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Abstract: Mouse models of non-alcoholic fatty liver disease (NAFLD) are required to define thera-
peutic targets, but detailed time-resolved studies to establish a sequence of events are lacking. Here,
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we fed male C57Bl/6N mice a Western or standard diet over 48 weeks. Multiscale time-resolved
characterization was performed using RNA-seq, histopathology, immunohistochemistry, intravital
imaging, and blood chemistry; the results were compared to human disease. Acetaminophen tox-
icity and ammonia metabolism were additionally analyzed as functional readouts. We identified
a sequence of eight key events: formation of lipid droplets; inflammatory foci; lipogranulomas;
zonal reorganization; cell death and replacement proliferation; ductular reaction; fibrogenesis; and
hepatocellular cancer. Functional changes included resistance to acetaminophen and altered nitrogen
metabolism. The transcriptomic landscape was characterized by two large clusters of monotonously
increasing or decreasing genes, and a smaller number of ‘rest-and-jump genes’ that initially remained
unaltered but became differentially expressed only at week 12 or later. Approximately 30% of the
genes altered in human NAFLD are also altered in the present mouse model and an increasing overlap
with genes altered in human HCC occurred at weeks 30–48. In conclusion, the observed sequence
of events recapitulates many features of human disease and offers a basis for the identification of
therapeutic targets.

Keywords: NASH; non-invasive imaging; transcriptomics; intravital imaging

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), defined as >5% hepatocytes with fatty
change, affects more than one billion people worldwide and represents a steadily rising
cause of chronic liver disease [1–4]. An initially bland steatosis may progress to non-
alcoholic steatohepatitis (NASH) and eventually to cirrhosis and hepatocellular carcinoma
(HCC). Currently, no approved pharmacotherapies for NASH are available [5,6], and as a
result, it represents the second most common indication for liver transplantation [7]. A big
hurdle in the development of therapies is the lack of adequate mouse models that reliably
recapitulate specific features of the human pathophysiology. These models are used in
pre-clinical research to study the mechanisms of disease progression, identify therapeutic
targets, and test therapeutic interventions [3,8,9]. Many different dietary mouse models
have been established, and recently the ‘Western diet’ (WD) that mimics a fast-food-style
diet has gained attention, because it mirrors several features of human NAFLD [10–12]. Key
characteristics of the WD fed to mice include high fat (e.g., 40% kCal), high fructose (e.g.,
20% kCal), high cholesterol (0.2–2%) [10,11], and the use of appropriate mouse strains such
as C57BL/6 that are more susceptible to inflammation and fibrosis induced by obesogenic
diets than, e.g., BALB/c or C3H/HeN mice [13].

A previously published landmark study reported that the WD mouse model reca-
pitulates key physiological, metabolic, histologic, and transcriptomic changes observed
in humans with NASH [14]. However, a time-resolved study to establish a sequence of
critical events has not yet been performed, and pathophysiological changes relative to the
duration of feeding needs to be further studied [15]. Moreover, a systematic comparison
that identifies the similarities and differences to the human situation is not yet available.
To bridge this gap, we performed a WD feeding study with 9 analysis time points over
48 weeks that encompasses the entire period from bland steatosis to advanced fibrosis and
HCC, and have identified a sequence of the key events and analyzed their translational
relevance.

2. Materials and Methods

All authors had access to the study data and had reviewed and approved the final
manuscript. Materials and resources used in this study are listed under Table 1.
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Table 1. Materials and resources.

Reagent or Resource Source Identifier

Antibodies, Reagents, and Dyes Used for Immunohistochemistry

Anti-liver arginase1 antibody, rabbit Abcam, Cambridge, UK ab203490

Anti-arginase1 antibody, goat Novus Biologicals, Littleton, USA NB100-59740

Bodipy 495/503 Thermo Fisher Scientific, Waltham, USA D3922

Anti-mouse CD45 antibody, rat BD Bioscience, Heidelberg, Germany 550539

Anti-human CD68 monoclonal antibody,
mouse DakoCytomation A/S, Glostrup, Denmark M0876

Anti-K18 polyclonal antibody, rabbit Proteintech, Manchester, UK 10830-1-AP

Recombinant anti-K19 antibody, rabbit Abcam, Cambridge, UK ab52625

Recombinant anti-CPS1 monoclonal
antibody, rabbit Abcam, Cambridge, UK ab129076

Anti-Cyp2e1 antibody, rabbit Sigma-Aldrich, St. Louis, USA HPA009128

Anti-mouse desmin antibody, rabbit Thermo Fisher Scientific, Waltham, USA RB -9014-P0

Anti-mouse F4/80 monoclonal antibody,
rat Bio-Rad, Hercules, USA MCA497

Anti-GS polyclonal antibody, rabbit Sigma, St. Louis, USA G2781

Anti-GS polyclonal antibody, rabbit Sigma, St. Louis, USA G2781

Anti-Ki67 antibody, rabbit Cell Signaling Technology, Danvers, USA D3B5

Anti- cl. Caspase 3 (rabbit) monoclonal Cell Signaling Technology, Danvers, USA 9661S

Fluorescent Markers/Dyes Used for Intravital Imaging

Hoechst 33258 Thermo Fisher Scientific, Waltham, USA H21491

Tetramethylrhodamine ethyl ester (TMRE) Thermo Fisher Scientific, Waltham, USA T669

Cholyl-lysyl-fluorescein (CLF) Corning 451041

PE-F4/80 antibody Thermo Scientific (eBioscience) , Waltham,
USA 12-4801-82

Rhodamine 123 Thermo Fisher Scientific, Waltham, USA R302

Bodipy 493/503 Thermo Fisher Scientific, Waltham, USA D3922

Mouse Diets

ssniff R/M-H, 10 mm standard diet Ssniff, Soest, Germany V1534-000

Western-style diet Research Diets, New Brunswick, USA D09100301

Drugs/Contrast Agents/Toxins

Acetaminophen Sigma-Aldrich, St. Louis, USA A7085-500G

LPS Sigma-Aldrich, St. Louis, USA 297-473-0

Gadoxetic acid (Primovist) 0.25 mmol/mL Bayer, Wuppertal, Germany KT07561

Commercial Kits/Reagents

DeadEnd™ Fluorometric TUNEL System Promega, Walldorf, Germany G3250

Bluing Reagent Roche, Mannheim, Germany 05 266 769 001

Discovery yellow Kit (RUO) Roche, Mannheim, Germany 07 698 445 001

Discovery Teal HRP Kit (RUO) Roche, Mannheim, Germany 8254338001

Chromo Map DAB Roche, Mannheim, Germany 05 266 645 001

Piccolo general chemistry 13 Hitado, Möhnesee, Germany AB-114-400-0029

Picrosirius Red Stain Kit Polysciences Polysciences Inc.,
Warrington, USA 24901

RNeasy Mini Kit Qiagen, Hilden, Germany 74116

RNase-Free DNase Set Qiagen, Hilden, Germany 79254

RNA BR Assay Kit Thermo Fisher Scientific, Waltham, USA Q10210
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Table 1. Cont.

Reagent or Resource Source Identifier

RNA 6000 Nano Kit Agilent Technologies, CA, USA 5067-1511

Qubit 1X dsDNA HS Assay Kit Thermo Fisher Scientific, Waltham, USA Q33230

DNA 1000 Kit Agilent Technologies, CA, USA 5067-1504

Antibodies Used for Western Blotting

Anti- MLKL Biorbyt LLC, Cambridge, UK orb32399

Anti- cleaved-Caspase-3 Cell Signaling Technology, Danvers, USA 9661S

Anti- GAPDH AbD Serotec, Hercules, USA MCA 4739

Software and Algorithms

GraphPad Prism 9.1 Software GraphPad, San Diego, USA NA

Zen Carl-Zeiss, Jena, Germany NA

ImageJ 1.8.0_172 https://imagej.nih.gov; 22 April 2021 NA

Instruments

LSM MP7 two-photon microscope Zeiss, Jena, Germany NA

Axio Scan.Z1 Zeiss, Jena, Germany N/A

Confocal Laser Scanning Microscope
FLUOVIEW FV1000 Olympus, Hamburg, Germany N/A

DISCOVERY ULTRA Automated Slide
Preparation System Roche, Mannheim, Germany N/A

Piccolo Xpress® chemistry analyzer Abaxis, Union City, USA N/A

PocketChem BA PA-4140 ammonia meter Arkray.inc, Amstelveen, The Netherlands N/A

3Tesla MRI scanner Prisma, Siemens Healthineers, Erlangen,
Germany

2.1. Mice and Feeding Style

Male 8-week-old C57BL6/N mice (Janvier Labs, France) were used. Immediately
upon arrival, the mice were fed ad libitum with either ssniff R/M-H, 10 mm standard diet
(SD), or with Western-style diet (WD) (Table 1) up to 48 weeks; ingredients of the used WD
are listed under Table 2. The mice were housed individually under 12 h light/dark cycles
at controlled ambient temperature of 25 ◦C with free access to water. Body weight changes
were monitored and recorded once a week. An overview of the number of analyzed mice
per experimental condition is given under Table 3. All experiments were approved by the
local animal welfare committee (LANUV, North Rhine-Westphalia, Germany, application
number: 81-02. 04. 2020. A304).

Table 2. Ingredients of the used Western-style diet.

Ingredient Grams Kcal %

Casein, 80 mesh 200 800 22.12

L-cystine 3 12 0.33

Maltodextrin 10 100 400 11.06

Fructose 200 800 22.12

Sucrose 96 384 10.62

Cellulose, BW200 50 0 5.53

Soybean oil 25 225 2.77

Primex shortening 135 1215 14.93

https://imagej.nih.gov
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Table 2. Cont.

Ingredient Grams Kcal %

Lard 20 180 2.21

Mineral Mix S10026 10 0 1.11

Dicalcium phosphate 13 0 1.44

Calcium carbonate 5.5 0 0.61

Potassium citrate, 1 H2O 16.5 0 1.83

Vitamin Mix V10001 10 40 1.11

Choline bitartrate 2 0 0.22

Cholesterol 18 0 1.99

FD&C Yellow dye 0.05 0 0.006

Total 904.05 4056 100

Total protein 20 Kcal % 22

Total carbohydrate 40 Kcal % 45

Total fat 40 Kcal % 20

Table 3. Overview of the number of analyzed mice per experimental condition.

Diet
Feeding

Time
(Weeks)

Number of Mice Analyzed

Liver/Body Weight,
RNA-seq, Histology, IHC

HCC
MRI

Intravital
Imaging

Nitrogen
Metabolism

APAP
Experiment

Necroptosis
Analysis LPS

+ −

Western
Diet

3 5 0 5 3 4
6 5 0 5 4
9 3 -
12 5 0 5 4
18 5 0 5 4
24 5 0 5 6 4
30 5 4 1 4
32 3
36 5 1 4 4
42 4 5 4 3
48 8 6 2 4 3

~50 7

Standard
Diet

3 7 0 7 3 4
6 5 0 5
30 5 0 5
36 7 0 7 4
42 3 0 3 4
48 5 0 5 4

~50 7

2.2. Induction of Acute-on-Chronic Liver Injury by Acetaminophen

Induction of acute liver injury by acetaminophen (APAP) was conducted as previously
described [16,17]. Briefly, the mice were fasted overnight prior to intraperitoneal adminis-
tration of a single dose of APAP (300 mg/kg b.w.), dissolved in warm phosphate-buffered
saline (PBS). The mice were fed ad libitum after APAP injection. Analysis was undertaken
in mice fed a WD for 48 till 53 weeks and no major difference was observed.

2.3. Induction of Acute-on-Chronic Liver Injury by LPS

In order to induce apoptosis, 48-week WD-fed mice were challenged with lipopolysac-
charides (LPS) from E. coli O55:B5 (4 mg/kg; intravenous) [18]. The livers were harvested
24 h after LPS injection and further processed for cleaved caspase-3 immunostaining.
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2.4. Intravital Imaging

Intravital imaging of lipid droplets and macrophages in mouse livers was performed
using an inverted two-photon microscope LSM MP7 (Zeiss, Germany), as previously
described [19–21]. Briefly, after induction of anesthesia in mice [21], bolus tail vein injections
of Hoechst 33258 (nucleus marker), TMRE/Rhodamine123 (markers of lobular zonation
and mitochondrial membrane potential), Bodipy (lipid marker), and/or F4/80 antibody
(macrophage marker) were performed approximately 30 min before the start of recording
(Table 4). The time point 9 weeks was selected to represent the early stage (3–12 weeks) after
WD feeding as the lipid droplet zonation was clearly visible. In order to investigate the
functionality of ductular reaction, a bolus of the bile acid analogue CLF was administered
intravenously via a catheter fixed in the tail vein. All recordings were performed in the left
liver lobe.

Table 4. Fluorescent markers and functional dyes used for intravital imaging.

Dye/Marker Marker for Dose
(mg/kg) Vehicle Two-Photon

Excitation Range (nm)

Hoechst 33258 Nuclei 5 PBS 700–800
TMRE Lobular zonation; mitochondrial

membrane potential
0.96 Methanol/PBS (1:1) 780–820

Rhodamine123 0.8 Methanol/PBS (1:1) 720–820
Cholyl-lysyl-fluorescein Bile acid analogue 1 PBS 740–820

Bodipy 493/503 Lipids 0.004 DMSO 900–940
PE-F4/80 antibody Macrophages 0.06 PBS 720–760

2.5. Magnetic Resonance Imaging (MRI)

MRI was performed using a clinical 3Tesla MRI scanner with a clinical gradient system
(80 mT/m, 200 T/m/s) using a dedicated receive coil (8 channel volumetric mouse array,
Rapid Biomedical, Rimpar, Germany) with an inner diameter of 35 mm and a coil length
of 80 mm. Anaesthetized mice were placed in the center of the coil and positioned in the
isocenter of the magnet. Imaging parameters were based on routine clinical protocols to
ensure clinical translation of findings and comparison with human clinical data but were
optimized for spatial resolution.

2.5.1. Tumor Detection

Dynamic contrast-enhanced imaging was performed by repeated acquisition of T1-
weighted 3D gradient-echo images consecutively with a temporal resolution of approx-
imately 10.5 s (coronal VIBE, TR 7.92 ms, TE 2.29 ms, flip angle 9◦, 0.3 × 0.3 × 0.4 mm
spatial resolution, accelerated using CAIPIRINHA with PAT factor 4). After the acquisition
of three imaging volumes, a bolus (1 mL/kg b.w.) of the contrast agent gadoxetic acid
was administered into the tail vein via a catheter, and acquisition of 3D T1-weighted GRE
images continued for one hour. Signal intensity time courses were extracted from regions of
interest (ROIs) placed in the liver, the gallbladder, the heart as well as the urinary bladder.

2.5.2. Estimation of the Fat Fraction

To estimate the fat fraction of the liver, coronal images were acquired using a 3D multi-
echo gradient-echo Dixon pulse sequence (VIBE-q-Dixon, TR 10.6 ms, TE 1.54/2.97/4.40/
5.83/7.26/8.69 ms, 0.5 × 0.5 × 1.2 mm spatial resolution, accelerated using CAIPIRINHA
with PAT factor 4, 15 averages to compensate for respiratory motion). Fat fraction images
were calculated using the automated postprocessing tools as implemented by the manufac-
turer (Software release VE11E) [22]. Fat fraction was analyzed in three ROIs in each liver of
the WD- and SD-fed mice.

2.5.3. Assessment of Hepatocyte Uptake Capacity

T1-maps were acquired before, as well as after one hour of gadoxetic acid injection.
Three-dimensional T1-weighted spoiled gradient echo images were acquired with different
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excitation flip angles (coronal VIBE, TR 7.92 ms, TE 2.44 ms, flip angle 2◦/5◦/15◦/20◦/25◦,
0.3 × 0.3 × 0.4 mm spatial resolution, accelerated using CAIPIRINHA with PAT factor 4,
6 averages to compensate for respiratory motion). Pixel-wise nonlinear least-squares fitting
was applied using home-built software in Python 3.8 and SciPy 1.7 to retrieve pre- and
post-T1-maps. ∆T1-maps were calculated from pre- and post-T1-maps as ∆T1 is known to
correlate with hepatocyte uptake and negatively correlates with liver function [23]. Relative
change in T1 relaxation time was calculated (RE = ∆T1/T1pre, where T1pre reflects the
T1-value before injection of contrast agent) to reflect liver function. Subtractions of pre-
and post-contrast images acquired with flip angle 20◦ were used to visualize uptake of the
contrast agent.

2.6. Sample Collection

Blood, as well as liver tissue samples, were collected time-dependently (Figure 1A)
from defined anatomical positions of anesthetized mice, as previously described [24,25].

2.7. Liver Enzyme Assay

Activities of transaminases (ALT and AST), as well as alkaline phosphatase (AP) in
heart blood, were measured using the Piccolo Xpress Clinical Chemistry Analyzer (Hitado,
Germany).

2.8. Histopathology, Immunohistochemistry, and TUNEL Staining

Hematoxylin and eosin (H&E), Sirius red, immunohistochemistry, as well as TUNEL
stainings were performed in 4 µm thick PFA (4%)-fixed paraffin-embedded liver tissue
sections using the Discovery Ultra Automated Slide Preparation System (Roche, Germany),
as previously described [26,27]. Commercially available kits were used for staining of
TUNEL (Promega, Germany) and Sirius red (Polysciences Europe GmbH, Germany),
according to the manufacturers’ instructions. Immunohistochemistry was performed using
the specific antibodies listed in Table 5. Following staining, whole slide scanning was
undertaken using a digital scanner (Axio Scan.Z1, Zeiss, Germany).

Table 5. Antibodies/dyes used for immunohistochemistry analysis.

Target Primary Antibodies Secondary Antibodies

Antibody Dilution Antibody Dilution

Lipids Bodipy 495/503 2 µg/mL - -

Arginase1
Anti-arginase1 antibody, goat 1:100 Cy™5-conjugated AffiniPure donkey

anti-goat IgG (H + L) 1:200

Anti-liver arginase1 antibody, rabbit 1:2000
Ultra-Map anti-rabbit HRP

Automatic
Discovery

Ready to use

Ultra-Map anti-rabbit alkaline
phosphatase

Leukocyte common antigen Anti-mouse CD45 antibody, rat 1:400 Ultra-Map anti-rat HRP

Macrophages, human Anti-human CD68 monoclonal
antibody, mouse 1:500 Ultra-Map anti-mouse HRP

Cytoskeleton Anti-K18 polyclonal antibody, rabbit 1:400 Ultra-Map anti-rabbit HRP
Cholangiocyte, mouse Recombinant anti-K19 antibody, rabbit 1:500 Ultra-Map anti-rabbit HRP
Cholangiocyte, human Recombinant anti-K19 antibody, rabbit 1:2000 Ultra-Map anti-rabbit HRP
Carbamoyl-Phosphate

Synthase1
Recombinant anti-CPS1 monoclonal

antibody, rabbit 1:500 Ultra-Map anti-rabbit HRP

Cyp2e1 Anti-Cyp2e1 antibody, rabbit 1:100
Ultra-Map anti-rabbit HRP

Ultra-Map anti-rabbit alkaline
phosphatase

Hepatic stellate cells Anti-mouse desmin antibody, rabbit 1:400 Ultra-Map anti-rabbit HRP

Macrophages, mouse Anti-mouse F4/80 monoclonal
antibody, rat 1:50 Ultra-Map anti-rat HRP

Glutamine synthetase, mouse Anti-GS polyclonal antibody, rabbit 1:15,000 Ultra-Map anti-rabbit HRP

Apoptosis Anti- cl. Caspase 3 monoclonal
antibody, rabbit 1:500 Ultra-Map anti-rabbit HRP

Glutamine synthetase, human Anti-GS polyclonal antibody, rabbit 1:5000 Ultra-Map anti-rabbit HRP
Cell proliferation antigen Anti-Ki-67 antibody, rabbit 1:100 Ultra-Map anti-rabbit HRP
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2.9. RNA-Seq Analysis

Total RNA was extracted from frozen mouse liver tissue, using the RNeasy Mini Kit
(Qiagen), according to the manufacturer’s instructions. DNase I digestion was performed
on-column using the RNase-Free DNase Set (Qiagen) to ensure that there was no genomic
DNA contamination. The RNA concentrations were determined on a Qubit™ 4 Fluorometer
with the RNA BR Assay Kit (Thermo Fisher). The RNA integrity was assessed on a 2100
Bioanalyzer with the RNA 6000 Nano Kit (Agilent Technologies). All samples had an RNA
integrity value (RIN) > 8, except three (6.9, 7.8, 7.9). Strand-specific libraries were generated
from 500 ng of RNA using the TruSeq Stranded mRNA Kit with unique dual indexes
(Illumina). The resulting libraries were quantified using the Qubit 1× dsDNA HS Assay
Kit (Thermo Fisher) and the library sizes were checked on an Agilent 2100 Bioanalyzer
with the DNA 1000 Kit (Agilent Technologies). The libraries were normalized, pooled,
and diluted to between 1.05 and 1.2 pM for cluster generation, and then clustered and
sequenced on an Illumina NextSeq 550 (2 × 75 bp) using the 500/550 High Output Kit v2.5
(Illumina).

2.10. Bioinformatics

Transcript quantification and mapping of the FASTQ files were pre-processed using
the software salmon, version 1.4.1, with option ‘partial alignment’ and the online provided
decoy-aware index for the mouse genome [28]. To summarize the transcript reads on the
gene level, the R package tximeta was used [29]. Differential gene expression analysis
was calculated using the R package DESeq2 [30]. Here, a generalized linear model with
just one factor was applied; this means that all combinations of diet (WD or SD) and time
points (in weeks) were treated as levels of the experimental factor. The levels are denoted
by SD3, SD6, SD30, SD36, SD42, SD48, WD3, WD6, WD12, WD18, WD24, WD30, WD36,
WD42, and WD48. Differentially expressed genes (DEGs) were calculated by comparing
two of these levels (combinations of diet and time point) using the function DESeq() and
then applying a filter with thresholds abs(log2(FC)) ≥ log2(1.5) and FDR (false discovery
rate)-adjusted p value ≤ 0.001. For pairwise comparisons, first, all time points for WD were
compared against SD 3 weeks, which was used as a reference. Second, all time points for
SD were compared against SD 3 weeks. Third, for all time points with data available for
both SD and WD, the diet types were compared, e.g., WD30 vs. SD30. For the analysis of
‘rest-and-jump-genes’ (RJG, for a definition see below), the experiments were ordered in the
(time) series TS = (SD3, WD3, WD6, WD12, WD18, WD24, WD30, WD36, WD42, WD48).
Then, for every cutpoint in this series after WD3 and before WD36, two groups were formed
by merging experiments before and after the cutpoint. Then, DEGs between the two groups
were determined as described above, but for filtering abs(log2(FC)) ≥ log2(4) and an FDR-
adjusted p value ≤ 0.05 was used. An additional filtering step was the use of an absolute
correlation ≥ 0.9 between the expression profile of a gene and the corresponding RJG
profile, e.g., (0, 0, 0,1, 1, 1, 1, 1, 1, 1) for a gene that ‘rests’ until week 6 and ‘jumps’ at week
12. K-means clustering was applied to cluster genes with respect to their expression profiles
along the time series TS. Before applying k-means, a variance stabilizing transformation
was applied and the top 1000 genes according to highest variance across all experiments in
TS were preselected. Mean expression values across replicates were used as input for the
clustering, with number of clusters set to k = 7. The number of clusters k = 7 was selected,
since the values k = 3 and k = 7 yielded local optima, when the mean silhouette width, a
cluster size validation measure, was plotted against k. Since k = 7 led to more accurately
divided and biologically more plausible clusters, k = 7 was chosen. Gene set enrichment
analysis (GSEA) was applied on the genes assigned to each cluster using the R package
goseq, version 1.42 [31]. Overlaps of gene lists identified by differential expression analysis
(DEGs) and gene lists associated with human liver diseases were calculated. Precision
(number of genes in overlap divided by number of genes in human liver list) and recall
(number of genes in overlap divided by number of DEGs in mouse data) were determined
based on the databases of Itzel et al. [32] and on the database HCCDB by Lian et al. [33].
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Figure 1. Lipid droplet accumulation and tumor development after Western diet feeding. (A) Experimental schedule
indicating the number of weeks mice were on a SD or WD prior to analysis; green triangles: time periods with SD controls
(details: Table 3). (B) Macroscopic appearance of the livers of mice on SD (week 3) and WD over 48 weeks. (C) Body weight
and liver-to-body weight ratio. (D) Lipid droplet (LD) formation in H&E-stained liver tissue sections of mice fed a WD over
48 weeks; scale bars: 50 µm. (E) Zonation of LD formation. LD appear white, the periportal/midzonal regions are green due
to immunostaining for arginase1 (Arg.); blue represents nuclear staining by DAPI; CV: central vein; PV: portal vein; scale
bars: 50 µm. (F) Intravital visualization of LD using Bodipy (green). Differentiation of the periportal (PP) and pericentral
(PC) lobular zones was achieved using the mitochondrial dye, TMRE, that leads to a stronger signal in the PP than the PC
zone; scale bar: 50 µm (see also Videos S1 and S2). (G) Quantification of LD in relation to lobular zonation. Data in C and
G represent the mean and standard error of 4–7 mice per time point. **: p < 0.01; ***: p < 0.001 compared to SD week 3,
Dunnett’s (C) or Sidak’s (G) multiple comparisons tests; data of individual mice are illustrated by dots; SD: standard diet;
WD: Western diet. (H) Immunostaining of a GS positive (upper panel; scale bars: 1 mm for whole slide scans and 100 µm
for the closeup) and a GS negative (lower panel; scale bars: 2 mm for whole slide scans and 100 µm for the closeup tumor
nodule from 48-week WD-fed mice for the hepatocyte marker K18, the periportal/midzonal marker arginase1, and the
proliferation marker Ki67. (I) Stills from MRI analysis of a SD-fed mouse, week 48, before (0 min), as well as 1 and 30 min
after injection of the contrast agent gadoxetic acid; GB: gallbladder. (J) Quantification of the gadoxetic acid-associated signal
in the regions of interest indicated in I. (K) Visualization of hepatocellular carcinoma (HCC) that appears as a hypodense
region (red arrow) in the liver of a WD-fed mouse at week 48 in comparison to the gross pathology of the same mouse.
(L) Mean intensity of the MRI signal of gadoxetic acid in the tumor and non-tumor region of the liver after injection of
gadoxetic acid.
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2.11. Western Blot Analysis and Quantification

Frozen liver tissue was homogenized in NP-40 lysis buffer using a tissue grind pestle
to obtain protein lysates. These were separated by SDS-polyacrylamide gel electrophoresis
(PAGE), transferred onto PVDF membranes, and analyzed by immunoblotting as pre-
viously described [34]. Membranes were probed with the following antibodies: MLKL,
cleaved-Caspase-3, and GAPDH. HRP-conjugated secondary antibodies (anti-rabbit IgG
and anti-mouse IgG) (Amersham) were used (Table 1). Intensity of the bands were analyzed
using ImageJ software V1.8.0.

2.12. Quantification of Plasma Metabolites

Amino acids, urea, pyruvate, fumarate, α-ketoglutarate, malate, and citrate were
determined by GC–MS analysis as described previously [35,36]. The analysis was per-
formed using 2.5 µL of mouse plasma collected from the portal and hepatic veins, as well
as from the right heart chamber. Concentrations of ammonia were analyzed in whole blood
samples immediately after collection from the portal and hepatic veins, as well as from the
right heart chamber, using the PocketChem BA PA-4140 (Arkray, Inc., Edina, MN, USA)
ammonia meter.

2.13. Image Analysis

The brightfield scans were segmented using the specialized whole slide image analysis
software QuPath [37]. We interactively trained pixel-level classifiers at appropriate pixel
resolutions (7.07, 3.54, or 0.44 µm) to segment all entities of interest such as tissue, Cyp2e1
or Sirius red positive regions. Structures within a 20 µm margin around tissue boundaries
were excluded from analysis due to occasional staining and cutting artifacts.

For segmentation of lipid droplets, we trained pixel-level classifiers using ilastik’s [38]
pixel classification workflow. Due to frequent spatial aggregation of differently sized lipid
droplets, a marker-based watershed transform was used for separation. The marker seeds
were initialized with local maxima of pixel-precise Euclidean distances to the background.
The resulting isolated lipid droplets were filtered based on size (>2.3 µm diameter) and
roundness. Lipogranulomas (‘macrophage crowns’) were identified using ilastik’s object
classification workflow. We used the post-processed lipid droplet and macrophage seg-
mentations as input and trained an object classifier to separate ‘crowned’ and ‘naked’ lipid
droplets, based on the amount of surrounding segmented macrophages. Lipogranulomas
smaller than 4.42 µm diameter were excluded from analysis.

2.14. Patients

A set of formalin-fixed paraffin-embedded liver tissue biopsies from 39 adult patients
with NAFLD were acquired from the Medical University of Vienna. The biopsies were
divided into four groups according to the fibrosis stage: fibrosis stage 0 (F0; n = 7), fibrosis
stage 1 (F1; n = 10), fibrosis stage 2 (F2; n = 7), fibrosis stage 3 (F3; n = 9), fibrosis stage 4
(F4; n = 6). Patient characteristics are given under Table S1. The study was conducted in
accordance with the ethical guidelines of the 1975 Helsinki Declaration and was approved
by the local ethics committee.

2.15. Statistical Analysis

Data were analyzed using Prism software (GraphPad Prism 9.1 Software, Inc., La
Jolla, CA, USA). Statistical significance between experimental groups was analyzed using
Dunnett’s/Tukey’s/Sidak’s multiple comparisons test, or unpaired t test, as indicated in
the figure legends.
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3. Results
3.1. Spatio-Temporal Accumulation of Lipid Droplets and Tumor Development after Western-Style
Diet Feeding

To study the time-course of pathophysiologically relevant events during Western diet
(WD) feeding, we used an experimental schedule where 8-week-old male C57BL/6N mice
were fed a WD or standard (SD) diet ad libitum for up to 48 weeks. Disease progression
was analyzed in a time-dependent manner every 3–6 weeks (Figure 1A). Macroscopically,
the livers of the WD-fed mice appeared pale as early as week 6, and some developed
tumors after week 30 (Figure 1B). The WD-fed mice also rapidly gained weight until week
18, after which the weight plateaued (Figure 1C). The body weight of the SD-fed mice
also increased over time up to week 30 and plateaued thereafter (Figure 1C; Figure S1);
however, their liver-to-bodyweight ratio remained unaltered up to week 48 (Figure S1). In
contrast, the liver-to-bodyweight ratio increased more than twofold in the WD-fed mice
(Figure 1C). H&E-stained tissue sections showed the formation of lipid droplets (LD) in
the WD-fed mice as early as 3 weeks after initiation, which became clearly visible after
6 weeks (Figure 1D,E). No LD were observed in livers of the SD-fed mice up to week 48
(Figure S2). Whole slide scans suggested a zonal pattern of LD at the early stage (weeks 3–6)
after WD feeding (Figure S3A). To study the spatial distribution of LD, we stained the
periportal/midzonal marker arginase1 and used the lipid dye Bodipy (Figure 1E). This
analysis showed that large LD initially (week 3) developed in the midzonal compartment of
the liver lobule, then progressed towards the periportal (weeks 6–12), and eventually to the
pericentral zone (week 24 and later) (Figure 1E). The zonation was confirmed by staining
for the pericentral marker Cyp2e1 (Figure S3B). Since tissue fixation may alter the actual
size of LD and some may be lost during the washing steps, we next visualized the spatial
distribution of LD intravitally in intact mouse livers with two-photon microscopy using the
vital lipid dye Bodipy and the zonation marker tetramethylrhodamine ethyl ester (TMRE).
This approach allowed us to visualize LD with improved resolution and demonstrated
that microvesicular fatty change is present in the pericentral zone at early time points, in
contrast to the macrovesicular LD observed in the midzonal/periportal regions (Figure 1F;
Video S1). After WD feeding for longer than 24 weeks, this LD zonation was lost, and
large LD appeared throughout the entire lobule (Figure S4; Video S2). The fraction of the
total area covered by LD was quantified using whole slide images, differentiating between
the pericentral (Cyp2e1 positive) and the midzonal/periportal (Cyp2e1 negative) lobular
zones (Figure 1G). The LD area increased between weeks 3 and 12 and reached a plateau
thereafter. This increase was more pronounced in the Cyp2e1 negative region, particularly
until week 12; however, this zonal difference decreased at later time points (Figure 1G).

Macroscopically visible tumors were first observed at week 30 and later in 59%
(16/27) of mice on WD. Histological and immunohistochemical analyses revealed tu-
mor nodules with different morphological patterns, ranging between 0.2 and 10 mm of
size (Figure 1H). Most nodules were highly differentiated, consisting of eosinophilic tumor
cells with mild fatty change, sometimes surrounded by a rim of basophilic tumor cells
(Figure 1H; Figure S5A). These nodules were glutamine synthetase (GS) and cytokeratin-18
(K-18) positive but arginase1 negative. The neoplastic hepatocytes were slightly smaller in
size and less proliferative in comparison to hepatocytes in the surrounding non-tumor tis-
sue (Figure 1H, upper panel; Figure S5A). Other tumor nodules were less differentiated and
irregularly shaped. They consisted of small basophilic tumor cells without demonstrable fat
inclusions and stained negative for GS, K18, and arginase1. Compared to the surrounding
non-neoplastic hepatocytes, the proliferation was markedly increased (Figure 1H, lower
panel; Figure S5B).

Since not all WD-fed mice developed tumors, we used MRI to non-invasively identify
the tumor-developing mice. For this purpose, a bolus of the hepatobiliary-specific contrast
medium gadoxetic acid (Primovist) was administered into the tail veins of 48-week WD- or
SD-fed mice via a catheter, followed by dynamic imaging for 1 h. Within seconds after in-
jection into the SD-fed mice, the contrast agent appeared in the blood circulation, was taken
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up by hepatocytes within 1–2 min, and homogeneously enriched in the liver parenchyma
reaching a peak intensity within 10 min (Figure 1I,J). Approximately 5 min after adminis-
tration, gadoxetic acid began to enrich in the gallbladder and urinary bladder. Similarly,
homogeneous enrichment of gadoxetic acid was also observed in the liver parenchyma
after administration into 48-week WD-fed mice without tumors (Figure S6A,B) but tumor
nodules appeared hypointense relative to the surrounding non-tumor tissue (Figure 1K,L;
Figure S6C) similar as reported for patients with HCC [39]. Subsequent macroscopic and
histopathological analysis of the tumor-bearing mouse livers validated that the gadoxetic
acid negative focal liver lesions were indeed HCC (Figure 1K; Figure S6C).

Taken together, WD feeding led to LD accumulation in hepatocytes which initially
occurred in the midzonal and periportal compartments, prior to spreading throughout the
liver lobule. After long-term feeding on the WD, 59% of the mice developed tumors which
could be diagnosed non-invasively by gadoxetic acid-enhanced MRI.

3.2. Time-Resolved Genome-Wide Expression Analysis

To characterize the time-dependent changes of the transcriptomics landscape, liver
tissues from the WD- and SD-fed mice (Figure 1A) were analyzed using RNA-seq. Principal
component analysis (PCA) illustrated a large shift between WD weeks 3 and 6 along PC1,
which explained 47% of the variance (Figure 2A). For longer periods, the sequential shift
from one time point to the next along PC1 was smaller with a high degree of variability
between individual mice. A shift along PC1 was also obtained for mice fed a SD, although
the extent was much smaller. At all individually analyzed time points, the WD- and the
age-matched SD-fed mice clearly clustered apart (Figure S7A). In a next step, we compared
all time periods of WD and SD to the earliest time period of SD (SD week 3). Consistent
with the PCA, the number of significantly up- or downregulated genes in the WD-fed
mice strongly increased from week 3 to week 6, followed by only a moderate increase
at the later time periods (Figure 2B; Datasheet S1). The color code indicates that only a
small fraction of the genes that were differentially expressed in the WD-fed mice were also
differentially expressed in the SD controls using SD week 3 as the reference. In contrast,
most of the genes that were significantly deregulated in the SD-fed mice compared to SD
week 3 were also significantly deregulated in the corresponding age-matched WD-fed mice
(Figure S7B,C; Datasheet S1).

To obtain an overview of the most frequent WD-induced gene expression changes
over time, the 1000 genes that varied the most across all time points were analyzed by
k-means clustering (Figure 2C). Downregulated genes appeared in clusters 1, 2, and 6,
which mainly decreased at weeks 6 and 12, and were enriched in GO-groups associated
with metabolic liver functions, including lipid metabolism. Clusters 4 and 7 contained
upregulated genes that strongly increased at week 6, followed by a plateau, and were
primarily enriched in genes associated with immune responses. An unusual time course
was obtained for the genes summarized in cluster 5 that showed two peaks of increased
gene expression at weeks 6 and 36, and contained GO-groups associated with proteolysis
and protein metabolism. Finally, genes with relatively small expression changes were
summarized in cluster 3. Since the k-means clusters mainly identified genes that increased
or decreased already at week 6 and then remained altered compared to the control situation,
we moreover aimed to specifically identify genes that remained unaltered in WD-fed mice
(compared to SD week 3) until a specific time point—including also time points later than
week 6—after which they became deregulated and remained so across subsequent time
points, further called ‘rest-and-jump-genes’ (RJG). As expected, we observed numerous
RJG at week 6 that were unaltered at week 3 and became deregulated starting at week 6
(Figure S7D). However, examples of RJG at weeks 12 and later illustrated that temporal
expression patterns can be specifically identified also in cases where genes show lasting
expression changes only after longer periods of WD feeding (Figure 2D; complete sets
of RJG: Figure S7D). However, compared to the genes in the aforementioned k-means
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clusters, the numbers of RJG were relatively low, and were mostly associated with immune
functions and T-cell subsets (Figure S7D).

Figure 2. Time-resolved RNAseq analysis. (A) Principal component (PC) analysis of all WD- (blue) and SD- (red) fed mice.
Numbers in the panel indicate weeks on the WD or SD feeding. (B) Numbers of differentially expressed genes (DEGs)
compared to SD week 3; adj p < 0.01; abs(log2 fold change) ≥ log2 (1.5). The light blue and light green color indicate DEGs
that are differentially expressed in the WD and SD for the time periods with available SD controls (weeks 3, 6, 30, 36, 42,
48). (C) Left: k-means clustering of the 1000 genes with highest variability. In parentheses: numbers of genes making
up the individual clusters. Right: 10 most enriched gene ontology (GO)-groups of each cluster. Count: number of DEGs
in each GO-group and fdr-adjusted p-value; only GO-groups with at least three DEGs were included. (D) Examples of
rest-and-jump genes (RJG). (E) Similarity of DEGs for the individual WD feeding periods compared to human NAFLD,
hepatocellular carcinoma (HCC), hepatitis C virus infected liver tissue (HCV), primary sclerosing cholangitis (PSC), and
primary biliary cholangitis (PBC) for up (∆) and down (•) regulated genes. (See also gene lists in Datasheet S1.)

An important question to be addressed is the degree to which transcriptomic profiles
in the WD mouse model resemble human NAFLD. To address this, using datasets of
differential genes in human chronic liver diseases we calculated ‘recall’ as the fraction of
differentially expressed genes in human NAFLD that are also deregulated in the present
mouse model, and ‘precision’ as the fraction of genes deregulated in mice that are also
differentially expressed in humans [26]. Compared to human NAFLD, a recall of 0.28 was
obtained at week 6 for the upregulated genes in the WD mouse model that increased to
0.38 at week 48 (Figure 2E). In contrast, precision was 0.20 at week 6 but slightly decreased
after longer periods on the WD (0.15 at week 48) (Figure 2E). Generally, precision and recall
were much higher for the up- than for the downregulated genes. We hypothesized that
the decrease in precision may be due to the progression to liver cancer, which could be
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reflected by a similarity to human HCC-associated genes. When compared to human HCC,
recall increased from 0.18 (WD week 6) to 0.28 (WD week 48), while precision remained
almost constant during this period of WD feeding. The downregulated genes resulted
in a better recall and precision when compared to human HCC than to human NAFLD.
Precision was lower in other chronic human liver diseases, such as primary sclerosing
cholangitis (PSC) and primary biliary cholangitis (PBC) and appeared to be intermediate in
hepatitis C virus infection (HCV).

3.3. Progression from Simple Steatosis to Steatohepatitis

Since progression from simple steatosis to NASH is characterized by a combination of
lobular inflammation and hepatocellular ballooning leading to hepatocyte death [40], we
next investigated if, and in which chronological order, these events occur in the present
model. Well-known histological features of NASH are inflammatory foci which mostly con-
sist of polymorphic granulocytes and some lymphocytes, and lipogranulomas (also called
‘macrophage crowns’) consisting of a fat vacuole surrounded by a layer of macrophages [41].
To study the kinetics of these features, inflammatory foci were visualized by CD45 and
macrophages by CD45 and F4/80 immunostaining (Figure 3A–C) at different time inter-
vals of WD feeding. A small number of inflammatory foci was already observed after
3 weeks (the shortest analyzed feeding period), remained relatively low until week 30,
and strongly increased after week 36. Lipogranulomas were first observed at low levels
at weeks 6 and increased at week 18 and later in WD-fed mice (Figure 3B–D), when the
formation of LD had already reached a plateau (Figure 1G). Similar to the zonation of LD,
the majority of lipogranulomas were initially localized to the midzonal/periportal lobular
regions, and eventually shifted to the pericentral zone (Figure 3B–D). Lipogranulomas
were further studied by intravital imaging after tail vein injections of antibodies against
F4/80, the mitochondrial dye Rhodamine123, and the nuclei marker Hoechst. In line with
the immunostaining data, only the resident Kupffer cells, and not lipogranulomas were
detected in the livers of SD controls and early WD-fed (3 weeks) mice (Figure 3E; Video
S3). However, F4/80 positive aggregates were clearly visible at week 12 and later in the
livers of WD-fed mice (Figure 3E; Video S4A). Interestingly, two types of lipogranulomas
were observed. Macrophages either encircled the remaining LD, as identified by Bodipy,
while the cytoplasm and nucleus of the hepatocyte were no longer visible, as evidenced by
the negative Rhodamine123/TMRE and Hoechst staining, respectively, or they enclosed
viable steatotic hepatocytes (Figure 3E,F; Video S4B). This difference was difficult to detect
in stained fixed tissues but was clearly visible in vivo after injection of the mitochondrial
dyes, Rhodamine123 or TMRE, that discriminate live and dead cells.

To investigate if the formation of lipogranulomas was associated with hepatocyte
death, TUNEL staining was performed to detect DNA fragmentation, a common sign of
different kinds of cell death. Positive TUNEL staining was evident starting at week 12 and
later after WD feeding, thus paralleling the development of lipogranulomas (Figure 4A,
upper panel). In agreement, transaminase activities were elevated in the blood of WD- but
not SD-fed mice from week 12 onwards (Figure 4B). The observed increase in cell death
was accompanied by replacement proliferation as evidenced by the positive staining for the
proliferation marker Ki67 (Figure 4A, lower panel). In contrast to the early occurrence of
cell death, full hepatocyte ballooning of K18 negative hepatocytes was not detected earlier
than week 36 of WD feeding and was particularly obvious at week 48 (Figure 4C). This
was evident by hepatocyte enlargement and rounding with rarefied cytoplasm in H&E
staining (Figure 4C) and negative staining for the cytoskeleton marker K18 (Figure 4D).
Hepatocyte ballooning was also accompanied by occurrence of K18 positive Mallory–Denk
bodies (MDB) (Figure 4C,D). Next, we examined the responsible cell death form during the
progression of NAFLD by analyzing the protein levels of the necroptosis marker, mixed
lineage kinase domain-like (MLKL) protein, and the apoptosis marker, cleaved caspase-3,
by Western blot. This analysis revealed a significant, time-dependent increase in MLKL
protein levels in the liver of WD- but not SD-fed mice starting at week 12 and reaching a
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plateau after week 18 (Figure 4E,F). In contrast, protein levels of cleaved caspase-3 were
not observed in both diets (Figure 4E). This was confirmed by immunostaining using
antibodies against cleaved caspase-3, which showed negative staining even after 48 weeks
of WD feeding (Figure 4G). As a positive control for apoptosis, immunostaining of cleaved
caspase-3 was also performed in LPS-treated WD-fed mice, which showed a massive
positive signal (Figure 4G).

Figure 3. Formation of lipogranulomas (‘macrophage crowns’) after Western diet feeding. (A) Visualization of inflammatory
foci by CD45 immunostaining. (B) Visualization of lipogranulomas (arrows) by immunostaining of CD45 and F4/80, and
their lobular zonation by co-staining with the pericentral marker Cyp2e1; an overview image of WD week 36 is shown
in (C). (D) Quantification of lipogranulomas’ density and zonation on whole slide scans in relation to the lobular zone;
data represent the mean and standard error of 3–7 mice per time point. **: p < 0.01; ***: p < 0.001 compared to SD week 3.
Unpaired t test; data of individual mice are illustrated by dots; SD: standard diet; WD: Western diet. (E) Intravital imaging
of livers of WD-fed mice after intravenous injection of a fluorophore-coupled F4/80 antibody (red), the mitochondrial
membrane potential marker Rhodamine123 (R123), and Hoechst for nuclear staining. The red arrows indicate Kupffer cells,
the white circle shows a vital steatotic hepatocyte with mitochondrial and nuclear structures surrounded by F4/80 positive
macrophages, and the pink circle indicates a lipid droplet enclosed by macrophages without discernible mitochondria
or nuclear signal. (F) Intravital imaging of lipid droplets visualized by Bodipy; the yellow arrows indicate macrophages
surrounding a lipid droplet. (See also Videos S3 and S4). Scale bars: 50 µm (A,B,E,F) and 200 µm (C).
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Figure 4. Cell death during NASH progression. (A) TUNEL and Ki67 staining in liver sections of SD- (3 week) and WD-fed
mice. (B) Liver enzyme activities (ALT and AST) in the heart blood of mice fed a SD or WD. (C) Examples of ballooning
(arrows) and Mallory–Denk bodies (arrowhead, MDB) in H&E-stained liver tissue sections. (D) Visualization of ballooning
and MDB by K18 immunostaining. (E,F) Representative image of Western blot with accompanying quantification of the
necroptosis marker MLKL and the apoptosis marker cleaved caspase-3 in livers of SD- and WD-fed mice over time. (G)
Cleaved caspase3 immunostaining at different time intervals after WD feeding; LPS: lipopolysaccharide. Data in B and
F are means and standard error of 4–5 mice per time point. *: p < 0.05; **: p < 0.01; ***: p < 0.001 compared to SD week 3,
Dunnett’s multiple comparisons (B) or unpaired t (F) tests; data of individual mice are illustrated by dots; SD: standard diet;
WD: Western diet. Scale bars: 50 µm (A,G) and 10 µm (C,D).

Collectively, long-term feeding on WD led to the progression from simple steatosis
to NASH, which was characterized by inflammatory foci, the formation of lipogranu-
lomas, necroptotic hepatocyte death, replacement proliferation, and late during disease
progression hepatocyte ballooning.
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3.4. Ductular Reaction (DR) and Fibrosis Progression

In human NASH, continuous hepatocyte death triggers a DR [42]. To study if DR
also occurred in the present model, K19 immunostaining was performed. In SD-fed mice,
K19 staining was only observed in the bile ducts adjacent to the portal veins (Figure 5A;
Figure S2). However, in WD-fed mice, a progressive DR was evident, starting at week 12
and increasing over time up to week 48 (Figure 5A,B). Development of DR was followed
by elevated activities of alkaline phosphatase in the blood (Figure 5C). Whole slide scans
demonstrated that the DR developed initially (weeks 12–18) in the periportal region, but
later progressed towards the pericentral zone (Figure S8). Although they are believed to
arise in order to replenish lost hepatocytes as part of a reparative process [43], the functional
significance of such DR is still not clear. Thus, to investigate their function during NASH
progression, we performed intravital imaging of the livers of WD-fed mice after tail vein
injection of the green-fluorescent bile acid analogue CLF. Interestingly, CLF appeared in
the lumens of bile canaliculi and DR within a few minutes after intravenous injection
(Figure 5D). This observation would fit to a mechanism, where hepatocytes secrete CLF
into bile canaliculi from where it reached the DR.

Figure 5. Development of bile-draining ductular reaction during NAFLD progression. (A) Immunostaining of the cholan-
giocyte marker K19 in liver sections of mice on SD (3 week) or WD over time. (B) Quantification of the K19 positive area. (C)
ALP levels in blood of mice on SD or WD. (D) Intravital imaging after intravenous injection of the bile acid analogue CLF
(green). Yellow arrows indicate ductular structures. Data in B and C represent mean and standard errors of 3–8 mice per time
point. *: p < 0.05; **: p < 0.01; ***: p < 0.001 compared to SD week 3, Dunnett’s multiple comparisons test; data of individual
mice are illustrated by dots; SD: standard diet; WD: Western diet; ALP: alkaline phosphatase; CLF: cholyl-lysyl-fluorescein.
Scale bars 50 µm (A) and 100 µm (D).

To study the time-dependent changes in fibrogenesis, we analyzed desmin- and Sirius
red-stained sections. In the SD-fed mice, desmin staining was seen in the resident stellate
cells along the sinusoids (Figure 6A). Conversely, progressive pericellular accumulation of
desmin positive stellate cells was observed in the liver of WD-fed mice at week 18 and later
(Figure 6A,B), which also co-localized with the DR (Figure S8). Similar to desmin, Sirius
red staining revealed an accumulation of pericellular collagen which increased between
weeks 18 and 48 after WD feeding (Figure 6A–C; Figure S8). The diffuse pericellular fibrosis
formed initially in the midzonal/periportal zone as visualized by Sirius red and glutamine
synthetase (GS) co-staining (Figure 6A), and later connections between the portal zones ap-
peared but real fibrotic streaks free of hepatocytes were not observed as a dominant feature
(Figure 6C). Fibrosis hinders the delivery of drugs to the hepatocyte sinusoidal membrane;
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thus, it negatively correlates with the hepatocyte uptake capacity [23]. We non-invasively
quantified the functional impact of fibrosis on the hepatocyte uptake capacity using gadox-
etic acid-enhanced MRI. First, fat content of the liver was determined in 48-week WD- and
SD-fed mice by acquiring coronal images using a 3D multi-echo gradient-echo Dixon pulse
sequence. Fat content of approximately 33% was detected in the livers of the WD-fed mice
compared to only ~2.5% in the controls (Figure 6D,E). Next, to quantify the hepatocyte
uptake capacity, T1-maps were acquired before, as well as one hour after, gadoxetic acid
injection, and the difference (DT1) was calculated. Interestingly, DT1 reduced from ~93%
in SD-fed mice to 79% in WD-fed mice (Figure 6D,F). In summary, long-term WD feeding
led to progressive pericellular fibrosis, whose onset was preceded by the development of a
functional bile-draining DR, which further progressed to a communicating chicken-wire
type of fibrosis.

Figure 6. Fibrosis progression after Western diet feeding. (A) Staining of SD- or WD-fed mouse liver sections with desmin
(scale bars: 50 µm), Sirius red, and GS (scale bars: 100 µm). Of note, GS expression expanded at week 36. In addition, central
veins became localized to delicate fibrotic septa thus forming initial portal-central bridges indicating architectural distortion,
which progressed until week 48. (B) Quantification of the desmin and Sirius red positive areas. Data represent mean and
standard errors of 4–8 mice per time point. *: p < 0.05; **: p < 0.01; ***: p < 0.001 compared to SD week 3, Sidak’s multiple
comparisons test; data of individual mice are illustrated by dots; SD: standard diet; WD: Western diet. (C) Whole slide scan
(scale bar: 1000 µm) of a Sirius red-stained liver section from 48-week WD-fed mouse, with enlarged inset (scale bar: 30 µm)
to show detail. (D) MRI analysis of the morphology, fat content, and hepatocyte uptake capacity after 48 weeks of SD and
WD. (E,F) Quantification of the MRI signals representing fat content and hepatocyte uptake capacity. Data in E and F were
acquired from three mice per time point; ***: p < 0.001 compared to SD, unpaired t test.
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3.5. Reorganization of Zonally Expressed Enzymes and Functional Consequences

The results of the previous chapters show that long-term feeding of mice on a WD
recapitulates various stages of NAFLD progression. Therefore, in a next step we charac-
terized the functional organization of the liver lobule during NASH progression. For this
purpose, the spatial expression of the pericentral markers Cyp2e1 and GS, as well as the
periportal marker arginase1, were analyzed using immunohistochemistry. This analysis
revealed a reduction in the Cyp2e1 positive area in the WD-fed mice at weeks 42 and 48
compared to the SD-fed mice (Figure 7A–C). The area of the periportal urea cycle enzyme
arginase1 also decreased, starting as early as week 6 of WD feeding (Figure 7A–C). In
contrast, the GS positive area increased after WD feeding, particularly at week 24 and later
(Figure 7A–C). Co-staining of GS and arginase1 showed complementary expression in the
SD-fed mice. In contrast, although the GS positive area increased in the WD-fed mice, a GS
and arginase1 negative zone was still observed (Figure S9).

Figure 7. Lobular reorganization of metabolizing enzymes and functional consequences. (A) Reorganization of the
pericentral enzymes Cyp2e1 and GS and the periportal/midzonal enzyme arginase1 in liver of WD-fed mice. (B) Decrease
in Cyp2e1 (pericentral) and the arginase1 (periportal/midzonal) lobular regions and increase of the pericentral GS positive
zone after WD feeding. (C) Quantification of the Cyp2e1, arginase1, and GS positive lobular areas in whole slide scans; data
represent mean and standard errors of 3–8 mice per time point. *: p < 0.05; ***: p < 0.001 compared to SD week 3, Sidak’s
multiple comparisons test; data of individual mice are illustrated by dots. (D,E) Hepatotoxicity of 300 mg/kg APAP in mice
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fed a SD or a WD for ~50 weeks as evidenced by H&E staining (D) and liver enzymes in blood (E); data represent mean
and standard error of 3–4 mice per group. *: p < 0.05; **: p < 0.01 compared to SD, Tukey’s multiple comparisons test;
data of individual mice are illustrated by dots. (F–H) Functional consequences of WD feeding (42 weeks) on ammonia (F),
glutamine (G), urea and arginine (H) blood concentrations; data represent mean and standard error of 3–4 mice per group.
**: p < 0.01; ***: p < 0.001 compared to SD, Sidak’s multiple comparisons test; data of individual mice are illustrated by dots.
SD: standard diet; WD: Western diet; GS: glutamine synthetase; ALT: alanine transaminase. Scale bars: 100 µm.

Based on this altered zonation, we next studied the possible functional consequences.
APAP toxicity was analyzed as a functional readout for Cyp2e1, since it metabolically
activates APAP to the hepatotoxic NAPQI [44]. For this purpose, an overdose of APAP (300
mg/kg b.w.) was administered intraperitoneally to mice fed a WD or SD for 48 weeks. The
expected APAP-induced pericentral damage was observed in the SD, but not in the WD
group (Figure 7D). In agreement, there was a strong increase in blood transaminase activi-
ties in the SD-fed group, compared to the minor increase in the WD-fed mice (Figure 7E;
Figure S10).

To study the functional consequences of the altered expression of GS and the urea
cycle enzyme arginase1, concentrations of ammonia, and other related metabolites, such as
glutamine and urea were analyzed in blood collected from the portal and hepatic veins,
as well as from the right heart chamber of mice fed a SD or WD for 42 weeks. Ammonia
concentrations were significantly elevated in the portal vein blood of the WD-fed mice
(Figure 7F). Consistent with the elevated GS expression, glutamine concentrations were
also significantly elevated in the hepatic vein and heart blood of the WD-fed mice, but
not in the portal vein blood (Figure 7G). Blood concentrations of glutamate and the other
amino acids, as well as the tricarboxylic acid cycle intermediates and metabolites were also
significantly elevated in the WD-fed mice (Figure S11). In contrast, a significant reduction
in urea and arginine levels was recorded at all measured positions in the WD-fed mice in
comparison to the SD controls (Figure 7H), which agrees with the reduction in expression
of the urea cycle enzymes.

Altogether, NASH progression is associated with altered expression of zonally ex-
pressed enzymes which has functional (and clinically relevant) consequences as indi-
cated by the changes of urea cycle metabolites in blood and reduced cytochrome P450
metabolism.

3.6. Comparison of Key Histological Features of WD-Fed Mice to NAFLD Patients

To compare the above-described observations in the WD-fed mice to the human
situation, a set of liver biopsies from 40 adult patients with NAFLD and known fibrosis
stage (F0–F4) was used. Similar to our mouse model, H&E-stained liver tissue sections
from the NAFLD patients revealed an accumulation of large LD (macrovesicular steatosis)
in hepatocytes (Figure 8A); however, these LD initially appeared in the pericentral zone.
Lipogranulomas (visualized by CD68 staining) were already identified in F1 patients,
as well as in the more advanced stages (Figure 8A). Furthermore, progressive DR was
observed in all NAFLD patients as determined by K19 staining (Figure 8A). Moreover,
Sirius red staining showed diffuse pericellular fibrosis; however, fibrosis in these adult
patients occurred pericentral, in contrast to the midzonal to periportal localization in mice
(Figure 8A). Hepatocyte ballooning and Mallory–Denk bodies were detected, particularly
in F2 and more advanced patients (Figure 8B). Interestingly, a strong decrease in Cyp2e1
expression was only detected in cirrhotic NAFLD patients (Figure 8C), which corresponds
to the observation in the WD-fed mice, where Cyp2e1 loss was a late event. Similar to the
WD-fed mice, an increase in GS expression was also seen in NAFLD patients (Figure 8D).
This was accompanied by a strong reduction in the urea cycle enzyme CPS1 (Figure 8D).
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Figure 8. Comparison of the key features identified in the Western diet mice to NAFLD patients. (A) H&E staining (scale
bars: 100 µm), lipogranulomas (CD68; scale bars: 50 µm) as identified with arrows, ductular reaction (K19; scale bars:
50 µm), and Sirius red staining (SR; scale bars: 100 µm) in NAFLD patients of all fibrosis stages (F0–F4). (B) Hepatocellular
ballooning (arrows) and Mallory–Denk bodies (arrowheads, MDB) in F2–F4 patients; scale bars: 10 µm. (C) Reduced Cyp2e1
expression in F3 and F4 patients. Note, the lobular reorganization as highlighted by patchy periportal Cyp2e1 expression in
F4 patients; scale bars: 100 µm. (D) Increase an abnormal periseptal localization of glutamine synthetase (GS) expression
and decrease in carbamoyl-phosphate synthase 1 (CPS1) in NAFLD liver tissue with advanced fibrosis; scale bars: 100 µm.
Abbreviations: CV, central vein; PV, portal vein; F3: fibrosis stage 3; F4: fibrosis stage 4.

In conclusion, the WD-fed mice recapitulate many features of human NAFLD, in-
cluding macrovesicular steatosis, lobular inflammation and formation lipogranulomas,
hepatocellular ballooning, formation of Mallory–Denk bodies, progressive fibrosis with
DR, as well as metabolic reorganization of the hepatic lobules.

4. Discussion

Time-resolved analysis of the here-described mouse model of NAFLD led to the
identification of a sequence of key events from bland steatosis to hepatocellular carcinoma
formation (graphical abstract). Within the first three weeks of WD feeding, LD formed
in the midzonal as well as the periportal regions of the liver lobules and increased in
size and number up to week 12 when a plateau was reached. Reorganization of zonally



Cells 2021, 10, 2516 22 of 29

expressed enzymes already began at week 6 when the initial periportal plus midzonal
expression of the urea cycle enzyme arginase1 was restricted to a narrow margin of the
most periportal hepatocytes. Furthermore, the pericentral cytochrome P450 expression
was decreased, although this occurred only after longer periods on the WD. In contrast
to the decline in expression of CYPs, the pericentral GS positive zone expanded strongly.
Thus, WD feeding induced a complex reorganization of zonally expressed enzymes in the
liver lobule. A functional consequence of decreased Cyp2e1 expression is the resistance
to hepatotoxic doses of APAP which is metabolically activated in the pericentral zone of
normal livers [44]. Consistent with this observation, APAP resistance was also described in
other mouse models of chronic liver diseases, such as repeated CCl4 intoxication [27].

Zonal reorganization also led to complex changes in ammonia metabolism. The
observed decrease in arginine and urea concentrations in the blood of WD-fed mice can be
explained by reduced expression of urea cycle enzymes; this is consistent with a previous
report of urea cycle dysregulation in NAFLD patients [45]. Furthermore, the expansion of
the pericentral GS positive zone may explain the rise in glutamine concentrations in the
liver vein and the systemic blood [24,46,47]. The observation that ammonia was neither
elevated in the hepatic vein nor in the systemic blood suggests that the expansion of the GS
positive zone compensates for the decrease in the region expressing urea cycle enzymes.
Elevated ammonia in the portal vein blood can be explained by the increased glutamine
blood concentrations, since glutamine is known to be consumed by the intestinal mucosa
where it is metabolized by glutaminase to produce large quantities of ammonia, which is
then reabsorbed into the portal vein [48,49].

Two types of inflammatory lesions were observed in the livers of Western diet-fed mice,
namely, inflammatory foci and lipogranulomas, that represent well-known histological
features of human NASH [41]. Intravital imaging of lipogranulomas revealed two types
of lipogranulomas: type 1 that surrounds a viable steatotic hepatocyte, and type 2, where
macrophages engulf the remaining LD of dead hepatocytes. Such a differentiation is
virtually impossible ex vivo using fixed tissues. The present results are in agreement with
previous studies that suggest a causal role for lipogranulomas in the progression of bland
steatosis to steatohepatitis [50]. Of note, lipogranulomas are currently not considered
during scoring of human NAFLD [41]. The observation that viable hepatocytes become
enclosed by macrophages suggests that the macrophages do not only play a role in the
removal of dead hepatocytes but may also contribute to hepatocyte death. The existence of
type 2 lipogranulomas may be explained by an impaired phagocytosis of large LD, which
may require longer periods of time.

Quantification of both inflammatory lesions showed a time course of initially very low
inflammatory foci (week 3–30) and lipogranulomas (week 6–12). In this period, only mild
increase in hepatocyte death and liver enzymes was observed. However, hepatocyte death
and liver enzyme activities increased strongly together with the increase in lipogranulomas
after week 12 and was accompanied by replacement proliferation. Increased levels of
MLKL protein suggest that necroptosis is the responsible death mechanism [51].

Ductular reaction (DR) represents the next key event. A small but significant increase
in DR, as detected by K19 immunostaining, was first observed at week 12 in the livers of
the WD-fed mice, progressed over time and was associated with fibrotic remodeling of the
hepatic lobules. The functional relevance of DR is currently controversially discussed. They
may either serve to replenish lost hepatocytes in a setting of decompensated/impaired
hepatocellular proliferation [43,52,53] or may represent an adaptive response to cholestasis,
which may be an underappreciated feature of NAFLD [54,55]. Here, a recently established
functional intravital imaging technique of bile acid transport was applied to investigate
the role of DR [56,57]. Interestingly, intravenous administration of a green-fluorescent bile
acid analogue resulted in the appearance of green fluorescence in the DR within a few
minutes. This suggests that the DR is part of a functional bile-draining tubular network that
is anatomically connected to the biliary tract, as similarly reported by Kamimoto et al. [55].
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Fibrosis was associated with DR progression but started as focal pericellular collagen
fiber deposition at week 18 and then progressed over time. At week 48 of WD feeding,
reduced hepatocyte uptake capacity of gadoxetic acid from sinusoidal blood was observed,
which may be due to the pericellular fibrosis. These results correspond to a previous study
demonstrating that gadoxetic acid relative enhancement was lower in patients with NASH
than in patients with simple steatosis [58].

After week 30, 59% of the WD-fed mice spontaneously developed tumors. The non-
invasive identification of mice bearing tumors was reliably performed using MRI with a
liver-specific contrast agent. Histological analyses revealed round-shaped, less proliferat-
ing, GS and K18 positive well-differentiated HCC nodules, and also irregularly formed,
hyperproliferating, GS and K18 negative poorly differentiated HCCs. GS positive liver
tumors in mice were reported to contain activating mutations of CTNNB1 and to exhibit
several features of pericentral hepatocytes, while GS negative tumors carry activating
mutations of Ha-ras or B-raf, have features similar to periportal hepatocytes, and were
reported to be of no relevance with respect to human HCC [59]. Both the GS negative
and the GS positive tumors found in our NAFLD model were negative for the periportal
marker arginase1.

The above-described sequence of clearly distinguishable key events suggests that each
of the eight processes may be accompanied by an orchestrated transcriptomic signature.
However, it was surprising that the transcriptomic landscape was not in chronological
correspondence to the key histopathological and functional events. Most gene expression
changes occurred up to week 6. This is reflected by the two largest clusters, which were
monotonously downregulated (cluster 1) or upregulated (cluster 7) and reached a plateau
around week 12. Downregulated genes were associated with metabolism and further
mature liver functions, while the upregulated genes were associated with immune func-
tions. The only non-monotonous cluster (no. 5) showed peaks of gene expression changes
at week 6 and 36 with lower levels at the intermediate periods (weeks 12–30). Week 6
represents the beginning of zonal reorganization, while week 36 coincides with tumor
formation. It therefore may appear plausible that both key events are associated with
major changes in the proteome, such as the degradation of pericentral and/or periportal
proteins during zonal reorganization; but it should be considered that with only 21 genes,
the non-monotonous cluster 5 is relatively small.

To study if genes that coincide with the key events ‘lipogranuloma formation’ and
‘fibrosis’ can be identified, we searched for rest-and-jump genes (RJG), defined as genes
that were initially unaltered and only became deregulated after a specific period of WD
feeding. Indeed, RJG genes were identified that were solely upregulated at weeks 18 and
24 of WD feeding, and therefore coincided with the formation of lipogranulomas and
the onset of fibrosis. These genes included the IL-21 receptor (Il21r) that plays a role in
macrophage activation [60]; Ccl5 which is known to be induced at later stages of inflamma-
tion compared to most other CC chemokines, and has been reported to recruit activated
and memory T cells [61]; the caspase recruitment domain family signaling scaffold protein
Card11 that plays a not yet fully understood role in adaptive immunity and lymphocyte ac-
tivation [62]; Fam83a whose function is not yet understood but expression has been shown
to negatively correlate with tumor-infiltrating lymphocytes [63]; the surface glycoprotein
Cd8a, a well-established marker of CD8+ T cells that has been shown to be elevated in an
obese model of NASH and were reported to activate stellate cells [64]; the inhibitory T-cell
immunoreceptor Tigit, also known to be expressed on NK cells [65]; and the cell surface
glycoprotein Scube1, a marker of platelet activation and endothelial cell inflammation [66].
Together, these observations fit with previous reports that specific subsets of T cells create
a microenvironment that activates macrophages to a more proinflammatory state [67],
thereby contributing to the formation of lipogranulomas and necroptosis of hepatocytes.
Despite their conspicuous course, it should be considered that RJG genes represent only a
minority of all deregulated genes, and that the transcriptomic landscape is dominated by
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the patterns of clusters 1 and 7 with monotonous upregulation or downregulation of genes
over time followed by a plateau.

The information on the sequence of key events will facilitate studies in future to
identify relevant therapeutic targets. For example, it will be of interest if antagonization
of preceding events will ameliorate later events, e.g., will antagonization of inflammatory
foci or lipogranulomas reduce HCC; or will interventions that target ductular reaction
ameliorate the progression of fibrosis? Moreover, the transcriptomics data will support the
identification of genetic targets of translational relevance.

An important question addressed in the present study is to which degree the WD
mouse model resembles human NAFLD, and to identify aspects that are different (Table 6).
We confirm previous studies reporting that long-term WD-fed mice recapitulate key fea-
tures of progressing human NAFLD, such as steatosis, lobular inflammation, hepatocyte
ballooning, fibrosis, and HCC development [14], as well as DR and metabolic reorgani-
zation. However, an interspecies difference was observed with respect to zonation of
steatosis. More specifically, LD and the subsequent events in mice initially developed in
the midzonal/periportal lobular compartment. In contrast, LD predominantly formed in
the pericentral region in human NAFLD in adult patients, but periportal fatty change has
been observed in pediatric NAFLD [41,68]. In addition, there seem to be differences in
terms of fibrosis progression with lack of central-to-portal and central-to-central septa in
WD mice. The here-applied comparison of gene expression between humans and mice
suggests that at least 30% of the genes with altered expression in human NAFLD are also
differentially expressed in the WD mouse model, and that there is a substantial overlap
with human HCC, of which the occurrence increases for the longer feeding periods. It
should be considered that this technique of quantifying interspecies differences by recall
and precision is conservative, because it is based on identically annotated genes. This
means that even if they are related between species, genes do not contribute to the overlap
if they carry different gene symbols. However, even the present conservative analysis
shows that the WD mouse model recapitulates a substantial fraction of expression changes
of human NAFLD.

Table 6. Similarities and differences of the present NAFLD mouse model and human NAFLD, concerning the key features
analyzed in the present study.

Similarities Differences

â Macrovesicular steatosis
â Zonal reorganization:
â Reduction of the periportal/midzonal zone expressing urea
cycle enzymes
â Increase of the GS positive pericentral zone
â Decrease of the Cyp2e1 positive pericentral zone
â Lipogranulomas
â Hepatocyte ballooning
â Ductular reaction
â Pericellular fibrosis
â Hepatocellular cancer (HCC)

â Zonation of lipid droplets and fibrosis: midzonal/periportal
in mice; pericentral in adult humans
â Rate of HCC formation is higher in mice than humans
â Only ~30% of the genes altered in human NAFLD are also
differentially expressed in the present mouse model
â Hepatocyte ballooning: late during disease progression in
mice; early during disease progression in humans

One limitation of the present study is that similar to most studies in this field only
male mice were studied. In future, it will be of interest to additionally analyze female mice
and how the differences to males relate to the human situation.

In conclusion, the present spatio-temporal, multiscale study identified a sequence of
translationally relevant key events in WD-fed mice developing steatohepatitis and HCC,
which will support the identification of therapeutic targets in future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10102516/s1, Table S1: Patient characteristics. Datasheet S1: Transcriptomics data.

https://www.mdpi.com/article/10.3390/cells10102516/s1
https://www.mdpi.com/article/10.3390/cells10102516/s1
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Videos S1 and S2. Intravital visualization of lipid droplets using the lipid dye bodipy (green) at 9
(Video S1) and 30 (Video S2) weeks after western diet (WD) feeding. Differentiation of the periportal
and the pericentral lobular zones was achieved using the mitochondrial dye TMRE that leads to a
stronger signal in the periportal than the pericentral zone. Videos S3 and S4A. Intravital imaging of
livers of WD-fed mice after intravenous injection of a fluorophore-coupled F4/80 antibody (red), the
mitochondrial membrane potential marker Rhodamine123 and Hoechst for nuclear staining. Video
S3. shows Kupffer cells (red) in the sinusoidal wall of a mouse fed on WD for 3 weeks. Video S4A. A
WD-fed mouse for 32 weeks showing a vital steatotic hepatocyte with mitochondrial and nuclear
structures surrounded by F4/80 positive macrophages (white circle), and a lipid droplet enclosed by
macrophages without discernible mitochondria or nuclear signal (pink circle). Video S4B. Intravital
imaging of the liver of a WD-fed mouse for 24 weeks after intravenous injection of the mitochondrial
membrane potential marker TMRE (red), the lipid dye bodipy (green) and the nuclear dye Hoechst
(blue), showing a lipid droplet enclosed by macrophages without discernible mitochondria or nuclear
signal (circle). Figure S1. Body weight changes and liver-to-body weight ratio in mice after feeding
on standard diet up to 48 weeks. Figure S2. No major alterations in liver tissue morphology and
zonated enzyme expressions after 48-week standard diet (SD) feeding to mice. Figure S3. Early
midzonal/periportal (weeks 3–6) and late pan lobular (week 30) distribution of lipid droplets after
western diet (WD) feeding. Figure S4. Intravital visualization of lipid droplets using the lipid dye
bodipy (green) at 9 and 30 weeks after western diet (WD) feeding. Figure S5. Hematoxylin and eosin
staining of tumor and non-tumor tissue in 48-week western diet-fed mice. Figure S6. Non-invasive
detection of tumors in 48-week western diet-fed mice using MRI. Figure S7. Transcriptomics data.
Figure S8. Whole slide scans from the livers of standard diet- (SD) fed mice for 3 weeks and at
different time intervals after western diet (WD) feeding showing the progression of ductular reaction
(CK19 staining) and fibrosis (desmin and Sirius red staining). Figure S9. Co-staining of glutamine
synthetase (GS) and arginase1 in the livers of standard (SD) and western diet (WD) fed mice. Figure
S10. Hepatotoxicity of 300 mg/kg APAP in mice fed a SD or a WD for ~50 weeks as evidenced by
aspartate transaminase (AST) activity in heart blood. Figure S11. Functional consequences of WD
feeding (42 weeks) on amino acids and citric acid cycle intermediates as well as metabolites.
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Abbreviations

ALP: alkaline phosphatase; ALT: alanine transaminase; APAP: acetaminophen; AST: aspartate
transaminase; b.w.: body weight; CLF: cholyl-lysyl-fluorescein; DR: ductular reaction; GS: glutamine
synthetase; K-18/19: keratin-18/19; LD: lipid droplets; LPS: lipopolysaccharide; MDB: Mallory–Denk
bodies; MLKL: mixed lineage kinase domain-like; MRI: magnetic resonance imaging; NAFLD: non-
alcoholic fatty liver disease; NASH: non-alcoholic steatohepatitis; NAPQI: N-acetyl-p-benzoquinone
imine; PC: pericentral; PV: periportal; R123: rhodamine123; RJG: rest-and-jump genes; SD: standard
diet; TMRE: tetramethylrhodamine ethyl ester; WD: Western diet.
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