only K7-positive DR; grade 2: in addition to K7-
positive DR, periportal hepatocytes are K7-positive; grade 3: in addition to
periportal K7-positive hepatocytes also intranodular hepatocytes are K7-
positive; since the association of K7-positive/K19-negative hepatocytes
with FNH nodules was variable, the parenchymal areas with the most
prominent immune reaction were graded).
Senescence-associated (SA) β-galactosidase was determined histo-

chemically in frozen sections according to the protocol provided by the
company (Supplementary Table 1).
For quantification of nuclear CDK inhibitor 1/p21Cip1 (p21), proliferating cell

nuclear antigen (PCNA) and Ki-67 expression in FNH versus normal liver, the
immunostained slides were scanned with the 3DHistech P1000 scanner
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(3DHISTECH Ltd., Budapest, Hungary). All analyses were performed with
QuPath 0.2.39. For cell counting, the ‘positive cell detection’ algorithm from
QuPath was used and the percentages of positive and negative hepatocytes
were calculated in FNH and surrounding normal liver tissue. Significance of
p21 expression was assessed with R 3.6.210,11 and the p values were
calculated with the Wilcoxon Signed Rank Test.

RESULTS
Light microscopy
The FNHs studied were circumscribed but not encapsulated multi-
nodular lesions which displayed characteristic and already well
described morphologic features with fibrous septa, DR and chronic
inflammation2,3. The parenchymal nodules were separated by
connective tissue septa. Often a larger central fibrotic scar with
radiating branches, reminiscent of portal tracts but lacking interlobular
bile ducts, was present. The nodules varied in size and shape; the
hepatocytes were arranged in one- or two- cell- thick plates. In some
areas of most FNHs, small groups of hepatocytes or single
hepatocytes in association with ductules, similar to hepatocyte buds
as described in cirrhosis by Stueck and Wanless12, were seen. Focally,
sinusoids within the nodules were dilated and some vascular spaces
were reminiscent of central veins. In most cases, the hepatocytes
showed mild to moderate degree of macrovesicular steatosis and
mild variations in cell and nuclear size. Their lipofuscin content did not
differ from that of the hepatocytes of the surrounding normal liver.
Mitoses were absent. In one case (No. 12 in Table 1), at the periphery
of nodules enlarged and rounded (ballooned) hepatocytes with
lightly stained cytoplasm, some of which contained Mallory-Denk
bodies (MDBs), were observed. These features were not present in the
surrounding liver which showed only moderate macrovesicular
steatosis. Scars and septa were infiltrated to a variable degree mostly
by lymphocytes with occasional follicular arrangement. Septa
contained middle-sized and larger vessels with irregular, often
fibrohyalinized, walls, particularly with thickening of the intima;
vessels with obliterated lumina were also seen. Occasionally, densely
arranged, small to middle-sized, regularly structured arteries almost
completely filled the connective tissue space. Some thin-walled
vessels in continuity with dilated sinusoids were reminiscent of portal

vein branches. Moreover, small endothelium-lined vascular spaces
with dilated lumina, possibly resembling lymphatics, were observed.
DR occupied to various extent the interface between connective
tissue and parenchyma, focally protruding into the nodule. The
ductules were mostly arranged in solid, sometimes branching cords
or displayed discrete slit-like lumina; however, some ductules showed
dilated lumina lined by flat and atrophic, but occasionally also
cuboidal epithelium similar to interlobular bile ducts, possibly
resembling a maturation process. In some areas, the parenchyma at
the nodular periphery was dissociated by ductules with associated
inflammation and fibrosis and the impression was gained, that larger
nodules may be dissected into smaller ones by this process. Some
nodules were partially surrounded by elongated ductules (ductal
plate-like) as usually seen in cirrhosis. The liver outside the lesion
showed no major architectural abnormalities with regularly arranged
hepatocytes, occasional macrovesicular steatosis, usually mild lym-
phocytic infiltration of portal tracts containing interlobular bile ducts
and sometimes slightly elongated ductules. Larger arteries, veins and
bile ducts were often seen in fibrotic liver tissue in the immediate
vicinity of FNH.

Immunohistochemistry
A variable number of normal-sized and -shaped FNH-associated
hepatocytes showed cytoplasmic K7-specific immunostaining (with-
out its partner K19; i.e., K7-positive/K19-negative hepatocytes),
although with weaker intensity than cholangiocytes of the DR
(Table 1; Figs. 1, 2); the staining was accentuated at the cell
periphery, in line with increased density of the intermediate filament
cytoskeleton at this position, indicating that K7 forms intermediate
filaments with K18 as partner. These hepatocytes mostly occupied
the nodular periphery adjacent to, and merging with, the DR (Figs. 1,
2). Their arrangement closely resembled hepatocyte plates (‘mur-
alia’13), although somewhat distorted by fibrosis and inflammation,
and was thus consistent with ductular metaplasia (transdifferentia-
tion) of hepatocytes14–17. The number of K7-positive/K19-negative
hepatocytes in the nodules varied from rare to numerous in
different FNHs (see Table 1), but also within a single specimen. We
observed a continuous decrease in cellular size from K7-positive
hepatocytes towards K7-positive ductular cells, and this was

Table 1. Patient characteristics, presence of K7-positive hepatocytes in relation to DR (graded according to Yabushita et al.8), percentage of Ki-67-
and PCNA-positive cells.

Patient No. Gender (male/
female)

Age (years) K7 grade % Ki-67-positive cells in FNH (in
normal tissue)

% PCNA-positive cells in FNH (in
normal tissue)

1 m 36 1 0.11 (0.12) 0.05 (0.01)

2 m 24 1 0.02 (−) 0.09 (−)

3 f 23 2 1.18 (−) 0.22 (−)

4 f 46 2 0.39 (−) 0.17 (−)

5 f 25 3 1.44 (1.68) 0.19 (0.25)

6 f 43 1 0.22 (0.28) 0.01 (0.13)

7 f 25 1 0.33 (0.59) 0.05 (0.06)

8 f 44 1 0.23 (0.24) 0.31 (0.12)

9 f 22 1 0.16 (0.20) 0.13 (0.08)

10 f 43 3 0.33 (0.40) 0.39 (0.53)

11 f 23 2 1.02 (0.99) 0.10 (0.14)

12 f 52 3 0.36 (0.47) 0.19 (0.14)

13 f 40 3 0.17 (0.25) 0.08 (0.01)

14 f 29 1 0.52 (0.64) 0.16 (0.06)

15 m 43 1 0.34 (0.70) 0.59 (0.04)

16 f 25 2 0.26 (0.26) 0.24 (0.44)

Mean percentage of Ki-67-positive cells: 0.44% in FNH, 0.53% in normal tissue; mean percentage of PCNA-positive cells 0.18% in FNH, 0.16% in normal tissue.
(−), no normal tissue present.
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correlated with increased intensity of K7 immunoreactivity (Fig. 1C).
In addition, K7-positive single hepatocytes or small groups were also
present within nodules distant from DR. Some small nodules were
even completely K7-positive without clear-cut spatial relationship to
DR. Occasionally, K7-positive/K19-negative hepatocytes were
arranged in single files suggesting an early stage of septum
formation with dissection of nodules into smaller units (Fig. 2A, B).
K19-positive hepatocytes were absent in FNH. Coexpression of K7

and K19 only occurred in cells resembling ductular epithelium.
However, ductular morphology was not consistently associated with
K7/K19 coexpression since the number of K7-positive ductular cells
clearly exceeded K7/K19-positive ones. The latter usually displayed
distinct lumina whereas ductular elements in closer vicinity to the
parenchyma were more often K19-negative. Hepatocytes in ‘bud’-
like arrangement12 were K7-negative in contrast to the surrounding
ductules (Fig. 3). In the surrounding normal liver K7-positive/

Fig. 2 Immunohistochemistry using antibodies to K7 (FNH). A K7-positive hepatocytes aligned in a file associated with inflammation and
fibrosis suggesting an early stage of septum and nodule formation (arrow-heads). Higher magnification in (B).

Fig. 1 Different stages of ductular metaplasia in FNH (immunohistochemistry using antibodies to K7). A Numerous K7-positive
hepatocytes present in a FNH nodule. B Corresponding field in a consecutive H&E-stained section showing morphology and arrangement of
hepatocytes. C K7-positive hepatocytes arranged in plates are in continuity with ductules (interpreted as progressing stage of ductular
metaplasia). D Ductular reaction with inflammatory infiltrate without association with K7-positive hepatocytes (possible final stage of ductular
metaplasia; asterisk indicates nodular parenchyma).
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Fig. 4 Expression of p21 and p16 in hepatocytes and ductules. A Hepatocytes and ductules (inset) in FNH contain p21- positive nuclei
(immunohistochemistry using antibodies to p21). B Quantification of p21- positive cells in FNHs and normal liver tissues (FNH: mean 16.46 ±
SD 3.47; normal liver tissue: mean 7.12 ± SD 5.67; p= 0.014) C–E Immunohistochemistry using antibodies to p16. C FNH nodule partially
surrounded by p16-positive DR; positive spindle cells are present in the septum. D p16-positive DR and weaker cytoplasmic and nuclear p16-
positivity of adjacent hepatocytes. E Plates of p16-positive hepatocytes merging with positive ductules.

Fig. 3 Bud-like arrangement of hepatocytes in association with ductules in FNH. A Bud-like arrangement of hepatocytes in association with
ductules (H&E). B Irregularly arranged anastomosing ductules expressing K7 (immunohistochemistry using antibodies to K7) surround small
groups of K7-negative hepatocytes (asterisk).
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K19-negative hepatocytes were absent (except in one case), and K7/
K19 coexpression was restricted to interlobular bile ducts and
ductules. In one case (No. 5 in Table 1), normal liver in proximity to
FNH contained small groups of K7-positive/K19-negative hepato-
cytes adjacent to ductules in acinar zone 1.
In the majority of FNHs, numerous hepatocytes, with preference

of the nodular periphery and subcapsular regions, as well as
ductular epithelial cells expressed nuclear p21 (Fig. 4A, B). In most
normal livers, p21- positive hepatocytes were significantly less
frequent. Only in two cases (patients No. 8 and 14) the percentage
of p21-positive hepatocytes in normal liver exceeded that in FNH
(Fig. 4B). Interlobular bile ducts in normal liver contained p21-
expressing epithelial cells in variable numbers.
The epithelial cells of the FNH-associated DR consistently

expressed nuclear and cytoplasmic CDK inhibitor 2/p16Ink4a

(p16) (Figs. 4, 5). A weaker p16 immunostaining was also a
feature of hepatocytes, mostly in continuity with the DR (Fig. 4C–E).
However, p16-positive hepatocytes without relationship to DR
were also present in some nodules. Although overlap between
p16- and K7- expressing hepatocytes occurred, p16 positivity was
not consistently associated with K7 expression (Fig. 5A, B). MDBs
were decorated by p16 antibodies in addition to the harbouring
hepatocytes (Fig. 5C–E). p16-positive, mostly spindle-shaped
perisinusoidal cells as well as mesenchymal cells in the connective
tissue surrounding the nodules were observed (Fig. 4C). In normal
liver, hepatocytes, bile ducts, ductules, and mesenchymal cells in
the portal tracts were p16-negative (Fig. 6A), whereas spindle-
shaped perisinusoidal cells were present in variable numbers. A
microhamartoma (Von Meyenburg complex) in the surrounding
liver contained few p16-positive cholangiocytes (Fig. 6B, C). Thus,

p16 immunostaining allowed a clear-cut separation of FNH and
normal liver.
Neural cell adhesion molecule (NCAM) antibodies decorated

ductular cells of the DR in FNH, but not bile ducts of normal liver
(Fig. 6D, E).
Ki-67-expressing hepatocytes and ductular cells were rare in

FNH as well as in normal liver, whereas Ki-67 positive nuclei in
inflammatory infiltrates and sinusoidal cells served as positive
controls. Nuclear PCNA staining of hepatocytes and ductular cells
in FNH was also rare but, if present, more frequent at the nodular
periphery and in subcapsular regions. In normal liver, the
frequency of PCNA-positive hepatocytes, interlobular bile ducts
and ductules was also variable, but not different from FNH
(Table 1).
In frozen sections of FNH in contrast to normal liver, antibodies

to γ-H2AX (Ser139) revealed pronounced granular nuclear staining
mostly of ductular cells, whereas only few surrounding hepato-
cytes displayed positive nuclei (Fig. 7A, B). Nuclei of hepatocytes
and cholangiocytes were immunostained by lamin B1 antibodies
in FNH (Fig. 7C) as well as normal liver.
In FNH, SA β-galactosidase histochemistry revealed distinct blue

granular and needle-like precipitates predominantly in association
with cholangiocytes (Fig. 7D, E) of the DR indicating activity of this
enzyme variant as sign of senescence, whereas hepatocytes, bile
ducts and ductules of normal liver were negative.

DISCUSSION
Morphologically, FNH resembles abnormally structured liver tissue,
particularly rich in abnormal blood vessels and DR, but lacking

Fig. 5 Expression of K7 and p16 in hepatocytes and ductules of FNH. A, B Comparison of K7 and p16 expression in FNH
(immunohistochemistry using antibodies to K7 (A) and p16 (B), respectively, in consecutive sections). Antibodies to K7 (A) react in addition to
ductules with hepatocytes in circumscribed areas (asterisks), whereas p16 antibodies (B) decorate only ductular cells. C Ballooned hepatocyte
with MDB (arrow; H&E). D Macrovesicular steatosis and group of ballooned hepatocytes (asterisk) expressing cytoplasmic and nuclear p16 and
containing p16-positive MDBs. E MDB-containing p16-positive hepatocyte is shown at higher magnification (arrow).
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typical portal tracts with interlobular bile ducts2,3. Arterial
hyperperfusion is regarded responsible for hyperoxygenation
and resulting oxidative stress as was also immunohistochemically
demonstrated by the appearance of the oxidative stress marker 8-
hydroxy-2‘-deoxyguanosine (8-OHdG)1,18,19. Hepatic stellate cell
activation by reactive oxygen species (ROS) may contribute to
fibrosis and scarring19. The pronounced nuclear positivity for γ-
H2AX (Ser139) in FNH-associated DR underlines the presence of a
DNA damage response resulting from oxidative stress20,21.
The significance and pathogenesis of the pronounced DR in

FNH has been debated17,22,23. DR accompanies a variety of chronic
liver diseases; since it is intimately associated with fibrosis and
inflammation it may be a driver of disease progression8,24–29 (cf.29

for further references and information). As discussed by
Desmet14,15, three different types of DR can be distinguished on
the basis of morphology and disease association: type I, mainly
associated with bile duct obstruction consists of elongated pre-
existing ductules, type II results from ductular metaplasia
(transdifferentiation) of hepatocytes, and type III reflects activation
and proliferation of hepatic progenitor cells. In the early stage of
type II DR, normal-sized hepatocytes express (in addition to K8
and K18) K7 without co-expression of K19. With ongoing
transformation of hepatocytes to the cholangiocyte phenotype,
K19 appears in addition14,15,17,29,30. The epithelia in type II DR are
arranged in irregular anastomosing strands vaguely reminiscent of
hepatocyte plates14–17,22,31. Phenotypic transformation of mature
hepatocytes to cholangiocytes has also been shown in animal as
well as in cell culture experiments32–35.28,35.
In previous reports, ductular metaplasia of hepatocytes was

proposed to be responsible for DR in FNH17,31,36. Van Eyken et al.17

observed a variable number of juxtaseptal K7-positive hepatocytes
in close proximity to ductules. According to Iyer et al.36, K7
expression by hepatocytes in FNH was less pronounced and

absent in centrinodular position. Our immunohistochemical
results support these findings since we also observed variable
numbers of K7-positive hepatocytes, from absent to numerous, in
close proximity to DR, but occasionally also in more central parts
of the nodules, distant from DR (Table 1). Our observations
suggest the following steps of maturation during the metaplastic
process: (i) initial expression of K7 in normally sized and arranged
hepatocytes without association with ductules, (ii) gradual
conversion of hepatocytes to the cholangiocytic phenotype along
with progressive dissociation of plates by inflammation and
fibrosis, (iii) appearance of K7/K19-positive ductules embedded in
connective tissue, (iv) further maturation of DR to interlobular bile
ducts may occur, but cannot be proved in our human material.
Roskams et al.37 reported the presence of undifferentiated
progenitor cells in FNH on the basis of immunohistochemical
(positivity for K7, K19, OV6, chromogranin A, NCAM) and electron-
microscopic features, suggesting that progenitor cell activation
also contributes to DR. Single or small clusters of K7-negative
hepatocytes adjacent to cholangiocytes in fibrous septa, as
observed by us in some areas of FNH, are similar to hepatocyte
buds described in cirrhosis by Stueck and Wanless12 and may also
point to progenitor cell origin.
The pronounced expression of the senescence markers p21 and

p16 in hepatocytes and cholangiocytes of FNH may provide
pathogenic hints. However, it has been suggested that p21
expression may be limited to the onset of senescence and does
not necessarily persist in senescent cells. Since p21 is also induced
during transient cell cycle arrest in response to DNA damage, it
should be regarded as a true senescence marker only in
combination with other markers20,21. Persistent stress can activate
p16, contributing to a long-lasting mitotic arrest. p16 is usually
upregulated weeks after the induction of cell cycle arrest and
persists for a longer time period. Therefore, p16 is regarded as one

Fig. 6 Immunohistochemistry of normal liver and FNH using antibodies to p16 and NCAM. A Immunohistochemistry using antibodies to
p16: hepatocytes and bile ducts of normal liver are negative for p16. B, C Microhamartoma (Von Meyenburg complex; asterisk) present in
normal liver contains some p16-positive cholangiocytes (higher magnification shown in C). D Immunohistochemistry using antibodies to
NCAM: cells of DR in FNH express NCAM. E In normal liver bile ducts (arrow-heads) are NCAM-negative. A positive reaction is seen in nerve
fibers (arrow) serving as control.
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of the most specific markers of senescence. But its use as an
in vivo biomarker has also limitations, since p16-independent
senescence can occur in vitro, and eventually p16 may also be
expressed by non-senescent cells20,21,38–40.
Does the expression of p16 and of p21 in hepatocytes and in

the DR of FNH indicate cellular senescence, possibly resulting from
oxidative stress caused by hyperoxygenation?
Several facts support this idea: (i) despite limitations mentioned

above, p16 and p21 still remain acceptable senescence markers
in vivo, particularly if present in combination; (ii) NCAM, which is
expressed in the ductules of FNH (also shown by Roskams et al.37),
is also associated with cellular senescence41,42; (iii) hyperoxygena-
tion resulting from arterial hyperperfusion in FNH is a source of
chronic oxidative stress and an important senescence inducer;
nuclear γ-H2AX positivity of DR cells indicates the presence of a
DNA damage response; (iv) expression of p16 in the DR of FNH is
associated with inflammation and fibrosis, which can be attributed
to components of the senescence-associated secretory phenotype
(SASP) regulated by NF-κB target genes, i.e. proinflammatory
cytokines (IL-6, TGF-β1) and chemokines that activate hepatic
stellate cells21,40; a close link between activation of stellate cells
and fibrosis in the septa and scars of FNH has been demon-
strated43. (v) Senescent cholangiocytes are described in chronic
biliary disorders29,41–44. Therefore, cholestasis could also contri-
bute to senescence in FNH. Of note, p16 positivity of MDBs points
to the role of senescence for the development of these inclusions.
However, loss of lamin B1, which has also been reported as
senescence-associated marker45, was not observed in our studies.
This could be due to the well-known heterogeneity of senescent
phenotypes in different pathologic situations20,21.
In view of the expression of senescence markers, usually in

association with replicative arrest, the rare expression of the
proliferation marker Ki-67 in FNH-associated hepatocytes and
cholangiocytes was not surprising. Our results confirm Nolte et al.
who also reported very low nuclear Ki-67 immunostaining in
FNH46.

The low Ki-67 and PCNA expression in DR as well as in
hepatocytes of FNH is not in line with the usual definition of
hyperplasia as an increase in tissue volume due to increased cell
number caused by mitotic division. However, this finding is in

Fig. 7 Demonstration of γ-H2AX, lamin B1, SA β-galactosidase activity in FNH. FNH: Immunofluorescence microscopy using antibodies to
γ-H2AX (A, B) and to lamin B1 (C). A Expression of γ-H2AX predominantly in nuclei of ductules (arrow). B Higher magnification of the DAPI-
stained section: the nuclear location of γ-H2AX in the ductular cholangiocytes (red granules in blue background) is evident. C Expression
of lamin B1 in nuclei of cholangiocytes (arrow) and hepatocytes. D, E Activity of SA-β-galactosidase in FNH is indicated by the blue
granular precipitates restricted to ductular cholangiocytes. Steatotic hepatocytes in the neighbourhood (D) and connective tissue
(asterisk in E) are negative.

Fig. 8 Proposed mechanism of FNH development: local hyperox-
ygenation and oxidative stress induce senescence in hepatocytes
and cholangiocytes. Transdifferentiation of hepatocytes to cholan-
giocytes may occur in combination with K7 expression and ductular
metaplasia. The SASP responsible for fibrosis and inflammation
while inhibiting apoptosis is leading to increased tissue volume
observed in FNH, without necessitating increased proliferation.
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accordance with ductular metaplasia since K7-positive hepato-
cytes present in various types of liver diseases lack
proliferation47.
In conclusion, we provide evidence that FNH is associated

with cellular senescence of hepatocytes and cholangiocytes. K7
positivity of hepatocytes as well as senescence of hepatocytes
and cholangiocytes could be regarded as indicators of progres-
sion of the fibrosing and inflammatory process as described in
other chronic liver diseases8,26,27,33,40,48. Moreover, since senes-
cence is accompanied by resistance to apoptosis21,40, the lack of
apoptotic cell drop-out together with increased fibrosis and
inflammation as a result of the SASP could instead of
proliferation be responsible for the increased tissue volume
and tumour-like appearance of the lesion (Fig. 8). Activation of
progenitor cells may, in addition, be a contributing factor. In the
DR also ductules with patent lumina lined by cuboidal
epithelium were observed which are reminiscent of interlobular
bile ducts. We, therefore, speculate that the occasional regres-
sion observed in aged FNH could result from dissection of
nodules by newly developed septa, appearance of regular portal
tracts via maturation of DR to interlobular bile ducts, and thus
gradual restoration of normal liver architecture.

DATA AVAILABILITY
All data are contained in the paper and the Supplementary Material.
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