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Western diet in ApoE-LDLR double-deficient mouse
model of atherosclerosis leads to hepatic steatosis,

fibrosis, and tumorigenesis

Marian Kampschulte', Christiane Stéckl’, Alexander C Langheinrich?, Ulrike Althhn', Rainer M Bohle?,
Gabriele A Krombach', Philipp Stieger®, Yuri Churin®, Sandra Kremer?, Christian Dierkes®, Timo Rath>’, Elke Roeb”

and Martin Roderfeld®

Nonalcoholic fatty liver disease has been linked to cardiovascular diseases and atherosclerosis. The aim of the current
study was to characterize the hepatic pathology leading to fibrosis and tumors in a murine model of atherosclerosis.
Male apolipoprotein E/low-density lipoprotein receptor double-knockout mice (AL) mice were fed with a high fat and
high cholesterol western diet for 35 weeks (AL mice on WD). Protein and mRNA analysis as well as micro-computed
tomography (micro-CT) were performed to assess oxidative stress, liver damage, inflammation, fibrosis, signaling
pathways, vascularization, and tumorigenesis. Controls were chosen to distinguish between genetically and dietary
effects in steatohepatitis and associated tumorigenesis. Hepatic inflammation and dyslipidemia were increased in AL mice
on WD compared with wild-type mice on WD. Uniquely, AL mice on WD showed a spontaneous development of tumors
(30% of cases) and thickening of intrahepatic vessel walls. Functionally relevant underlying signaling pathways such

as NF-xB, Stat3, JNK, and AKT were differentially regulated between AL and wild-type mice on WD. Micro-CT was capable
of visualizing and quantitatively distinguishing tumor neovascularization from vascularization in non-neoplastic liver
tissue. AL mice on WD diet represent a novel model combining atherosclerosis and nonalcoholic fatty liver disease.
Signaling pathways of liver cell damage and compensatory liver regeneration in combination with enhanced
inflammation appear to be crucial for the spontaneous development of tumors in AL mice on WD. Micro-CT represents
a new and powerful technique for the ultrastructural and three-dimensional assessment of the vascular architecture

of liver tumors.
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Nonalcoholic fatty liver disease (NAFLD) is an emerging
important public health problem across the globe and is
associated with high risk for cardiovascular disease in adults
and children.! NAFLD encompasses a continuum of diseases,
including simple steatosis and non-alcoholic steatohepatitis
(NASH) as a necroinflammatory disease of the liver. NAFLD
and NASH became epidemic in western countries.
Depending on the screening tool and when the study was
performed, the estimated prevalence of NAFLD ranges from
2.8 to 46%.>> Importantly up to 25% of NAFLD patients
develop NASH, and in approximately one-third of NASH
patients there is slowly progressive liver fibrosis leading to
cirrhosis.#> In 1998, the ‘“two hit’ theory of disease

pathogenesis was proposed in which lipid accumulation
and steatosis as first hit sensitizes the liver to a variety of
second hits (eg, oxidative stress) that lead to necroinflam-
mation and fibrosis.® Recent experimental data suggest,
however, that dietary cholesterol intake rather than existing
liver steatosis represents a major risk for the development of
NASH.” Dyslipidemia is, apart from obesity and diabetes
mellitus type II, another important risk factor for the
development of NAFLD.®

To improve our understanding of pathomechanisms
underlying NAFLD-associated vascular diseases, animal
models resembling both pathologies are urgently needed.
These models require the existence of defined criteria for
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NAFLD, such as hepatic steatosis, inflammation, fibrosis,
liver cell damage, metabolic changes, and risk factors.

ApoE~'~-LDLR~’~ (AL) mice are currently established
in atherosclerosis research,’ and although inflammation in
AL mice has been demonstrated in various organs, little is
known about hepatic disease in these mice. The aim of the
present study was to provide a detailed characterization of
the hepatopathy in AL mice on C57Bl/6 background on
western diet (WD), including analysis of signaling pathways,
which were associated with cancerogenesis.!®~'? Within this
new model for both atherosclerosis and NAFLD, we further
assessed the value of quantitative micro-CT for vascular
imaging within neoplastic liver pathologies.

MATERIALS AND METHODS
Animal studies were performed according to the ‘German
Animal-Protection Law’ (1993) and approved by the in-
stitutional animal care and use committee. Ten AL mice
(B6.129-Apoetm1Unc Ldlrtm1Her/], Jackson Laboratory, Bar
Habor, USA) and five wild-type (WT) mice (C57Bl/6) were
fed for 35 weeks with a cholesterol (5%) and fat (21%) en-
riched WD (SSNIFF, Soest, Germany #EF TD88137, com-
position of diets: Supplementary Table S1). Five AL
littermates and six C57Bl/6 mice of the same age received a
regular diet (RD) and served as controls (Supplementary
Figure S1). All experiments were performed with male mice.
Mice were allocated randomly to experimental groups.
Fresh liver tissue and blood samples were obtained from
five WD-fed AL and WT mice and from five standard-fed AL
and six C57BL/6 mice with RD. Serum was examined for
ALT, AST, AP, triglycerides, and cholesterol levels utilizing the
Reflotron-system (Roche, Mannheim, Germany).

qRT-PCR

mRNA isolation, cDNA synthesis, quantitative real-time
PCR, quality control, and data analyses were performed as
described before.!3

Western Blotting

Total liver lysates were immunoblotted using antibodies
against fatty acid synthetase (FASN), f-actin, phospho-
SAPK/JNK, AKT, IxB, phospho-STAT3, STAT3, phospho-
AKT (preceding antibodies from Cell Signaling/NEB,
Frankfurt, Germany), and NF-xB/p65 (BioLegend, Fell,
Germany).

Histology

Specimens were embedded in paraffin, serial sectioned at
6-um slice thickness, and stained with H&E, Oil Red O, and
Masson-Goldner trichrome. Histomorphometric analysis of
hepatic grading and staging and steatosis scoring were asses-
sed by a liver pathologist (CD) on semiquantitative scores,
as published elsewhere.!4"1® To assess levels of superoxide
anions, freshly prepared frozen sections were stained with
dihydroethidine hydrochloride as previously described.!”
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Immunohistological Analysis

Immunostaining on cryoslices was performed using MMP-9
(R&D Systems, Wiesbaden, Germany), MMP-13 (Dianova,
Hamburg, Germany), Typ-I Collagen (BioMol, Hamburg,
Germany), GFAP (Calbiochem, San Diego, USA), CD45 (BD,
Heidelberg, Germany), and a-SMA (Progen, Heidelberg,
Germany) antibodies. Immunofluorescence staining was
performed as described before.!* Paraformaldehyde-fixed
paraffin-slices were stained using type IV collagen, MCM2,
PCNA (Cell Signaling/NEB, Frankfurt, Germany), CK-18,
and 2-SMA (CK-18 and SMA from Progen, Heidelberg,
Germany) antibodies.

Hydroxyproline Assay
Liver collagen content was determined by hydroxyproline
(HYP) quantification as described before.!®

MMP Zymography
Expression of MMP-9 protein was analyzed by gelatin
zymography as described before.!” In all, 1 mg/ml gelatin was
copolymerized in a 7.5% PAGE gel, and 10 ug of liver lysate
protein was loaded.

Micro-CT Imaging
A lead containing polymer (Microfil MV-122, Flow Tech,
Carver, MA, USA) was injected into the left ventricle of five
killed WD-fed AL mice with a nominal pressure of
100 mm Hg. Livers were removed en bloc after polymeriza-
tion of the contrast agent and immersed in 4% neutral
buffered formalin. Each lobe of the livers was scanned using
a micro-CT system (Micro-CT_1072, SkyScan, Kontich,
Belgium) at 14-pm voxel size. Samples were scanned over 180
degrees in steps of 0.45 degrees.

3D data sets were examined by two radiologists (ACL;
MK) for tumor-suspicious structural abnormalities (vascular
branching pattern, vascular proliferation, elongation, and
displacement of vessels). Quantitative measurements were
performed using the CTAn Software (CTAn 1.12, Bruker
MicroCT, Kontich, Belgium). Quantified parameters were
tumor volume, vascular volume fraction (VVF%), and vessel
size distribution. Cubic volumes of interest with a size of 4-8
cubic millimeters were used to quantify vascular parameters
in non-neoplastic liver tissue and tumor tissue. VVF was
calculated as follows: VVF=TCAV/TTV x 100%. TCAV
equals the total volume of contrast agent in the examined
volume of interest; TTV is the total tissue volume.

Statistics

Statistical analysis was performed with SPSS 19.0 (IBM,
New York, USA). For non-normally distributed parameters,
non-parametric tests (Mann—-Whitney U test, Spearman’s
rank test) were applied. Data are shown as mean *s.e.m.
A two-sided P<0.05 was considered significant.
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RESULTS

Lipid Metabolism and Dyslipidemia after Long-Term
Nutrition with WD

We intended to analyze parameters of lipid metabolism and
dyslipidemia to assess the effects of a fat- and cholesterol-
enriched WD. As expected, triglyceride serum levels were
significantly enhanced in AL mice on WD and RD compared
with WT mice (Figure la). Similarly, serum cholesterol was
strongly increased in AL mice irrespective of the diet com-
pared with WT mice (Figure la). In particular, serum cho-
lesterol levels were increased 7-fold in AL mice on RD and
15-fold in AL mice on WD diet, indicating that the combi-
nation of genotype and WD leads to most profound changes
in lipid and cholesterol metabolism.

Consistent with these findings, peroxisome proliferator
activated receptor (PPAR)-o and acyl-CoA oxidase (ACO)
as key factors of lipid metabolism were increased only
in AL mice on WD (Figure 1b) but not in AL mice on RD
or WT mice. PPAR-y, however, was induced not only in
AL mice and WT on WD but also in AL mice on RD.
FASN protein levels were increased in AL mice and WT mice
on WD in comparison to WT and AL mice on RD
(Figure 1c), indicating that FASN is mainly regulated by the
diet itself.

Hepatic Inflammation and Hepatocellular Injury under
WD and Genetic Predisposition

Having shown profound changes in lipid metabolism in AL
mice on WD, we then assessed hepatic inflammation and
hepatocellular injury in WT and AL mice on RD and WD.
Microvesicular and macrovesicular steatosis was readily
visible in both WT and AL mice on WD (Figure 2a), as
assessed in H&E stainings. When quantitatively scoring the
histopathological grading of inflammation, AL mice on
WD exhibited the highest grading scores with a significant
increase compared with littermates on RD and WT mice
on WD, thereby indicating that the combination of geno-
type and WD causes the most profound inflammatory
phenotype (Figures 2a and b). Consistent with this, the
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number of infiltrated leukocytes and inflammatory foci was
most pronounced and prominent in AL mice on WD
(Figure 2¢, Supplementary Figure S5a). As a further corro-
boration, AL mice on RD exhibited a significantly increased
steatosis score compared with WT mice on RD, which
was further increased in AL mice on WD (Figure 2b).
The expression of the pro-inflammatory cytokines
TNF-o, IL-12, and IFN-y were increased in both WT and
AL mice on WD (Supplementary Table S2). IL-12, how-
ever, was also increased in AL mice on RD (Supplementary
Table S2).

Supplementary Figure S5b demonstrates increased num-
bers of hepatic macrophages in AL mice on RD and WT mice
on WD in comparison to WT mice on RD. Nevertheless,
macrophage infiltration peaked in AL mice on WD, which is
consistent with increased infiltration of CD45 " leukocytes:
Comparable to Figure 2¢, nests of infiltrated macrophages
appeared in the same manner as CD45" leukocytes (red
arrows in Supplementary Figure S5b).

Enhanced numbers of infiltrated myeloperoxidase ™
neutrophils and CD3 " T-cells could be visualized in the
liver of WD-treated mice while AL mice on RD showed no
difference to WT mice on RD (Supplementary Figures S5¢
and d).

Taken together, these data indicate that the combination of
genetic predisposition and high dietary fat causes the most
profound hepatic inflammation.

As established markers of liver cell damage which are also
seen in humans, AL and WT mice on WD exhibited bal-
looned hepatocytes, cytoskeletal collapse, and Mallory body
formation, thereby confirming liver and hepatocyte damage
on cellular level (Figure 2d and Supplementary Figures S2a
and b). Consistent with this histological assessment of liver
cell damage, serum levels of AST, ALT, and AP were increased
not only in AL mice but also in WT mice on WD compared
with littermate controls on RD (Figure 2e). Further, WD
induced the hepatic accumulation of ROS in WT and AL
mice (Figure 2f), again with most intense stainings observed
in AL mice on WD.
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Figure 1 Lipid metabolism and dyslipidemia after long-term nutrition with western diet. (a) Serum triglyceride and cholesterol levels were elevated
extraordinary in AL mice on RD and WD. (b) Transcriptional regulation of key factors in fat metabolism. (c) Western blotting analysis revealed enhanced
intrahepatic fatty acid synthetase protein expression after WD. Western blotting was quantified by using the BioDocAnalyze software, and mean values

were determined.
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Figure 2 Western diet and ApoE/LDLR double-knockout cause oxidative stress, hepatocellular injury, and inflammation. (a) H&E staining of WT and

AL mice on RD and western diet. Magnification x 50, scale bar 200 um. For higher magnification of inflammatory foci, please refer to Supplementary
Figures S5 a and b) Inflammatory grading and steatosis scoring were performed by a pathologist, who was blinded to experimental data.

(c) Pan-leukocyte marker CD45 was stained by IHC on 3-um-thick paraffin-embedded liver sections. Red arrows indicate conglomerates of leukocytes.
Magnification x 100 and x 400, scale bar 200 um. (d) CK-18 immunohistochemistry demonstrated Mallory body formation as a characteristic sign for
cytoskeletal breakdown and cellular injury (red arrows) in AL mice after WD. Magnification x 1000, scale bar 10 um. (e) ALT, AST, and alkaline
phosphatase (AP) increased following WD in WT and AL mice, whereas no elevation was observed in AL littermates on RD. (f) Superoxide accumulation
was demonstrated by dihydroethidine hydrochloride (DHE) staining of naive liver slices in mice on WD (arrowheads). Representative micrographs

are shown (scale bars 50 um).
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Figure 3 Hepatic fibrosis in mice on western diet. (a) Sirius Red staining was performed on liver paraffin sections. Enhanced chicken wire fibrosis
appeared along with sinusoids and periportal fibrillar collagen deposition in WT and AL mice on WD (upper right and lower right panels). Even in
AL mice on RD, moderately enhanced chicken wire fibrosis was stained (lower left panel). Faint red staining in WT mice on RD is limited to nuclei.
Magnification x 100, scale bar 100 um. (b and c) Collagen deposition was quantified by staging and measurement of hepatic hydroxyproline content.

Hepatic Fibrosis in Mice on WD (Figures 3a—c). In Sirius Red and Masson-Goldner stainings,
Next, we set off to biochemically and histologically quantify  this increased total amount of fibrillar collagen corresponded
hepatic fibrosis. As assessed by staging and hydroxyproline  to periportal and parenchymal chicken wire fibrosis of mild
quantification, the amount of hepatic fibrillar collagen was  up to pronounced character in AL and WT mice on WD
significantly increased in both WT and AL mice on WD  (Figure 3a and Supplementary Figure S2).

1276 Laboratory Investigation | Volume 94 November 2014 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

Co-staining for type I collagen and «-SMA identified
collagen-producing myofibroblasts within these regions
of chicken wire fibrosis as a major pro-fibrogenic cell po-
pulation (Supplementary Figure S3c). Of note, a-SMA ™
myofibroblasts were found to be in close contact to GFAP *
hepatic stellate cells (HSC) but did not co-stain with GFAP
(Supplementary Figure S3e). Apart from chicken wire
fibrosis, only AL mice on WD regularly exhibited a thick-
ening of intrahepatic vessel walls as a further manifestation
of fibrosis, again with the presence of collagen-producing a-
SMA™ myofibroblasts as identified by immunohisto-
chemistry (Supplementary Figures S3a, b, and d). Further,
co-staining of elastin and «-SMA within portal tracts
suggested that portal fibroblasts represent another cellular
source for hepatic myofibroblasts in AL mice on WD
(Supplementary Figure S3f).

Fibrogenic cytokine Tgf-f was increased in WT and AL
mice on WD, whereas the pro-fibrogenic Th2-specific cyto-
kines II-4 and Il-13 were not regulated or undetectable in
AL mice (Supplementary Table S3). Fibrogenic Pdgf-B and
Pdgf-D were also increased in both groups of WT and AL
mice on WD while fibrosis-associated indian hedgehog
transcription was induced in WT mice on WD only (Supple-
mentary Table S3).

Mmp-9, Mmp-13, and their specific inhibitor Timp-1, key
enzymes in liver ECM homeostasis, were significantly
increased on transcriptional level in WT and AL mice on
WD but not in AL mice on RD (Supplementary Figure S4a).
Interestingly, MMP-9 protein activity was significantly
increased in AL mice on WD compared with WT controls, as
assessed by gelatin zymography (Supplementary Figure S4b).

Immunohistologically, CD45 " leukocytes within inflam-
matory cell aggregates were identified as the major source of
MMP-9 in AL mice on WD (Supplementary Figure S4c).
CDh45* leukocytes also expressed MMP-13. However,
MMP-13-producing leukocytes were not clustered together
(as seen for MMP-9) but were distributed as single
cells throughout the hepatic parenchyma (Supplementary
Figure S4d).

Assessment of Tumor in AL Mice on WD

Throughout the whole observation period, hepatic tumors
uniquely developed in AL mice on WD, with a tumor inci-
dence of 30% and a total number of 9 tumors. Tumor volume
ranged from 10.5 to 783.4mm’. Median tumor volume
was 92.8 mm°>, mean volume accounted for 207.8 mm?> with
a s.d. of 272.5mm? and s.e. of 90.8 mm>. In contrast, no
tumors developed in AL mice on RD or WT mice on any
diet. Histologically, tumors were characterized by a clear
and defined demarcation to surrounding healthy tissue
(Figure 4a), remarkable cellular proliferation (Figures 4b
and ¢), lack of apoptosis (indicated by lack of nuclear cleaved
caspase 3 staining in tumor parenchyma, data not shown),
lack of fibrillar collagen and type IV collagen inside of the
tumor parenchyma (Figures 4d and e), and the presence of
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nuclear atypia (Figure 4f) and enlarged nuclei with high N/C
ratio, >2 cell-thick plates/cords.

As a further step to assess tumor development in AL mice
on WD, vascular imaging was performed from a total of 54
cubic volumes of interest (36 samples of healthy tissue, 19
samples of tumor tissue). Quantitative micro-CT imaging
showed an alteration of tumor vascularization with a signi-
ficantly decreased vascular volume fraction (2.1% *0.14 vs
3.59% £ 0.27; P<0.001) in tumor nodules compared with
non-neoplastic liver tissue. The number of vessels/volume
(vascular separation) was constant (data not shown) accom-
panied by a left shift toward smaller vessel diameters
(Figures 5b and c), indicating tumor neovascularization.

Signalling Pathways might Trigger Hepatic
Tumorigenesis

IxB protein level as well as AKT phosphorylation was
markedly reduced in AL mice on WD and in neoplastic tissue
(Figure 6a). Nuclear NF-xB translocation was observed in
periportal hepatocytes of AL mice on WD but not in WT
controls (Figure 6b). In contrast, immunostaining revealed
the appearance of small non-parenchymal cells with strong
NF-xB accumulation in cytoplasm in WT mice on WD
(Figure 6b). Phosphorylation of STAT3 and JNK was clearly
induced in WT and AL mice on WD and tumor compared
with WT mice on RD (Figure 6a). Interestingly phosho-
STAT3 showed the strongest signal in AL mice on RD.

DISCUSSION

NAFLD is considered to be the hepatic manifestation of the
metabolic syndrome which thereby links NAFLD to the
development and progression of cardiovascular disease.?’
Increasing evidence of different clinical trials shows that
NAFLD is a risk factor for cardiovascular disease.”! To gain
insights into the molecular events underlying the association
between NAFLD and cardiovascular disease, it is essential to
establish and analyze murine models capable of portraying
and translating the human pathophysiology.

Within the present study, we demonstrate that genetically
predisposed AL mice on a cholesterol- and fat-enriched diet
develop both a hepatic disorder closely resembling human
NAFLD and NAFLD-associated tumorigenesis without
additional carcinogen exposure. In particular, the phenotype
observed in AL mice on WD distinguishes from that seen in
WT mice on the same diet by pronounced inflammation,
more profound metabolic changes like hyperlipidemia, a
different pattern and distribution of hepatic fibrosis, and
finally by spontaneous development of tumors. Thus AL mice
on WD represent an established atherosclerosis mouse model
that displays the most important hallmark characteristics of
human NAFLD pathology.

As certain ApoE and Ldlr polymorphisms have been
shown to be strongly associated with NASH risk and also
with cholesterol homeostasis, we hypothesized that genetic
predisposition, altered lipid metabolism, and dietary factors
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Figure 4 Histological characterization of tumors in AL mice on WD. Tumor-bearing AL mice on WD were subjected to histological analysis at 39 weeks
of age. (a) A defined tumor border was visualized by H&E staining (arrowheads). (b and ¢) Immunohistochemical MCM2 and PCNA stainings
(arrowheads) demonstrated pronounced proliferation in the tumor (T) in comparison to surrounding liver parenchyma (L). (d) Sirius Red staining
demonstrated that tumor parenchyma (T) is free from fibrillar collagen (arrowheads depict fibrillar collagen in tumor border and liver parenchyma).

(e) Type IV collagen was stained on paraffin-embedded sections: type IV collagen is not expressed inside the tumor (arrowheads depict type IV
collagen along with sinusoids in liver parenchyma). (f) High magnifications of neoplastic hepatocytes inside tumor lesions demonstrated nuclear

atypia as indicated by arrowheads (H&E staining). L =liver parenchyma, T=tumor parenchyma, black arrows indicate remnants of contrast medium for
micro-CT analysis. Representative micrographs are shown (magnification x 50 in a-e and x 1000 in f, scale bar 200 um in a—-e and 20 um in f).

are crucial for liver disease development.?>?> LDLR or ApoE
single-knockout mice developed some of the NAFLD
characteristics?*2® but generally failed to broadly reflect the
whole spectrum of NAFLD key features. As such, ApoE '~
mice on a fat- and cholesterol-enriched diet developed
hepatic inflammation but only mild steatosis. Vice versa,
feeding LDLR '~ mice with a WD led to a significant
hepatic steatosis and elevated plasma triglycerides but only
mild inflammation compared with ApoE /"~ mice.

Recently, the effects of a WD on atherogenesis were ana-
lyzed in AL mice.?” Although showing increased hepatic lipid
accumulation in these mice, the study was not focussed on
liver disease. In addition, the observation period of 12 weeks
was rather short for the analysis of hepatic fibrosis and
carcinogenesis as long-term sequelae of NAFLD.

To mimic the human situation of nutritional-induced
NAFLD, including hyperlipidemia, we analyzed the effects of
long-term nutrition of AL mice with a high-fat and high-
cholesterol WD within the current study. Considering the
normal mouse lifespan of approximately 2.5 years, a 35-week
lasting WD is comparable to approximately 15-20 years of
overnutrition in humans. Given these considerations, the
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treatment of AL mice with a fat- and cholesterol-enriched
WD represents a relatively physiological model for the
development of obesity- and dyslipidemia-based steatosis.
Within our study, we demonstrate that AL mice exhibit
elevated serum triglyceride and cholesterol levels and an
induction of key enzymes of lipid metabolism and homeo-
stasis. Although these elevations were also observed in AL
mice on RD, they were clearly pronounced in AL mice on
WD, especially when compared with WT mice on WD.

The induction of PPARx is of particular interest, because
PPARx has been shown to have a role in both regulation of
hepatic steatosis and hepatic inflammation.?® Further, in light
of the increased proteins levels of FASN in AL mice on WD,
increased steatosis might very well be ascribed to enhanced
hepatic biosynthesis of triglycerides. This observation is
consistent with findings from other studies, which were able
to demonstrate the induction of triglyceride synthesis in the
liver of diet-induced obesity and NAFLD.? Therefore our
data provide evidence that AL mice develop a metabolic
syndrome characterized by dyslipidemia, an observation,
which is of particular relevance as dyslipidemia has been
shown to be a risk factor for NAFLD. Furthermore,
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Figure 5 Altered vascularization in NASH-related tumor tissue compared with non-neoplastic tissue. (a) Macroscopic photograph of microfil perfused
hepatic vasculature in a cirrhotic liver with tumor nodes compared with a liver without cirrhosis or tumor manifestation. Three-dimensional volume
rendering technique (3D VRT) reformatted from Micro-CT data sets displays the differences in vascularization density in tumor nodes compared with
non-neoplastic liver tissue without cirrhosis or tumor manifestation. The red arrow depicts the area of increased tumor-associated vessel clumping.
(b) Quantitative analysis of vessel thickness distribution shows a left shift, indicating an increase of small vessels in tumor tissue (red curve). At the
diameter of 140 um vessel thickness (vertical black line), the situation reverses: the percentage of vessels > 140 um is higher in non-neoplastic tissue
(blue curve) compared with tumor tissue (red curve). (c) No significant differences of vessel diameter distribution at the cutoff level of 140 um were
observed in liver tissue (blue bars). Significant differences of diameters were detected for microvessels in tumor tissue (red bars, P<0.001), as well as
microvessels larger and smaller than 140 um, comparing the percentage of vessels smaller in tumors and non-neoplastic liver tissue (P<0.05).

hyperlipidemia has been reported to be associated with Progression of NAFLD is typically accompanied by hepatic
hepatocellular cancer.®® In addition, even the history of inflammation.?> However, some of the previously described
hyperlipidemia has been identified to increase the risk of mouse NAFLD models were not commonly associated
hepatocellular cancer of other etiology.’! Clinical evidence  with inflammation, (eg, KK-Ay/a mice) or even developed
and the current observation of cancer development in hyper- only mild forms of inflammation, eg, ob/ob mice).
lipidemic AL mice on WD suggested that hyperlipidemia In accordance with previous reports, our results indicate
might be one important extra hit that contributes to that WD in WT and AL mice leads to increased hepatic
carcinogenesis in NAFLD. recruitment of inflammatory cells, increased expression of
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Figure 6 Concomitant signaling pattern indicating liver damage and
compensatory liver regeneration. (a) Western blotting analysis revealed
reduced IxB and P-AKT in AL mice on WD, whereas JNK signaling was
induced in both WT and AL mice on WD. STAT3 is activated in WT mice
by WD but reduced in AL mice on WD. Nevertheless AL mice on WD
still bear more STAT3 activation than WT mice on RD. (b) Nuclear
translocation of NF-xB was demonstrated by immunohistochemistry in
AL mice on WD but not in WT mice on WD. Magnification x 100 and

% 400. Scale bar 100 um.

pro-inflammatory cytokines, and enhanced MMP and
TIMP-1 expression. Importantly, leukocyte infiltration and
the quantity of inflammatory foci were most prominent
and pronounced in AL mice on WD, indicating that the
combination of genetic susceptibility and nutrition is a
potent mediator of hepatic inflammation. Consistent with
this finding, F4/80" macrophages, myeloperoxidase*
neutrophil granulocytes, and CD3 " T-cells appear in cell
nests with higher number in WD-fed mice and especially
pronounced in AL mice on WD in comparison to WT mice
on WD.

We observed quantitatively enhanced collagen expression
and a NASH typical fibrosis pattern in WT and AL mice on
WD within the current study. In contrast, most of the
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previously described mouse NASH models were not com-
monly associated with fibrogenesis, (eg, ob/ob, Mat1A ',
KK-Ay/a, fructose sirup +HFD). Fibrogenesis in AL mice
after WD was characterized by the appearance of -SMA ™
myofibroblasts, which were co-localized with type-I collagen,
representing at least one source for fibrotic matrix deposi-
tion. We provide further evidence that portal fibroblasts at
least partly contribute to the myofibroblast population and to
matrix production, and this cell type was mainly identified in
AL mice on WD. This again corroborates that the combi-
nation of genetic predisposition and nutrition leads to the
most profound NAFLD phenotype.?

Importantly, we observed tumors in three animals in AL
mice on WD within the current study. During the past
8 years in which we were working with AL mice on RD,
development of hepatic tumors had never been observed,
thereby indicating that the occurrence of hepatic malignancy
is indeed uniquely limited to AL mice on WD. So far, the
development of HCC-like tumor has not been reported in
lipoprotein and lipoprotein receptor-defect animal models
on a C57Bl/6 background. Further, the dietary-induced onset
of NAFLD-associated tumors in AL mice on WD in our
study is considerably faster than that reported previously in
related mouse models.**

ROS accumulation promotes cell death through various
mechanisms, including prolonged JNK activation.’® In the
current study, both ROS accumulation and prolonged JNK
activation, in combination with enhanced hepatocellular
injury, might drive tumorigenesis. This observation is
consistent with a loss of activation of the AKT pathway,
which has been identified as a key pathway for metabolism,
cell growth, and cell survival.’® Nevertheless, the PI3K/AKT
pathways have been discussed to be the essential link between
oxidative stress and inflammation in NASH.’® Thus it is
rather speculative if loss of AKT activation in AL mice on WD
might be ascribed to the late phase of NAFLD with beginning
carcinogenesis.

On the other hand, a marked loss of hepatic IxB protein
and also nuclear translocation of NF-xB in periportal hepa-
tocytes of AL mice on WD clearly indicated compensatory
liver regeneration. NF-xB has a wide range of functions in
different cellular compartments influencing the survival of
hepatocytes, Kupffer cells, and survival and activation in
HSC.!! Aberrant sustained activation of NF-xB has been
associated with chronic inflammation-derived liver cancer
due to its role as a potent positive cell cycle regulator and
safeguard from apoptosis.!> Therefore we speculate that
NF-«kB might confer survival benefits on transforming
hepatocytes in AL mice on WD. STAT3, which is also
involved in cell survival and proliferation and has been linked
to NF-xB pathway with regard to HCC development, was
also activated in AL and WT mice on WT.!? Taken together,
these results demonstrate that chronic inflammatory
conditions in steatotic livers of AL mice on WD went along
with the induction of pathways linked to liver damage on the
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one hand and compensatory liver regeneration on the other
hand. Opposing signaling and subsequent hepatocellular
reactions might complement optimal conditions for tumor
development in AL mice on WD. Nevertheless, NF-xB
activation and the loss of AKT activation in combination
with increased inflammation in AL mice on WD is the major
difference to WT mice on WD and thus might be involved in
carcinogenesis.

Tumor imaging in small rodents is an emerging technique.
Beyond the initial use of micro-CT for evaluation of high-
contrast objects such as bone,?” the spectrum of micro-CT
applications has expanded recently, presenting micro-CT
imaging as a valuable tool in tumor imaging nowadays.*®
Herein, we demonstrate that micro-CT is capable of
visualizing tumor vascularization and of distinguishing
tumor tissue from non-neoplastic liver tissue. In
combination with the three-dimensional micro-CT data,
the architecture of vascular trees and their distribution
pattern were visualized and quantified. Our data provide
evidence that the vascular pattern is structurally different in
neoplastic liver tissue compared with non-neoplastic hepatic
tissue. Thus this report is the first to describe micro-CT in
combination with advanced contrast enhancement as a novel
and promising technique for ultrastructural and three-
dimensional ex vivo imaging of hepatic tumor tissue.

Limitations

Apart from the presented observations of tumorigenesis in
WD-fed AL mice, Chi-square analyis did not reveal sig-
nificance for the development of tumors in AL mice. This
may be explained by the limited number of animals and
raises the need of further studies including larger animal
cohorts.

In conclusion, we characterized hepatic pathogenesis in a
murine model for the development of atherosclerosis. As
identified within this study, AL mice on WD display hepatic
steatosis, dyslipidemia, infiltration of inflammatory cells,
fibrosis, and tumorigenesis. Signaling pathways of liver cell
damage and compensatory liver regeneration in combination
with enhanced inflammation appear to be crucial for the
spontaneous development of tumors in AL mice on WD.
This model might be a valuable tool to study metabolic and
immunological mechanisms linking NAFLD to athero-
sclerosis-associated complications.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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