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Abstract

Background and Aims: Hepatocellular ballooning is a com-
mon finding in chronic liver disease, mainly characterized by
rarefied cytoplasm that often contains Mallory-Denk bodies
(MDB). Ballooning has mostly been attributed to degenera-
tion but its striking resemblance to glycogenotic/steatotic
changes characterizing preneoplastic hepatocellular lesions
in animal models and chronic human liver diseases prompts
the question whether ballooned hepatocytes (BH) are dam-
aged cells on the path to death or rather viable cells, possibly
involved in neoplastic development. Methods: Using speci-
mens from 96 cirrhotic human livers, BH characteristics were
assessed for their glycogen/lipid stores, enzyme activities,
and proto-oncogenic signaling cascades by enzyme- and
immunohistochemical approaches with serial paraffin and
cryostat sections. Results: BH were present in 43.8% of
cirrhotic livers. Particularly pronounced excess glycogen stor-
age of (glycogenosis) and/or lipids (steatosis) were charac-
teristic, ground glass features and MDB were often observed.
Decreased glucose-6-phosphatase, increased glucose-
6-phosphate dehydrogenase activity and altered immunore-
activity of enzymes involved in glycolysis, lipid metabolism,
and cholesterol biosynthesis were discovered. Furthermore,
components of the insulin signaling cascade were upregulat-
ed along with insulin dependent glucose transporter glucose
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transporter 4 and the v-akt murine thymoma viral oncogene
homolog/mammalian target of rapamycin signaling pathway
associated with de novo lipogenesis. Conclusions: BH are
hallmarked by particularly pronounced glycogenosis with fac-
ultative steatosis, many of their features being reminiscent
of metabolic aberrations documented in preneoplastic hepa-
tocellular lesions in experimental animals and chronic human
liver diseases. Hence, BH are not damaged entities facing
death but rather viable cells featuring metabolic reprogram-
ming, indicative of a preneoplastic nature.
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Introduction

Hepatocellular ballooning is a common but poorly understood
alteration observed with a variety of acute and chronic con-
ditions, such as alcoholic hepatitis, nonalcoholic fatty liver
disease (NAFLD) and steatohepatitis (NASH), viral hepatitis,
autoimmune hepatitis, chronic cholestasis, and toxic liver in-
jury.1-> Ballooned hepatocytes (BH) are characterized by a
rarefied edematous cytoplasm and a distinct diagnostic fea-
ture of NAFLD and NASH,> which are chronic liver diseases
associated with the metabolic syndrome and the risk of pro-
gression to fibrosis, cirrhosis and hepatocellular carcinoma
(HCC),%7 including clear-cell and steatohepatitic HCC.8°
NAFLD-associated HCC may appear against a noncirrhotic
background.10-13 Host metabolic status is also a major de-
terminant of progression to HCC in cases of chronic hepatitis
B virus (HBV) or hepatitis C virus (HCV) infections.14:15

Most authors have interpreted hepatocellular ballooning as
a sign of degeneration, increased fluid in the cytosol!® caus-
ing lytic,1” apoptotic® or oncotic cell death.1® Accumulation
of fat droplets may be a feature® with phospholipid-rich shells
containing oxidized phosphatidylcholine and alterations of
so-called “PAT” proteins regulating insulin-sensitive droplet
lipase activity.29.21 In NASH, lipotoxic effects have been sug-
gested to elicit ballooning and apoptosis of hepatocytes.1® BH
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Table 1. Underlying diseases in the 96 cirrhotic liver cases

Liver cirrhosis n/N (%)
Alcoholic 35/96 (37)
Posthepatitic: HBV 15/96 (16)
Posthepatitic: HCV 27/96 (28)
Posthepatitic: autoimmune 3/96 (3)
Biliary: PBC, PSC 7/96 (7)
Cryptogenic 7/96 (7)
Other 4/96 (4)

of NAFLD patients were found to be strongly immunoreac-
tive for sonic hedgehog, the level of expression correlating
with the severity of liver damage, including hepatocellular
ballooning.22 However, caspase 9, a pivotal enzyme for mito-
chondrial pathway of apoptosis, is diminished in BH.23 Thus,
BH may not be damaged cells on the path to cellular demise,
but rather functional in nature. Many BH contain Mallory-
Denk bodies (MDB),2-5> which can be induced experimentally
in rodents by carcinogens and have been discussed as possi-
ble indicators of preneoplasia.2* Whereas cytokeratins (CKs)
8/18 are predominant components of MDB, the remaining
cytoplasm of BH shows a loss of CK8/18* as previously ob-
served in preneoplastic clear glycogenotic hepatocytes.25
The striking resemblance of hepatocellular ballooning to
acquired glycogenotic/steatotic changes characterizing pre-
neoplastic and highly differentiated neoplastic clear and
acidophilic (eosinophilic) cell populations discovered in ex-
perimental chemical,2® hepadnaviral?’.28 and hormonal29.30
hepatocarcinogenesis have remained largely unconsidered,
despite corresponding changes being well documented in hu-
mans.8:30-37 This also holds true for the hypertrophy of the
smooth endoplasmic reticulum (SER) in eosinophilic ground
glass hepatocytes (GGH).8:30-33 The complexity of BH feature
recognition due to a lack of appropriate biomarkers has been
emphasized in recent considerations on the application of ar-
tificial intelligence-based imaging for diagnosis of NAFLD.38:39
We previously proposed that human BH may be particu-
larly enlarged glycogenotic clear, acidophilic hepatocytes
corresponding to those of preneoplastic cell populations in
animal models.8 We have tested that hypothesis using cyto-
morphological and cytochemical approaches. We realize that
the cirrhotic livers investigated did not include cases of NAFLD
and NASH, but the phenotypic similarity of hepatocellular bal-
looning in various chronic liver diseases, particularly the con-
sistent decrease in CK8/18, the frequent occurrence of MDB,
and recent findings in patients suffering from NAFLD justify
the inclusion of these diseases as detailed in the discussion.

Methods

Liver specimens

Liver tissues were provided by the tissue bank of the Nation-
ales Centrum fiir Tumorerkrankungen (NCT, Heidelberg, Ger-
many; Project No. 2233) in accordance with regulations and
with approval of the ethics committee of the University of
Heidelberg. Samples were obtained from 96 explanted livers
of patients with liver cirrhosis due to various chronic liver dis-
eases, including alcohol abuse, HBV or HCV infection, auto-
immune hepatitis, primary biliary and/or sclerosing hepatitis,
Morbus Byler or Wilson disease, and congenital liver fibrosis,
as summarized in Table 1.

Tissue processing

Liver sampling was conducted within 45 minutes after explan-
tation. Specimens were routinely fixed in Carnoy’s solution
and embedded in paraffin.33 For Qil-red-O staining, enzyme
histochemistry, and immunohistochemistry, slices of ap-
proximately 1.5 x 1.5 x 0.5 cm were immediately frozen in
—120°C isopentane and stored at —80°C. Serial 2-3 pym se-
rial sections were stained with hematoxylin and eosin (H&E),
and used for the demonstration of glycogen by the periodic
acid Schiff reaction (PAS) or histochemical staining with vari-
ous antibodies. To avoid any elution of glycogen during the
preparation of the paraffin sections for the PAS reaction, 70%
ethanol was used instead of the conventional water bath.
Serial 10 pm cryostat sections of representative cases were
used for staining with H&E, Oil-red-O, the PAS-reaction, and
the enzyme- or immunohistochemical assay of G6Pase by
the lead method?*® and G6PDH by the nitro blue tetrazolium
method.*! Serial cryostat sections were also incubated with a
battery of primary antibodies listed in Supplementary Table
1. They were aldolase A, CK18, fatty acid synthase (FASN),
3-hydroxy-3-methylglutaryl-CoA-reductase (HMGCoAR), glu-
kokinase (IGLK), insulin receptor, insulin receptor substrate 1
(IRS1), v-akt murine thymoma viral oncogene homolog (Pan-
Akt), extracellular related kinase (PanERK), pyruvate kinase
2 (PKM2), phosphorylated mammalian target of rapamycin
(p-mTOR), Ras, rafl, and stearoyl-CoA desaturase (SCD1).
Endogenous peroxidase was quenched with 1% hydrogen
peroxide and positive reactivity was identified using an Ultra-
vision LP detection system, alkaline phosphatase polymer, and
fast red chromogen or horseradish peroxidase polymer and
diaminobenzidine as chromogen substrates (Thermo Fisher
Scientific, Waltham, MA, USA). Formalin-fixed, paraffin-em-
bedded serial sections (5 pm thick) were immunostained for
antigens with an automated system (Leica Biosystems, Wet-
zlar, Germany). Signal intensity in ballooned hepatocytes was
estimated semiquantitatively by comparison with correspond-
ing surrounding unaltered liver tissue. For negative controls,
primary antibodies were omitted.

For western blotting, primary antibodies against p-Akt
(S473), pan-Akt, PKM2, H-Ras, Erk1/2, IRS1, p-mTOR, and
beta-actin were used (details are given in Supplementary
Table 2). For quantitative real-time polymerase chain reac-
tion (qQRT-PCR), primers for human ERK1, ERK2, IRS1, KRAS,
HRAS, FASN, PKM2, AKT1, AKT2 and ribonucleic acid ribo-
somal 18S (RNR-18) genes were used as the housekeeping
control. Details are given in Supplementary File 1.

Electron microscopy

Cryostat sections (50 pm thick) were fixed in 2.5% glutaral-
dehyde and cut into 2 mm?2 pieces with a razor blade and em-
bedded in Glycid Ether 100. Sectioning with a Leica ultratome
to 500 and 750 nm thick semithin sections was followed by
staining as described by Richardson et al.42 Ultrathin 70-90
nm sections were contrasted with uranyl acetate and lead
citrate and examined with a Libra 120 electron microscope
(Carl Zeiss, Jena, Germany).

Quantification of BH, GGH and MDB

Fractions (%) of BH and GGH, were evaluated in H&E sec-
tions from 37 representative cases with BH, and from 15
representative cases with GGH. The average volume frac-
tion was semiquantitatively estimated from the fraction of
all H&E-stained hepatocytes at x100 magnification, using
a NIKON DS-2MV digital camera and NIKON NIS Elements
Imaging Software Package 4.0. Percentage (%) was calcu-
lated as the number of BH /total numbers of hepatocytes
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Fig. 1. Serial paraffin sections of cirrhotic liver from a patient with alcoholic steatohepatitis. (A) Parenchymal portion showing ballooned (right part) in con-
trast to normal hepatocytes (left part) (B) higher magnification showing many ballooned hepatocytes with clear or slightly eosinophilic (ground glass) cytoplasm and
prominent nuclei (H&E), corresponding (D) to loss of expression of CK18; and (E) excessive storage of glycogen (PAS). Serial paraffin sections of cirrhotic liver from
an HBV case are shown. Group of ballooned hepatocytes with typical clear cytoplasm, highly condensed nuclear chromatin (C, H&E) and massive glycogen content (F,
PAS). Labeled scale bars are included in every picture.

x100 and number of GGH/total number of hepatocytes
%x100. MDB occurrence was reported as 1 for present and 0
for not present.

Results

Frequency, morphology and ultrastructure of BH,
MDB, and GGH

BH and MDB: BH (Figs. 1, 2) were detected in 42 of the 96
explanted cirrhotic livers (44%). Of the positive cases, 30%
were associated with alcoholic steatohepatitis, 24% with
HBV, 16% with HCV and 14% with chronic cholangitis (Sup-
plementary Table 3). BH were also detected in glycogenotic
clear-cell and steatohepatitic HCC (Fig. 3A, B). BH may be
associated with inflammatory infiltrates but frequently ap-
peared without any spatial relationship to inflammatory cells.

The average volume fraction of BH in the liver parenchyma
was 14 £ 2.4 vol. % (mean £ SEM). The cytoplasm of BH
was mostly clear, or weakly eosinophilic (ground glass fea-
ture) after staining with H&E, and was strongly positive for
glycogen, Characteristically, BH formed small foci or stood
out as particularly pronounced glycogenotic cells within ex-
tended parenchymal areas composed of less altered glycog-
enotic clear and/or ground glass cells (Fig. 1). In relatively
glycogen-poor cirrhotic nodules, BH were predominantly
lined up near the fibrotic septae (Fig. 2). Electron micro-
graphs showed a massive accumulation of glycogen alpha
particles in the cytoplasmic matrix (Fig. 4A, B) in GGH, often
located in the immediate vicinity of SER-membranes. The
pronounced accumulation of the glycogen with and without
SER-proliferation resulted in marked cellular enlargement
and pushed the rough endoplasmic reticulum (RER) and as-
sociated mitochondria to peripheral and paranuclear regions.

Glycogen accumulation was frequently accompanied by the
appearance of lipid droplets (Fig. 4A). MDB were detected in
16 of 96 liver specimens (17%), most frequently in cases of
alcoholic steatohepatitis (44%) and HCV (31%) and but in
smaller amounts in cases of HBV (13%) and chronic chol-
angitis (13%) (Supplementary Table 3). MDB occurred in
the cytoplasm of BH as amorphous hyaline structures, high-
lighted by ubiquitin staining (Fig. 2D, E) appearing as elec-
tron dense, tightly arranged fuzzy filaments under in elec-
tron micrographs (Fig. 4A, f). Figure 3A shows a particularly
impressive case of glycogenotic clear-cell HCC characterized
by extensive populations of large BH (Fig. 3A, a, c, d) stor-
ing excess glycogen (b) and occasionally also containing fat
vacuoles and MDB (Fig. 3A, d). Transition from large gly-
cogenotic BHs to smaller, slightly basophilic neoplastic cell
populations poor in or free of glycogen, were evident (Fig.
3A, c, d).

GGH: GGH characterized by a homogeneous or reticular
eosinophilic, more or less PAS-positive cytoplasm (Figs. 1B,
D, and 2D, F) were present in 15 of 96 (16%), with the high-
est rates in cases of HBV (33%) or HCV (27%), alcoholic ste-
atohepatitis (13%), and in one case each of primary biliary
cholangitis (PBC) and Morbus Byler (Table 2) with an average
volume fraction of 17.7 + 4.6 vol. % (mean = SEM). Inter-
mediate forms between clear glycogenotic BH and GGH were
evident in many places (Fig. 2D, F). Compared with clear
glycogenotic BH, the glycogen content of GGH was usually
less pronounced, but significant amounts of glycogen par-
ticles were evident (Fig. 4B, a) often near SER-membranes
(Fig. 4B, b). Glycogen-rich hepatocytes containing “ergasto-
plasm pockets” were observed,3° poor in, or completely free
of, glycogen particles, but rich in ribosomes (Fig. 4B, c, d).

Enzyme histochemistry
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Fig. 2. Serial paraffin sections of cirrhotic liver from an HBV case. The portion of a cirrhotic nodule is shown containing several large ballooned hepatocytes with
clear cytoplasm (A, B, H&E) excess glycogen storage (C, PAS) with fat vacuoles, sometimes also MDB in addition (A, H & E, arrows). Serial paraffin sections of cirrhotic
liver from a patient with alcoholic steatohepatitis are shown. Several ballooned hepatocytes show clear cytoplasm and often also MDB (arrows) (D, H&E) positive for
ubiquitin staining (E). In addition, eosinophilic GGH with variable glycogen content (F, PAS). Labeled scale bars are included in each picture.

G6Pase activity was decreased in glycogenotic BH compared
with hepatocytes in the parenchyma of control livers. In con-
trast, G6PDH activity, the rate limiting enzyme of the pentose
phosphate pathway, was strongly increased (Fig. 5).

Immunohistochemistry, western blot, and qPCR

Human clear-cell foci (CCF) of the liver, which have been de-
scribed by our group,3* store large glycogen particles and up-
regulate proto-oncogenic pathways like AKT/mTOR, Ras/raf
and metabolic alterations, with upregulation of glycolysis and
lipogenesis. Due to the morphologic similarity of hepatocytes
in CCF to BHs we investigated analysis of these proteins also
in BH: In serial cryosections, pronounced glycogen storage
in BH was correlated with changes in carbohydrate and lipid
metabolism, including increased immunoreactivity of the gly-
colytic enzymes glucokinase (IGLK), aldolase A and PK-M,,
enzymes of lipid biosynthesis FASN and SCD1, and choles-
terol biosynthesis (HMGCoAR). In addition, several molecular
changes related to insulin signaling pathways were observed,
including enhanced immunoreactions compared with the sur-
rounding liver parenchyma were noted for the insulin recep-
tor, IRS1, Ras, raf-1, PanERK, the insulin dependent glucose
transporter GLUT4, and AKT/mTOR (Fig. 6). Overexpression
of pAKT, PKM2, H-Ras, Erk1/2 and IRS1 was also found by
western blotting and quantification of cDNA revealed higher
levels of PKM2, FASN, IRS1, HRAS and ERK1,2 in liver speci-

men with BH in comparison to control liver tissue without BH
(Supplementary Figs. 1 and 2).

Discussion

In agreement with previous studies, considerably enlarged
(ballooned) hepatocytes (BH) with clear, vacuolated or eosin-
ophilic cytoplasm, pronounced loss of CK8/18, and frequent-
ly harboring CK8/18-containing MDB, were found to be com-
mon in cirrhotic livers of patients with various chronic liver
diseases. After appropriate preservation during preparation,
we were able to demonstrate that the typical appearance
of BH was mainly due to particularly pronounced excessive
storage of glycogen (glycogenosis), often associated with
steatosis and ground glass features. According to biochemi-
cal studies, the capacity of hepatocytes to store glycogen
is limited, and glucose that cannot be stored as glycogen is
converted to fat by de novo lipogenesis.*3:44 In principle, the
phenotype of BH corresponds to that of usually less enlarged
glycogenotic/steatotic hepatocytes described as frequent
components of preneoplastic focal and premalignant nodular
liver lesions developing in various chronic liver diseases.32
The morphological, enzyme- and immunohistochemical
characteristics of BH all point to similarities with focal pre-
neoplastic liver lesions in animal models of chemical, hormo-
nal, and viral hepatocarcinogenesis, characterized by con-
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Fig. 3. Findings in hepatocellular carcinomas with gylcogenos and steatosis. A: Serial paraffin sections of glycogenotic clear-cell HCC from an HCV case. Tumor
portions containing many ballooned clear cells (a, H&E) excessively storing glycogen (b, PAS), and showing gradual transitions from clear glycogenotic to glycogen poor,
slightly basophilic tumor cells (c, H&E) occasionally containing MDB (arrows) (d, H&E). B: Serial paraffin sections of hepatocellular carcinoma with steatohepatitic fea-
tures. Ballooning of clear neoplastic hepatocytes (a and square with higher magnification in b, H&E), occasionally containing MDB as demonstrated by ubiquitin staining
(c), and showing excessive storage of glycogen, some fat vacuoles (d, PAS), and loss of cytokeratin 18 expression (e). Labeled scale bars are included in each picture.

sistent activation of insulin dependent glycogenotict>-48 and
lipogenic pathways,%84° and an early elevation of glucose-
6-phosphate (G6P), a central metabolite channeling glucose
into the different pathways of carbohydrate metabolism.4>

In line with these findings, cultured human hepatocytes and
hepatoma cells lacking CK8/18 have an elevated glucose up-
take, G6P formation and glycogen production compared with
their counterparts containing CK8/18. These effects are fur-
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Fig. 4. Serial semithin resin sections of cirrhotic liver from patients with HBV observed by microscopy. Ultrastructural findings. (A) Ballooned hepato-
cytes with strong PAS-positive cytoplasm (a), corresponding to glycogen particles (G) in the cytoplasm (b), magnified segment square in (c). (d) Accumulation of
glycogen as alpha particles in the cytoplasmic matrix and as beta particles in glycogenosome (*). (e) Combination of glycogen accumulation and lipid droplets. (f)
MDB with tightly arranged fuzzy filaments. (B) Portions of GGH showing extended SER (a and square with higher magnification in b, arrows) alternating with layers of
alpha or beta glycogen particles. Glycogen-rich hepatocytes with formation of unusual RER complexes (ergastoplasma pockets) which are poor in, or completely free
of, glycogen particles but rich in ribosomes. ¢, and with higher magnification in d, arrows). Labeled scale bars are included in each picture. MDB, Mallory-Denk bodies.

ther increased by activation of the insulin signaling cascade
through the mTOR-dependent pathway, along with an aug-
mentation in cell proliferation.>?

The combination of glycogenosis and SER-hypertrophy in
BH corresponds to observations in preneoplastic or highly
differentiated neoplastic cell populations in animal mod-
els,30.26-28 human inborn glycogenosis type 1 (GSD I)5! and
focal and nodular lesions in chronic human liver diseases.2*
Evidence for a metabolically active G6P pool in the lumen of
liver microsomal vesicles and a reversible G6P transporter
in liver microsomal membranes has been provided.52:53 In
GSD I, microsomal vesicles contain relatively high intravesic-
ular G6P levels,52 suggesting that accumulation of G6P and
SER-hypertrophy are closely related. The pronounced accu-
mulation of glycogen, with and without SER-proliferation, in
BH pushes the remaining organelles to peripheral and para-

nuclear parts of the cytoplasm, leading to a dislocation and
relative reduction of the RER and mitochondria, possibly con-
tributing to the miscommunication which has been proposed
as an early and causal trigger of hepatic insulin resistance
and steatosis.>* High frequency and long persistence of bal-
looning hepatocytes has actually been shown to be associat-
ed with glucose intolerance in patients with severe obesity.5>

Acquired hepatocellular glycogenosis in animal models of
hepatocarcinogenesis and chronic human liver diseases finds
a counterpart in different types of GSD, such as GSD I due
to G6Pase deficiency and GSD VI triggered by a genetic de-
fect of glycogen phosphorylase, both conveying a high risk
of hepatocellular adenomas and carcinomas.830.51 GSDI has
been modeled in mice by targeted deletion of the G6Pase
gene eliciting glycogenosis, steatosis, and eventually hepa-
tocellular neoplasms.>%
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Cirrhotic etiology BH, n/N (%)

MDB, n/N (%) GGH, n/N (%)

Liver cirrhosis 42/96 (44)
Alcoholic 11/42 (30)
Posthepatitic: HBV 6/42 (16)
Posthepatitic: HCV 9/42 (24)
Posthepatitic: autoimmune 1/42 (3)
Biliary: PBC, PSC 5/42 (14)
Cryptogenic 3/42 (8)
Others 2/42 (5)

16/96 (17) 15/96 (16)
7/16 (44) 2/15 (13)
2/16 (13) 5/15 (33)
5/16 (31) 4/15 (27)
0/16 (0) 0/15 (0)
2/16 (13) 1/15 (7)
1/16 (6) 3/15 (20)
0/16 (0) 1/15 (7)

For acquired murine glycogenosis, it has been shown that
the early decrease of G6Pase and glycogen phosphorylase
activities is maintained during progression to hepatocellular
neoplasms. Ever increasing activities of G6PDH and glyco-
lytic enzymes indicate a fundamental metabolic shift toward
the pentose phosphate pathway and the Warburg-type gly-
colysis, providing energy and precursors for nucleic acid
synthesis and cell proliferation.*> Cytomorphological corre-
lates of this metabolic reprogramming are gradual reduction
of the glycogen initially stored in excess, frequent transient
steatosis, and increase in ribosomes (basophilia) typical for
the advanced neoplastic phenotype.3? In mice exposed to
diethylnitrosamine or subjected to a liver-specific knock-
out of G6Pase, the accumulated glycogen has been shown
to undergo liquid-liquid phase separation and formation of
glycogen-liquid droplets, which via inhibition of Hippo signal-
ing stimulates cell proliferation and promotes hepatocarcino-
genesis.>’ Elimination of glycogen accumulation abrogated

tumor development, whereas increasing glycogen storage
accelerated tumorigenesis.

In BH, glycogenosis is associated with high expression of
glycolytic enzymes, corresponding to the glycogen shunt,
which couples glycogen synthesis and breakdown path-
ways to the Warburg effect.>8 During the progression from
preneoplastic glycogenotic to glycogen-poor neoplastic cell
populations, this process is linked to an isoenzyme shift
from the pyruvate kinase characteristic of normal hepato-
cytes (PK-M;) to PK-M,,4>3 which is critical for regulating
the glycogen shunt flux.58 A regulatory mechanism of the
glycogen shunt implicated in metabolic reprogramming has
also been observed in Mycl knockout mice and hepatic cell
lines, showing progressive accumulation of glycogen and
a redistribution of glucose from glycogen to other meta-
bolic pathways, including the pentose phosphate pathway
and glycolysis.®0 In addition to pyruvate kinase, hexoki-
nase undergoes an isoenzyme shift during neoplastic pro-

Fig. 5. Serial cryostat sections of cryptogenic cirrhotic liver and normal liver specimens comparing histological and enzyme histochemical properties.
Cirrhotic liver nodule with ballooned hepatocytes (A, H&E) showing decreased activity of glucose-6-phosphatase (B) and increased activity of glucose-6-phosphate
dehydrogenase (C) compared with normal liver parenchyma (D, H&E) (E and F). Labeled scale bars are included in each picture.
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PanAKT PanERK " Raf-1

Fig. 6. Serial cryostat sections of part of a cirrhotic liver nodule from a HBV case. Several ballooned hepatocytes (H&E) with excess stored glycogen (PAS)
and/or fat (Oil red) and showing overexpression of glucose transporter GLUT4, insulin receptor, IRS1, the glycolytic enzymes IGLK, aldolase A, PKM2, lipogenic en-
zymes like SCD1, FASN, HMGCoAR and upregulation of the proto-oncogenic pathways AKT/mTOR, ras/raf-1 and PanERK. The labeled scale bar included in H&E picture
is representative of all images. H&E, hematoxylin and eosin; PAS, periodic acid Schiff reaction; GLUT4, glucose transporter 4; IRS1, insulin receptor substrate 1; IR,
insulin receptor; IGLK, iso-glukokinase; PKM2, pyruvate kinase 2; SCD1, stearoyl-CoA desaturase; FASN, fatty acid synthase; HMGCoAR, 3-hydroxy-3-methylglutaryl-
CoA-reductase; AKT, v-akt murine thymoma viral oncogene homolog; ERK, extracellular related kinase.

gression. The low-affinity hexokinase (glucokinase/HK 1V),
is replaced by the high affinity hexokinase (HKII) during
neoplastic transformation of rat hepatocytes in vivo and in
vitro.4> Evidence for heightened HKII in human hepatocel-
lular dysplasia and HCC also exists.6!

In most animal models, glycogenotic/steatotic or purely
steatotic hepatocytes appear only at later time points dur-
ing progression from the initial hepatocellular glycogeno-
sis to poorly differentiated HCC.28:30 Similar observations
were made in type 2 diabetes and GSD I, which are both at
high risk of neoplastic development.8:44 Thus, dysfunction of
glucose metabolism may progress to NAFLD and eventually
lead to hepatocellular neoplasms, suggesting that the com-
bination of glycogenosis and steatosis, or steatosis alone,
in BH are secondary rather than primary metabolic changes
occurring predominantly during progression. Applying the
PAS-reaction to paraffin sections of routinely processed liver
biopsies from more than 2,000 children and adult patients,
Allende et al.®2 found that a focal or diffuse glycogenosis
of the liver parenchyma is common in NAFLD. They also
observed BH with a particularly pronounced excessive stor-
age of glycogen, but in contrast to our observations the

large majority of BH did not contain visible glycogen. Sta-
tistical evaluation revealed that glycogenosis was inde-
pendently associated with a high grade of ballooning, and
the presence of MDB and decreased steatosis and fibrosis.
Hence, the authors concluded that glycogenosis may have
a protective effect on disease progression. We would infer
from the findings in different animal models, human type 2
diabetes, and GSDI8&*4 that glycogenosis without steatosis
and fibrosis indicates an earlier stage. The discrepancy in
our observations and inference may be due to methodo-
logical differences in tissue preparation. Whereas Allende
and colleagues used routinely processed liver biopsies col-
lected from different laboratories, our specimens were not
only fixed in Carnoys solution preserving the glycogen, but
were also cut and further processed without water contact
to avoid elution.

Observations in both human and animal models agree that
hepatocarcinogenesis may proceed with or without liver fi-
brosis and cirrhosis, depending on the severity of accompa-
nying unspecific necroinflammatory changes elicited by the
respective oncogenic agents.3! The fact that HCC in chronic
liver diseases, including NAFLD and NASH,°-12 frequently ap-
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pear without a background of fibrosis or cirrhosis implies that
it is the metabolic dysfunction in altered hepatocytes, rather
than the facultative necroinflammatory changes resulting
in fibrosis and cirrhosis, which are essential for neoplastic
development. The demonstration of pronounced glycogen-
otic and steatotic metabolic aberrations in BH comparable
to those emerging early during hepatocarcinogenesis under
a variety of conditions strongly suggests a preneoplastic or
early neoplastic nature. Pronounced glycogenosis may serve
as an appropriate biomarker for BH, particularly solving the
dilemma recently emphasized by Li et al.3° to distinguish BH
from hepatocellular edema.
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