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ARTICLE INFO ABSTRACT
Keywords: Background: NAFLD progression, from steatosis to inflammation and fibrosis, results from an
Non-alcoholic fatty liver disease interplay of intra- and extrahepatic mechanisms. Disease drivers likely include signals from white

Temporal dynamics
Inter-organ crosstalk
Oxidative stress
Liver fibrosis

adipose tissue (WAT) and gut. However, the temporal dynamics of disease development remain
poorly understood.

Methods: High-fat-diet (HFD)-fed Ldlr—/—.Leiden mice were compared to chow-fed controls. At t
=0, 8, 16, 28 and 38w mice were euthanized, and liver, WAT depots and gut were analyzed
biochemically, histologically and by lipidomics and transcriptomics together with circulating
factors to investigate the sequence of pathogenic events and organ cross-talk during NAFLD
development.

Results: HFD-induced obesity was associated with an increase in visceral fat, plasma lipids and
hyperinsulinemia at t = 8w, along with increased liver steatosis and circulating liver damage
biomarkers. In parallel, upstream regulator analysis predicted that lipid catabolism regulators
were deactivated and lipid synthesis regulators were activated. Subsequently, hepatocyte hy-
pertrophy, oxidative stress and hepatic inflammation developed. Hepatic collagen accumulated
from t = 16 w and became pronounced at t = 28-38 w. Epididymal WAT was maximally hy-
pertrophic from t = 8 w, which coincided with inflammation development. Mesenteric and
subcutaneous WAT hypertrophy developed slower and did not appear to reach a maximum, with
minimal inflammation. In gut, HFD significantly increased permeability, induced a shift in
microbiota composition from t = 8 w and changed circulating gut-derived metabolites.
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Conclusion: HFD-fed Ldlr—/—.Leiden mice develop obesity, dyslipidemia and insulin resistance,
essentially as observed in obese NAFLD patients, underlining their translational value. We
demonstrate that marked epididymal-WAT inflammation, and gut permeability and dysbiosis
precede the development of NAFLD stressing the importance of a multiple-organ approach in the
prevention and treatment of NAFLD.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent form of chronic liver disease worldwide. It is estimated to affect
more than 20% of the adult population and is also becoming increasingly prevalent in children [1]. The pathophysiology of NAFLD is
incompletely understood, which may contribute to the fact that at present no approved therapeutic treatments are available. NAFLD is
the hepatic manifestation of the metabolic syndrome, characterized by visceral fat accumulation, hyperlipidemia and insulin resis-
tance [2]. NAFLD is a complex multifactorial disease in which progression from simple steatosis to hepatic inflammation (non-alco-
holic steatohepatitis; NASH) and fibrosis is driven by an intricate interplay between many molecular and cellular mechanisms [1].
These are not limited to the liver, where processes such as lipid accumulation, inflammation and oxidative stress are potential disease
drivers, but also originate from other key metabolic organs such as the adipose tissue and the gut [3]. Current knowledge of the disease
pathogenesis is based largely on studies that investigate a single time point (typically end-stage disease). However, such studies
provide no insight into the temporal disease dynamics and chronology, which therefore remain poorly understood.

NAFLD is thought to begin with the accumulation of hepatic lipids, a condition known as steatosis. Hepatic lipids start to accu-
mulate when the rates of lipid uptake and production exceed the rates of lipolysis and subsequent oxidation in peroxisomes and
mitochondria, and lipid export (via VLDL). The excessive lipid load in the liver of NAFLD patients has been associated with increases in
specific bioactive lipids such as diacylglycerols (DAGs) [4] - which can directly affect insulin signaling [5,6] - and byproducts of
oxidative-stress-induced lipid peroxidation [7]. These metabolic dysfunctions can induce hepatocellular damage and may contribute
to hepatic inflammation (infiltration of mixed inflammatory cells along with increases in proinflammatory cytokines and chemokines)
[81, as well as hepatic fibrosis.

In addition to metabolic dysfunction in the liver of NAFLD patients, growing evidence suggests that the development of NAFLD is
closely linked to the dysfunction of other metabolic organs, in particular the gut and adipose tissue [9]. For example, NAFLD patients
have an altered microbiota composition [10] and increased gut permeability [11]. This altered microbiota composition may change
nutrient processing, resulting in an altered production of short-chain fatty acids and bile acids, which can impact hepatic signaling
pathways and metabolism [12]. In obesity-associated NAFLD visceral fat has important clinical implications and is an independent risk
factor of the metabolic syndrome [13,14]. White adipose tissue depots in obese subjects can become inflamed and can thus contribute
to NAFLD, via lipid overflow which increases the lipid load on the liver, or via secretion of inflammatory cytokines and adipokines.

However, it is unclear when specific pathogenic events in the liver itself, and in gut and adipose tissue occur, what the sequence of
these events is, and how they relate to NAFLD development (e.g., whether increased gut dysfunction precedes WAT dysfunction and
NASH or whether the various organ dysfunctions develop simultaneously with NASH). Recent NAFLD research has mainly focused on
the late stage of disease (e.g., fibrosis), however to prevent severe disease development more attention should be paid to the early
phase of disease. For the latter, translational models for NASH in which the early phase of disease development and potential bio-
markers can be studied play an important role. Advancing our understanding of processes underlying NASH pathogenesis, the organ
interactions and the complex interplay between them is crucial for the development of effective therapies.

Therefore, in this study we investigated temporal dynamics of metabolic dysfunctions in multiple organs (liver, adipose tissue, gut)
during NAFLD development to investigate organ crosstalk. In particular, the sequence of pathogenic events as well as relevant me-
tabolites released by these organs were studied. Knowledge on the disease dynamics will help define key pathogenic mechanisms and
identify factors formed in these tissues that associate with fatty liver progression towards NASH and fibrosis. To study this we per-
formed a longitudinal study to allow the study of both NASH (expected around 28 weeks) and liver fibrosis (evident around 38 weeks)
as endpoint in the Ldlr—/—.Leiden mice. Ldlr—/—.Leiden mice display characteristics akin to NASH patients confirmed on the his-
topathological [15], metabolomic [16,17] and transcriptional level [17,18]. Ldlr—/—.Leiden mice develop NAFLD in the context of
obesity, hyperlipidemia with a humanized lipid profile, and hyperinsulinemia when fed energy-dense diets with a macronutrient
composition comparable to natural human diets, thus eliminating the need to artificially modify the diets by adding cholesterol or
lowering the methionine or choline content [18-20]. A group of mice were euthanized at start point (t = 0 weeks) and after 8, 16, 28
(NASH endpoint) and 38 weeks (liver fibrosis endpoint). At these time points features of HFD-induced metabolic dysfunction in liver,
adipose tissue and the gut during NAFLD development were evaluated and compared with low-fat diet controls. Metabolic dysfunc-
tions in the Ldlr—/—.Leiden mouse model were compared to those observed in NASH patients, to further assess the translational value
of this NASH mouse model.

2. Materials and methods
2.1. Animals

Male Ldlr—/—.Leiden mice were bred and housed in the AAALAC-accredited SPF animal facility at TNO Metabolic Health Research
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(Leiden, the Netherlands). These mice are a substrain of the commercially available Ldlr—/— mouse (The Jackson Laboratory) and
have a 94% C57BL/6J background and 6% 129S1/SvimJ background. The animals were used herein for a time course experiment in
accordance with the rules and regulations set forward by the Animal Care and Use Committee and with ethical approval from an
independent Animal Welfare Body (IVD TNO; approval number 3682/TNO-245). In addition, all procedures performed on these
animals were in accordance with regulations and established guidelines and were reviewed and approved by Pfizer Institutional
Animal Care and Use Committee. The mice were group-housed (four to five mice per cage) in Macrolon type 2L cages in a clean-
conventional animal room (relative humidity 55 + 10, temperature 20-24 °C, light cycle 07:00 to 19:00) with ad libitum access to
food and water. From weaning onwards all mice (n = 103) were fed a standard laboratory low-fat control diet (chow; Sniff-R/M-
V1530, Uden, the Netherlands). All mice were around the age of 14-16 weeks when the study started, and a group of these mice
(n = 6) was euthanized as a starting reference group (t = 0). The remaining mice were divided into two different treatment arms, one
part remained on chow while the others were fed an energy-dense high-fat diet (HFD; D12451, Research Diets Inc.; 20 kcal% protein,
35 kcal% carbohydrate mainly from sucrose and 45 kcal% lard fat) to induce NAFLD. 5 h-fasted blood samples for EDTA plasma
preparation were collected from the tail vein at set intervals. Body weight and food intake measurements and body composition
analyzed with echoMRI were acquired throughout the study. A few days before euthanasia, a functional gut permeability test was
performed (details described below). Groups of n = 6 chow and n = 15 HFD fed mice were euthanized after 8, 16 and 28 weeks, and
groups of n = 15 chow and n = 15 HFD fed mice after 38 weeks. Mice were euthanized by gradual-fill CO2 asphyxiation after a 5-h fast
in the morning. At euthanasia blood for EDTA plasma and serum preparation was collected via heart puncture, organs were isolated
and weighed, and mucosal microbiota from ileum and colon was collected. In addition, we included data from recent comparable
studies using the same experimental conditions: male Ldlr—/—.Leiden mice of the same age fed the same diets (e.g. Ref. [20]).

2.2. Blood chemistry

Analysis of cholesterol, triglycerides, insulin, adiponectin and leptin, alanine amine transferase (ALT), aspartate aminotransferase
(AST), CK-18M30 and TIMP1 in EDTA plasma and whole blood glucose was performed as described previously [21,22]. 5-hours fasting
plasma insulin and fasting blood glucose values were used to calculate IR = [insulin (ng/mL) x glucose (mM)]/22.5 [23]. At t = 20
weeks lipoprotein profiles were analyzed by separating plasma lipoproteins in fractions with fast protein liquid chromatography
(FPLC) using (Pharmacia, Roosendaal, the Netherlands), as previously described [24]. In the plasma fractions total cholesterol and
triacylglycerols were measured with enzymatic assays (Roche diagnostics, Basel, CHF) [24]. We also measured ApoB concentrations (t
= 24 w) by ELISA following manufacturer instructions (ab230932, Abcam, Cambridge, UK). Gut-derived metabolites short-chain fatty
acids (SCFAs; acetic acid, propionic acid, butyric acid, caproic acid, isobutyric acid, methylbutyric acid, isovaleric acid, and valeric
acid) and bile acids (cholic acid, glycocholic acid, taurocholic acid, deoxycholic acid, taurodeoxycholic acid, chenodeoxycholic acid,
B-muricholic acid, taurochenodeoxycholic acid, ursodeoxycholic acid, tauroursodeoxycholic acid, and hyodeoxycholic acid) were
measured in 5-h-fasted terminal plasma at Triskelion (Utrecht, the Netherlands) as reported in Ref. [23].

2.3. Liver analyses

Liver histopathology was scored by a board-certified pathologist in Hematoxylin-Eosin (HE)-stained 3 pm cross sections of the
medial lobe using a standardized method for rodents that is based on the human NAS scoring system [15]. Total steatosis (macro-
vesicular and microvesicular) and hypertrophy (abnormally enlarged hepatocytes) for each mouse were determined as a percentage of
total liver section affected. Hepatic inflammation was quantified by 1) counting the number of inflammatory aggregates in 5 fields per
mouse at 100x magnification (field of view 4.15 mm?) and expressed as the number of aggregates per mm? in the HE liver cross
sections and 2) counting the number of F4/80-positive CLS per 3 pum liver cross of the medial lobe, which were F4/80 immunohis-
tochemically stained as detailed in Ref. [17].

Intrahepatic cytokines (IL10, IL17, TNFa) and chemokines (MIP1a/CCL3, IP10/CXCL10, RANTES/CCL5, KC/CXCL1) were
measured as previously described in Ref. [25] using a Simoa multiplex immunoassay panel (3-plex 85-0450 and 4-Plex Developer Kit
100A-0497, Quanterix MA, USA) according to the manufacturer’s protocol on an SP-X System (Quanterix). In the same liver ho-
mogenates cytokine MIF was measured following manufacturers protocol (Mouse MIF duoset DY1978, R&D systems, Abingdon, UK).
Total protein concentrations were measured with the BCA Protein Assay Kit in the same homogenates (Thermo Fisher Scientific,
Waltham, MA, USA) to normalize the inflammatory factors per mg of protein.

Hepatic fibrosis was analyzed in Sirius red-stained 3 pm cross sections of the sinister lobe and quantified by a board-certified
pathologist as the percentage of hepatocytes affected. Hepatic total collagen content was quantified based on hydroxyproline resi-
dues obtained from acid hydrolysis (QZBtiscol, Quickzyme, Leiden, the Netherlands) of the sinister lobe. Collagen concentrations were
normalized by protein concentrations, which were measured in the same hydrolysates (QZBtotprot, Quickzyme) according to man-
ufacturer’s instructions.

Fibrosis architecture was analyzed as detailed in Ref. [17] with multiphoton and second harmonic generation (SHG) imaging of
hepatic collagen using a Genesis 200 imaging system and subsequent computer-assisted data analysis (HistoIndex, Singapore).

Liver vascular structures of mice fed a chow or HFD for 44 weeks were analyzed in the right and caudate liver lobe stained for 20 h
in a 1% iodine and 70% alcohol solution. The iodine-enhanced vascular structures were visualized by Micro-CT scanning (Zeiss Xradia
Versa 520 with Zeiss Scout-and-Scan software, Carl Zeiss B.V., Breda, the Netherlands). The subsequent settings were used: 0.4x
objective, pixel size 28.147 pm and 24.16 pm (chow and HFD, respectively), voltage 40/3 kV/W, camera binning 2, 801 views and
1201 views (chow and HFD, respectively) with angle range of 180° + fan. Followed by 3D construction of the vascular structures with



E. Gart et al. Heliyon 9 (2023) 13985

Zeiss XMReconstructor software.

The oxidative stress marker 4-hydroxynonenal (4-HNE) was analyzed by immunohistochemistry in 4-HNE stained liver cross
sections and quantified as previously described [26,27].

Liver lipids were analyzed with lipidomics on the lipidizer platform as detailed in Ref. [28].

Lipids were grouped into classes: cholesterol esters (CE), ceramides (CER), dihydroceramides (DCER), hexosylceramides (HCER),
lactosylceramides (LCER), lysophosphatidylcholines (LPC), lysophosphatidylcholines (LPE), phosphatidylcholines (PC), phosphati-
dylethanolamines (PE), sphingomyelins (SM), free fatty acids (FFA), diacylglycerols (DAGs), triacylglycerides (TAGs). The concen-
trations of the lipids were expressed as nmol/mg tissue, the total abundance of each lipid class is the sum of the respective lipid species
concentrations.

Next generation sequencing was performed in RNA samples extracted from n = 6 chow and n = 10 HFD animals at 38 weeks. RNA
concentration and RNA quality were determined as previously reported [25]. RNA sequencing libraries for the Illumina (Ilumina
NovaSeq6000, San Diego, CA) platform were generated Paired-End 150 bp for approximately 20 million Paired-End reads per sample
at Genomescan BV (Leiden, the Netherlands). The sequences were filtered, trimmed and subjected to a QC procedure as described
previously [29]. These files were then merged and aligned to the reference genome “Mus_musculus.GRCm38. gencode.vM19”.
Htseq-count 0.6.1p1 was used to count the reads, these count files served as input for the differentially expressed genes (DEGs) analysis
using the DESeq2-method [30]. DEGs were used as an input for pathway analysis through Ingenuity Pathway Analysis (IPA), accessed
12/21 [31]. IPA uses gene expression data of all known downstream target genes to predict activation or deactivation of an upstream
regulator as reported [22,29].

2.4. Adipose tissue analysis

The perigonadal WAT (gWAT) and mesenteric WAT (mWAT) visceral white adipose tissue depots and the inguinal subcutaneous
WAT (iWAT) were isolated and weighed. All three depots were paraffin-embedded and cross sections (5-pm thick) were stained with
hematoxylin-phloxine-saffron. Adipocyte morphometry (cell size and count) was analyzed using the automated image analysis plug-in
Adiposoft [32] in ImageJ [33]. Inflammation was quantified by scoring the amount of crown-like structures (CLS) in the same fields as
the morphometry analyses and expressed as number of CLS/1000 adipocytes as described in detail elsewhere [34].

2.5. Gut analysis

Gut permeability was assessed using a functional in vivo assay that measures the ability of fluorescein isothiocyanate (FITC)-
labelled dextran (3-5 kDa FD4; Sigma, St. Louis, MO, USA) to cross from the intestinal lumen into the circulation as described pre-
viously [21]. A baseline blood sample was taken after a 4 h fast, then FD4 was administered by oral gavage (900 mg/kg). Four hours
after FD4 administration a second plasma sample was collected to measure FD4 concentrations using a fluorometer (FLUOstar Galaxy,
BMG labtech, Offenburg, Germany). The baseline blood sample was used to correct for autofluorescence.

Microbiota DNA was isolated from samples collected from the mucosa layer from both the ileum and the colon using the AGOWA
mag mini kit (DNA Isolation Kit, AGOWA, Berlin, Germany) according to the manufacturer’s instructions. Metagenomic sequencing of
16S rRNA gene (~270 bp), spanning the V4 hypervariable regions, and subsequent data analysis was performed as described previ-
ously [21].

2.6. Statistics

The present study tested the null hypothesis whether HFD feeding does not increase disease parameters relative to the lean chow
controls. This hypothesis was tested for the respective HFD and chow groups at each time point [8, 16, 28 and 38 weeks). Statistical
analysis was performed with IBM SPSS statistics version 25.0 (SPSS Inc., Chicago, Illinois, USA). Data was tested for normality with the
Shapiro-Wilk test and for equal variance with Levene’s test (o = 0.05). Outliers were identified using robust regression and outlier
removal (ROUT, with Q = 1%). For normally distributed variables, and independent sample t-test was used (1-sided). In case the data
was not normally distributed, a Mann-Whitney test was used (1-sided). P-values < 0.05 were considered statistically significant.
Correlations were studied by Pearson’s correlation analysis. IPA analysis to determine differentially expressed genes were based on
Fisher’s exact test (o = 0.01).

3. Results

3.1. HFD fed Ldlr—/—.Leiden mice develop features of the metabolic syndrome: obesity associated with increased visceral fat mass,
hyperlipidaemia and hyperinsulinemia

As expected, HFD-feeding induced robust weight gain over the course of the 38-week diet study, inducing significantly increased
body weight compared to chow fed mice already after 8 weeks. Fat mass was significantly elevated, primarily driven by an increase in
visceral adiposity. Lean mass and caloric intake remained largely comparable between the two groups (Fig. 1A-C).

In chow-fed animals, the metabolic risk factors plasma cholesterol, triglycerides and insulin increased slightly over time while
glucose and HOMA-IR remained stable (Fig. 1D-F). In contrast, HFD induced pronounced hyperlipidaemia as observed by a doubling
of plasma cholesterol concentrations after 8 weeks that kept on rising until 28 weeks and then levelled-off. Plasma triglycerides showed
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Fig. 1. Body composition, food intake and systemic metabolic parameters during NAFLD development. Groups of Ldlr—/—. Leiden mice fed
a chow or a high-fat (HFD) diet were euthanized over time up to 38 weeks. (A) body weight and caloric food intake, (B) Fat mass and lean mass
determined with echoMRI, (C) visceral fat mass is a composite of the visceral epididymal and mesenteric fat mass. In 5-h fasted plasma (D)
cholesterol and triglyceride concentrations were determined as well as (E) insulin and glucose in whole blood. Insulin and glucose concentrations
were used to calculate the (F) HOMA-IR. Lipoprotein profiles were analyzed in fasting plasma pools (n = 15/grp) and fractionated with FPLC, in the
respective fractions (G) cholesterol and (H) triglyceride concentrations were determined at t = 20 and plotted as profiles. (I) plasma apoB con-
centrations. Circulating liver integrity markers (J) AST and ALT were determined in plasma pools (n > 8/grp). Liver damage markers including (K)
CK-18M30 and TIMP1 were analyzed in 5-h fasted plasma. The x-axis indicates the time in weeks and data represent mean + SEM with * p < 0.05,
**p <0.01, *** p < 0.001 vs. HFD.

<

a comparable pattern over time. The HFD-induced increases in plasma cholesterol and triglycerides are mainly confined to the
atherogenic apoB-containing (V)LDL lipoprotein particles as can be appreciated from the lipoprotein profiles in Fig. 1G-H essentially
as observed in dyslipidemic humans [35,36] and in subjects with NASH [37]. In line with this, circulating apoB plasma concentrations
were significantly increased by HFD relative to chow (Fig. 1I).

HFD feeding induced pronounced hyperinsulinemia after 8 weeks and fasting insulin levels continued to rise and were four-fold
higher than chow at 38 weeks. Glucose levels remained similar over time in both chow and HFD animals. Together with the high
insulin concentrations, this indicates a pronounced decrease in systemic insulin sensitivity with HFD. Consistent with this, HOMA-IR as
a measure of insulin resistance was also found to be significantly increased with HFD.

The liver damage markers ALT and AST in plasma (Fig. 1J-K), routinely used as clinical liver function markers, were determined on
the group level demonstrating low levels in chow while in HFD they gradually continued to increase. Consistent with this, plasma
concentrations of the liver integrity marker CK18-M30 and the liver fibrosis marker TIMP1 slightly increased with chow over time
whereas HFD feeding significantly increased both biomarkers.

These data indicate that HFD-induced obesity is associated with an early (t = 8 weeks) increase in visceral fat mass, development of
dyslipidemia and hyperinsulinemia, accompanied by an increase in circulating ALT, AST, CK-18 and TIMP1 levels. The latter plasma
markers are indicative of liver damage as is typically observed in NAFLD/NASH patients [38,39].

3.2. Obesity-associated NASH and liver fibrosis progression are associated with increases in intrahepatic cytokines and chemokines

To investigate the temporal development of liver dysfunction in more detail, histopathological analysis of NASH and liver fibrosis
was combined with biochemical analysis of intrahepatic cytokines, chemokines and collagen content. Chow-fed animals developed
minimal hepatic steatosis and hepatocellular hypertrophy, with these features being only observed to a small extent at the later
timepoints, after 28 and 38 weeks (Fig. 2A-F). In contrast, HFD feeding resulted in pronounced development of total hepatic steatosis
already from 8 weeks onwards (Fig. 2A-B), represented by equal increases in both micro- (Fig. 2C) and macrovesicular steatosis
(Fig. 2D), and increased hepatocellular hypertrophy (Fig. 2E-F).

In addition, hepatic inflammation scored by histological quantification of the inflammatory aggregates and F4/80-positive crown-
like structures (CLS) was practically absent in the chow fed-mice (Fig. 2G-J). HFD-feeding increased hepatic inflammation after 8
weeks, an effect which became pronounced after 16 weeks of HFD and kept rising both in the number of inflammatory cell clusters
(Fig. 2G-H) as well as in the formation of F4/80-positive CLS (Fig. 2I-J). These hepatic CLS are a hallmark of NASH that has been
shown to correlate with fibrosis development in NASH patients [40]. Histological observations of hepatic inflammation were sup-
ported by biochemical analysis of intrahepatic chemokines and cytokines (Table 1). HFD feeding induced increases in the
pro-inflammatory cytokine IL-17 after 8 and 38 weeks, but did not significantly affect intrahepatic TNFa and MIF relative to chow. The
chemokines CCL3, CCL5, CXCL1, CXCL10 on the other hand were all significantly increased by HFD feeding, and these chemokines are
important for the infiltration of immune cells typically observed in NASH patients [41]. The anti-inflammatory cytokine IL-10 as
potential counter-regulator response was significantly upregulated with HFD after 8 weeks and remained elevated at 16 weeks, though
thereafter became comparable to chow levels.

In parallel, an NGS analysis and subsequent upstream regulator analysis was performed, which integrates changes in the expression
of all known target genes downstream from a particular regulator. The upstream regulator analysis predicts the activity of an upstream
regulator unrelated to its expression on protein level. HFD activated the pathways controlled by IL-17A, TNF, MIF, CCR2, CCL2 and
CCL5 and IL-10 (Table 2). The activation of TNFa and MIF by HFD signaling was not associated with an increased hepatic protein
expression of the respective cytokine/chemokine, which may be caused by downstream changes in signaling/activity.

Liver fibrosis was quantified by measuring the intrahepatic collagen content (Fig. 2K) and histologically by quantification of the
Sirius-red (SR) positive area in liver cross-sections (Fig. 2L-M). The hepatic collagen concentrations and Sirius-red positive area
remained low on chow diet. By contrast, HFD feeding induced liver fibrosis from 16 weeks onwards as observed by a doubling of the
intrahepatic collagen content and an increased SR-positive area after 38 weeks. HFD feeding also induced changes in the fibrosis
architecture over time as observed by significant increases in collagen area ratio, fiber density, reticulation index, number of fibers per
area, mean fiber thickness and mean fiber length (Supplemental Fig. S1).

These data provide substantial context regarding the temporal development of NASH. Together this data indicates that the steep
increase in body fat mass with HFD feeding is accompanied by an early accumulation of fat in the liver, followed by abnormal
enlargement of hepatocytes. After 16 weeks, hepatic inflammation and hepatic collagen are slightly increased, and this becomes
particularly prominent around the time hepatocyte expansion plateaus (28-38 weeks).

The comparison with mice on a chow diet shows that HFD-induced NASH and fibrosis results in profound changes in liver histology,
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Fig. 2. Obesity-associated NASH and liver fibrosis development. (A) Illustrative picture of haematoxylin-eosin (HE) stained liver cross sections
of HFD-induced NASH and scored for over time development of (B) total steatosis, a sum of (C) macrovesicular steatosis and (D) microvesicular
steatosis. In the same HE cross sections (E) hepatocellular hypertrophy was (F) quantified. (G) Illustration of inflammatory aggregates (indicated by
arrow) to score (H) hepatic inflammation of mixed inflammatory cell infiltration per mmz, alongside analysis of (I) F4/80 immunoreactivity as
marker of macrophages to score (J) inflammatory crown-like structures per cross section. Liver fibrosis was scored biochemically by quantification
of (K) collagen content per mg protein and (L) histologically in Sirius-red stained liver cross-sections by (M) quantification of the percentage of
Sirius-Red positive area. The x-axis indicates the time in weeks and data are presented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001
compared to the chow control group. Representative images from the 3D reconstruction supplemental videos of vascular structures analyzed by
Micro-CT are demonstrated for (N) chow and (O) HFD.

suggesting an impact on the functionality and architectural characteristics of the organ. To illustrate this, livers from chow and HFD-
treated mice were analyzed by Micro-CT followed by 3D reconstruction (Supplemental Video 1). This analysis showed that vascular

structures, enhanced with iodine contrast, are clearly visible on a chow diet (Fig. 2N), while they were hardly visible anymore after
HFD treatment (Fig. 20), suggesting that the flow of blood and possibly also bile through the organ may be disrupted on a HFD.

3.3. NASH and liver fibrosis development associated with accumulation of specific lipids and the oxidative stress marker 4-HNE in the liver

As demonstrated by the histological analysis above, steatosis continuously increased during NAFLD progression. The accumulation
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Table 1
Intrahepatic chemokines and cytokines concentrations.
Chow HFD
T=0 T=8 T=16 T=28 T=38 =8 T=16 T=28 T=38
IL-17 1.0 0.9 1.6 2.0 1.0 14 1.7 23 1.8
(pg/mg) +0.4 +0.4 +0.3 +0.7 +0.5 +0.5 +0.9 +0.7 +0.6
TNF-a 7.0 5.8 8.6 11.1 7.7 10.6 9.9 12.4 9.1
(pg/mg) +23 +35 +0.7 +3.7 +3.2 +4.4 +4.0 +23 +23
MIF 1111 101.7 96.0 125.9 101.3 116.2 120.1 140.8 123.7
(ng/mg) | +15.9 +27.4 +13.9 +26.2 +28.6 +24.4 +28.4 +33.3 +20.6
CCL3 1.0 1.6 13 2.1 2.2 2.6 9.7 12.6 19.6
(pg/mg) +0.2 +1.2 +0.1 +11 +1.4 +1.5 +11.3 +8.3 +8.3
CCL5 14.9 11.5 27.3 40.3 28.6 28.5 92.1 122.6 189.5
(pg/mg) +4.0 +8.3 +15.0 +17.7 +15.8 +16.2 +87.9 +132.6 | £102.3
CXCL1 1.6 3.7 2.2 2.4 23 3.0 4.9 6.3 5.4
(pg/mg) +0.4 +4.7 +1.2 +0.7 +0.8 +0.8 +4.2 +3.1 +1.7
CXCL10 2.6 2.5 2.9 5.6 3.1 3.9 7.3 9.4 7.4
(pg/mg) +1.0 +0.6 +0.7 +1.6 +1.2 +1.4 +5.2 +6.0 +2.2
IL-10 15.8 16.3 18.7 27.5 19.3 24.3 25.5 30.0 24.7
(pg/mg) +4.6 +57 +2.8 +6.5 +8.9 +6.3 +10.1 +6.5 +6.5

IL-10 = Interleukin-10; IL-17 = Interleukin-17; TNF-a = tumor necrosis factor-o; MIF = macrophage migration inhibitory factor; MIP-1a
= Macrophage inflammatory protein-1 alpha, also known as CCL3 = chemokine (C-C motif) ligand 3; RANTES = Regulated on Acti-
vation, Normal T cell Expressed and Secreted, also known as CCL5 = chemokine (C-C motif) ligand 5, KC = keratinocytes-derived
chemokine, also known as CXCL1 = chemokine (C-X-C motif) ligand 1; IP-10 = interferon gamma-induced protein 10, also known as
CXCL10 = chemokine (C-X-C motif) ligand 10. Data represents mean + SD with significant differences between HFD and chow per time
point (p < 0.05) were indicated in the HFD-fed groups, with significant increases shown in red.

Table 2
Upstream regulators involved in inflammation.
HFD vs chow
Upstream regulator Z-score p-value
IL10 1.6 0.000
IL17A 2.4 0.000
TNF 0.000
MIF 1.9 0.033
CCR2 0.000
CcCL2 1.5 0.000
CCL3 - -
CCL5 1.9 0.000
CXCL10 - -

Upstream regulator analysis used gene expression data after 38 weeks
of diet to predict the activity of an upstream regulator unrelated to its
expression on protein level. The analysis integrates changes in the
expression of all known target genes downstream from a particular
regulator. The predicted activity of an upstream regulator is repre-
sented by a Z-score, a negative Z-score indicates inhibition of the
respective regulator, and a positive Z-score indicates activation
(shown in red). The p-value < 0.05 in grey indicates significant
enrichment of the genes downstream of a regulator, i.e., that more
downstream genes are affected than can be expected by chance. N/A
indicates an insufficient number of differentially expressed genes to
predict the activation state of an upstream regulator.

of lipids in liver is mostly attributable to a significant increase in TAGs: at start, approximately 15% of total liver fat were TAGs which
increased to 70% of total liver fat at 38 weeks in HFD fed mice (Supplemental Fig. S2). In addition, HFD feeding also significantly
increased the concentrations of the neutral lipids DAGs, CE and to some extend FFAs. In line with the HFD-induced increase of
intrahepatic lipids and swelling of hepatocytes (steatosis & hypertrophy), the concentrations of intrahepatic phospholipids decreased:
PC, PE, LPC, LPE, SM (Table 3), many of which are membrane lipids. The ceramide phospholipids HCER and LCER on the other hand,
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were increased in HFD relative to chow.

Consistent with the development of steatosis in the HFD-fed animals, upstream regulator analysis predicted that important reg-
ulators involved in lipid catabolism (PPARA, AMPK, CLUH, SIRT1, UCP1), peroxisomal lipid catabolism (ACOX1) and mitochondrial
biogenesis (PPARGC1A, PPARGC1B, ESSRA, NRF1, CLUH) were all inactivated with HFD feeding after 38 weeks (Table 4). At the same
time, the activity of SREBF1, a positive regulator of fatty acid synthesis genes, was predicted to be activated with HFD, which is in line
with the pronounced elevation of plasma insulin (which activates SREBF1). While TAG accumulation is considered a safe storage form
of lipids, diacylglycerols (DAGs) block insulin signaling via protein kinase C (PRKC) at the level of the insulin receptor [42]. In line
with the accumulation of DAGs the activity of protein kinase C delta (PRKCD) was also higher with HFD, indicating the development of
lipid-induced hepatic insulin resistance essentially as observed in humans [5].

In NAFLD, a high lipid load can lead to increased lipid oxidation and subsequently higher rates of reactive oxygen species (ROS)
production. When elevated, ROS production together with an impairment in antioxidant capacity can result in a redox imbalance and
oxidative stress which is harmful for hepatocytes [43]. To understand the level oxidative stress in our model, the lipid peroxidation
marker 4-HNE was longitudinally analyzed by immunostaining of liver cross-sections (Fig. 3). HFD feeding increased 4-HNE positive

Table 3
Intrahepatic lipid class concentrations.
Chow HFD
T=0 | 1=8 | 1=16 | T=28 | 7=38 | 1=8 | T1=16 | T=28 | T-38
Neutral lipids
TAG 11.8 20.6 19.3 53.1 43.1 76.9 132.4 178.9 156.6
+3.0 +10.9 +9.4 +35.7 | £288 | +27.8 | £54.7 | £33.3 | £31.0
DAG 2.6 3.2 2.7 4.7 4.0 8.3 7.2 7.6 5.6
+0.6 +1.1 +1.0 +19 +1.6 +7.3 29 +3.3 +2.6
FEA 22.9 21.1 20.0 23.4 25.6 333 26.0 26.9 26.1
+5.6 +3.0 +3.4 +4.0 +4.6 +11.9 +3.7 +2.7 +3.4
CE 1.4 13 13 1.9 2.2 6.3 10.7 12.7 13.4
+0.5 +0.3 +0.3 +0.5 +0.6 +1.6 +4.7 +5.0 +3.2
Phospholipids
PC 15.5 15.7 14.8 154 14.7 14.3 13.8 12.6 12.1
+1.3 +1.2 +1.0 +0.7 +2.3 +1.4 +2.1 +1.0 +1.2
PE 9.6 9.5 8.9 8.7 9.3 8.2 7.2 6.4 5.6
+2.1 +1.6 +1.6 +1.0 +2.1 +1.9 +2.3 +0.9 +1.3
LPC 2.9 2.6 2.5 2.1 2.8 2.6 2.2 1.7 2.0
+0.9 +0.9 +1.2 +0.5 +0.7 +0.7 +0.6 +0.4 +0.5
LPE 0.9 0.8 0.7 0.5 0.9 0.7 0.5 0.4 0.5
+0.4 +0.6 +0.4 +0.2 +0.4 +0.3 +0.2 +0.2 +0.2
M 9.5 8.9 8.5 7.7 7.6 6.3 53 4.3 4.5
+13 +1.6 +2.3 +1.2 +1.6 +0.8 +1.0 +0.8 +0.7
CER 0.5 0.5 0.6 0.4 0.5 0.4 0.4 0.5 0.5
+0.0 +0.1 +0.3 +0.1 +0.1 +0.1 +0.1 +0.1 +0.1
DCER 0.028 0.031 0.040 0.024 0.031 0.029 0.027 0.024 0.027
+0.003 | +0.005 | £0.022 | +0.004 | +0.008 | +0.006 | +0.006 | + 0.006 | +0.005
HCER 0.035 0.030 0.030 0.032 0.036 0.042 0.045 0.045 0.050
+0.003 | +0.003 | £0.007 | +0.004 | £0.008 | +0.008 | +0.007 | + 0.006 | + 0.006
LCER 0.005 0.004 0.005 0.004 0.005 0.005 0.008 0.008 0.008
+0.001 | £+0.002 | £0.002 | £0.002 | +0.002 | +0.002 | +0.003 | £0.002 | £0.002

Lipid class concentrations in nmol/mg liver. TAG = Triacylglycerols, DAG = Diacylglycerols, FFA = free fatty acids, CE = Cholesterol
esters, PC = Phosphatidylcholines, PE = Phosphatidylethanolamines, LPC = Lysophosphatidylcholines, LPE = Lysophosphatidyletha-
nolamines, SM = Sphingomyelins, CER = Ceramides, DCER = Dihydroceramides, HCER = Hexosylceramides, LCER = lactosylceramide.
Data represents mean + SD with significant differences between HFD and chow per time point (p < 0.05) were indicated in the HFD-fed
groups, with significant increases shown in red and significant decreases shown in green.
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Table 4
Upstream regulators involved in lipid metabolism.
HFD vs chow
Upstream regulator Z-score p-value
PPARGCIA [ 57 0.000
PPARGC1B -2.3 0.064
ESRRA -0.9 0.000
NRF1 -1.0 0.027
CLUH -1.9 0.000
AMPK -1.8 0.017
SIRT1 -3.7 0.000
UCP1 -1.4 0.000
PPARA -0.8 0.000
ACOX1 0.000
SREBF1 1.4 0.000
PRKCD 0.059
PRKCE 0.7 0.001
soD1 -1.7 0.000
SOD2 -0.2 0.000
CAT -2.2 0.000
GPX1 -1.2 0.000
GR -2.4 0.000

Upstream regulator analysis used gene expression data after 38 weeks
of diet to predict the activity of an upstream regulator unrelated to its
expression on protein level. The analysis integrates changes in the
expression of all known target genes downstream from a particular
regulator. The predicted activity of an upstream regulator is repre-
sented by a Z-score, a negative Z-score indicates inhibition of the
respective regulator (shown in green), and a positive Z-score indicates
activation (shown in red). The p-value < 0.05 in grey indicates sig-
nificant enrichment of the genes downstream of a regulator, i.e., that
more downstream genes are affected than can be expected by chance.
N/A indicates an insufficient number of differentially expressed genes
to predict the activation state of an upstream regulator.

Heliyon 9 (2023) e13985

immunoreactivity inside hepatocytes after 12 weeks, especially in the pericentral area in hypertrophic hepatocytes and those con-
taining microvesicular steatosis (representative images in Fig. 3A). The latter is associated with mitochondrial dysfunction and
oxidative stress [44,45], and these observations are consistent with the view that oxidative stress leads to 4-HNE formation prior to cell
death and inflammation. In addition to this intrahepatocellular immunoreactivity, 4-HNE positivity was also observed in immune cell
clusters and crown-like structures. Quantification of these structures demonstrated that 4-HNE immunoreactivity was practically
absent in chow, whereas HFD feeding induced 4-HNE immunoreactivity after 16 weeks progressed up to 38 weeks (Fig. 3B). 4-HNE
positive immunoreactivity significantly correlated with microvesicular steatosis, inflammation and hepatic collagen content (Sup-

plemental Fig. S3).
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Fig. 3. Hepatic oxidative stress induced lipid peroxidation. (A) Illustrative pictures of 4-HNE with indications for the central veins (CV) and
portal veins (PV). (B) 4-HNE quantification. The x-axis indicates the time in weeks and data are presented as mean + SEM. * p < 0.05 compared to

the chow control group.
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In line with these histological observations, the upstream regulator analysis of hepatic gene expression predicted that HFD feeding
reduced the activity of anti-oxidant enzymes catalase (CAT), Glutathione peroxidase 1 (GPX1), superoxide dismutase 1 (SOD1) and
glutathione reductase (GR) (Table 4). In addition, NGS pathway analysis demonstrated that the biological pathway ‘mitochondrial
dysfunction’ was significantly affected in HFD animals.

Taken together, after 8 weeks HFD feeding increased intrahepatic concentrations of specific bioactive lipids such as FFAs, CE and
DAGs as well as the oxidative stress marker 4-HNE. Specifically, the early observed 4-HNE immunoreactivity in (enlarged) hepatocytes
is indicative of metabolic dysfunction in NAFLD development, while the 4-HNE immunoreactivity associated with inflammatory cells
and CLS is indicative of either clearance of 4-HNE positive debris by immune cells, or the formation of ROS and lipid oxidation
products by immune cells themselves.
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Fig. 4. Obesity-associated white adipose tissue dysfunction during NAFLD development. Adiposity scored in visceral (A) epididymal white
adipose tissue (eWAT) weight, (B) mesenteric WAT (mWAT), and subcutaneous (C) inguinal WAT (iWAT). Cell morphometry analysis to determine
average cell sizes of (D) eWAT, (E) mWAT and (F) iWAT. The number of crown-like structures (CLS) per 1000 adipocytes was scored to determine
(G) eWAT inflammation, (H) mWAT inflammation and (I) iWAT inflammation. Circulating adipokine concentrations were determined in 5h-fasted
plasma, including (J) leptin and (K) adiponectin. The x-axis indicates the time in weeks and data are presented as mean + SEM. * p < 0.05, ** p <
0.01, *** p < 0.001 compared to the chow control group.
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3.4. Visceral white adipose tissue dysfunction but not subcutaneous white adipose tissue dysfunction precedes the development of NASH and
liver fibrosis

To determine whether adipose tissue (dys)function might contribute to liver disease development, histological analyses of visceral
and subcutaneous WAT depots as well as analysis of circulating adipokines over time was performed. In both chow and HFD-fed mice
early body fat mass increases were associated with an early expansion of the eWAT, a visceral depot that seemed to reach its maximum
expansion capacity after 8 weeks of HFD, while in chow-fed animals it took 28 weeks to reach a similar weight (Fig. 4A). By contrast,
the visceral mWAT depot expansion was minimal in both chow and HFD fed mice, although significantly higher with HFD (Fig. 4B).
The subcutaneous inguinal white adipose tissue (iWAT) continued to rise in mass and this increase was linear during 38 weeks of HFD
resulting in a 3-fold higher weight gain compared to chow (Fig. 4C). These observations are comparable to the changes in average
adipocyte cell size, with the strongest increase in cell size in the eWAT depot in both chow and HFD fed animals (Fig. 4D-F).

Adipose tissue inflammation, scored by the number of crown-like structures, was very low in chow-fed animals with incidental CLS
apparent after 28 weeks in the eWAT depot while they were almost entirely absent in the mWAT and iWAT depot (Fig. 4G-I). In
contrast, HFD increased CLS numbers in eWAT after 8 weeks and this reached significance from 16 weeks onwards. mWAT inflam-
mation was overall much lower than in eWAT, though HFD feeding still significantly increased the number of CLS at 16 and 38 weeks.
HFD also slightly increased the number of CLS in subcutaneous iWAT, but this depot did not become significantly inflamed compared
to chow (Fig. 41) which is in line with its presumed role as a safe storage depot.

In line with these data, plasma levels of the pro-inflammatory adipokine leptin only slightly increased with chow, while HFD
increased leptin levels early with tripled concentrations after 16 weeks after which they remained high (Fig. 4J). Plasma levels of the
anti-inflammatory adipokine adiponectin remained comparable in chow and HFD mice until 28 weeks, after which adiponectin
continued to rise in chow but significantly declined in HFD fed mice (Fig. 4K).

These data indicate that the time point of maximal eWAT expansion coincides with the development of CLS in adipose tissue.
Hypertrophy in mWAT and sWAT is a much slower process and these depots do not appear to reach maximal expansion within the
period studied. These depots start to become inflamed once NASH is established. Therefore, it is possible that circulating factors that
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Fig. 5. Gut dysbiosis, increased gut permeability and altered circulating microbiota derived metabolites during NAFLD development.
Microbiota composition was studied using 16s rRNA gene analysis in the mucosal compartments of both the ileum and colon over time. The
microbiota composition was visualized by non-metric multidimensional scaling (NMDS), using the Bray—Curtis index, of the (A) the ileum and (B)
colon: every dot represents the microbiota composition of one mouse and the distance between dots represents how (dis)similar the microbiota
composition is between these mice. (C) Functional gut permeability was determined using fluorescent labelled dextran’s (FD4 test). The x-axis
represents the time in weeks and data are presented as mean + SEM. * p < 0,05, ** p < 0,01, *** p < 0,001 compared to the chow control group.
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may affect NAFLD progression are mainly derived from an early hypertrophic inflamed visceral eWAT depot, although it cannot be
excluded that lipids draining from the mesenteric depot into the liver also contribute to the lipid load during the course of disease.

3.5. Increased gut permeability and microbiota dysbiosis associated with altered plasma bile acid and SCFA concentrations precede the
development of NASH and liver fibrosis

To investigate gut dysfunction during NASH development, microbiota composition, gut permeability and circulating gut-derived
metabolites (SCFAs and bile acids) were analyzed.

Mucosal microbiota composition changes were analyzed with 16sRNA in the mucosa of the ileum and colon and are visualized by
non-metric multidimensional scaling (NMDS) (Fig. 5). Every dot in this NDMS graph represents the total microbiota composition of
one mouse and close distances between dots represent similarity in microbiota composition. All mice were on a chow diet at t =
0 indicated by the black circle in the ileum and colon, over time the chow-fed mice remained clustered together with more diverse
compositions in the ileum compared with the colon compartment. In contrast, HFD feeding induced a pronounced shift in microbiota
composition within 8 weeks. Thereafter, HFD-fed mice continued to overlap in both the ileum (Fig. 5A) and colon compartment
(Fig. 5B). Over time HFD feeding continued to significantly increase the abundance of genera including for instance Allobaculum,
Clostridium IV and Clostridium XI. A complete overview of time-resolved changes in microbiota abundance in both compartments
during NAFLD progression is provided in Supplemental Fig. S4. Statistical analysis of microbiota compositions using permutation tests
confirmed that the microbiota composition of HFD-fed mice was significantly altered from 8 weeks onwards.

Gut permeability was assessed by the ability of FITC-labelled dextran to pass from the intestinal lumen into the circulation, which is
thought to reflect paracellular permeability (FD4 test) (Fig. 5C). Gut permeability in chow-fed animals remained low and stable over
time, whereas HFD feeding significantly increased gut permeability already after 8 weeks and continued to increase over time.

To investigate whether the gut microbiota and gut permeability changes associated with alterations in circulating levels of gut-
derived metabolites, we analyzed the levels of SCFAs and bile acids in fasting plasma. Total plasma SCFA concentrations were not
affected during HFD-induced NASH development (Supplemental Fig. S5A), but the SCFA composition did shift with HFD feeding
(Table 5). Specifically, a rise in the less abundant SCFA caproate, isobutyrate, methylbutyrate, valerate and isovalerate were observed.
Circulating total bile acids in chow-fed mice decreased over time while in HFD-fed mice they increased towards the end of the study
(Supplemental Fig. S5B). After 38 weeks of HFD total bile acids were significantly elevated compared to chow (Table 6), including
specific bile acids G-CA, T-CA, DCA, T-CDCA and T-UDCA that were reportedly elevated in NASH patients (underlined in Table 6) [46].

In conclusion, the observed early increase in gut permeability is in line with the significant change in microbiota composition as
well as changes in circulating gut-derived metabolites involved in organ crosstalk. Gut dysfunction including microbiota dysbiosis,
increased gut permeability and altered gut-derived metabolites precede hepatic inflammation and fibrosis.

Table 5
Circulating short-chain fatty acid (SCFA) concentrations as gut-liver crosstalk mediator.
Chow HFD
T=0 T=8 T=16 T=28 T=38 T=8 T=16 | T=28 | T=38
2.556 4.098 3.832 2.866 3.423 5.383 3.456 2.726 3.392
Acetate +0.797 | £1.522 | £2.019 | £0.676 | £1.117 [+1.997|+1.034 | +£0.818 | +0.544
Butyrate 0.083 0.086 0.082 0.043 0.050 0.060 | 0.056 0.049 0.048
+0.053 | £0.041 | £+0.029 | £0.019 | £0.023 |£0.025|+0.030 | £0.017 | £ 0.019
Caproate 0.075 0.101 0.103 0.092 0.091 0.191 | 0.205 0.307 0.164
+0.017 | £0.032 | £0.032 | £0.025 | £0.025 [+£0.092 | £0.082 | £0.126 | £ 0.074
0.025 0.024 0.038 0.027 0.024 0.028 | 0.033 0.043 0.028
Isobutyrate
+0.012 | £0.007 | £0.009 | £0.008 | £0.012 [+0.008 | +0.013 | £ 0.015 | £ 0.006
Methylbutyrate 0.027 0.032 0.043 0.033 0.024 | 0.030 | 0.041 | 0.050 | 0.033
+0.006 | £0.010 | £0.007 | £0.008 | £0.004 [+0.010|+0.013 |£0.015 | £ 0.008
Valerate 0.003 0.005 0.006 0.006 0.001 0.006 | 0.009 0.013 0.007
+0.005 | £0.003 | £0.002 | £0.003 | £0.001 [+0.003|+0.007 | +£0.005 | £ 0.003
Isovalerate 0.011 0.010 0.013 0.011 0.014 | 0.019 | 0.020 | 0.027 | 0.020
+0.002 | £0.035 | £+0.004 | +£0.004 | £0.006 |+0.008 |+ 0.008 | £ 0.010 | + 0.008

Fasted plasma SCFA concentrations in pg/ml. Data represent mean + SD with significant differences between HFD and chow per time
point (p < 0.05) were indicated in the HFD-fed groups, with significant increases shown in red.
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Table 6
Circulating bile acid concentrations as gut-liver crosstalk mediator.
Chow HFD
T=0 |[T=8 |[T=16 |[T=28 |[7=38 |[T1=8 |[7=16 |T7=28 |71=38
Primary BA

Cholic acid| 0.638 | 0.496 | 0.433 | 0.388 | 0.280 | 0.061 | 0.124 | 0.252 | 0.295

(CA)| £0.312 | +0.141 | £0.251 | +0.358 | +0.164 | £0.050 | +0.097 | +0.168 | +0.241

Taurocholic acid| 0.167 0.255 0.139 0.203 0.202 0.343 0.743 1.589 1.692

(T-CA)| £0.082 | +0.116 | £0.070 | +0.246 | £0.184 | +0.406 | +1.108 | +1.823 | + 1.569

Glycocholic acid| 0.005 | 0.005 | 0.003 | 0.003 | 0.003 | 0.002 | 0.004 | 0.010 | 0.011
(G-CA)| +0.003 | £0.002 | +0.002 | £0.001 | +0.002 | +0.001 | +0.004 | +0.011 | +0.010
Chenodeoxycholic acid| 0.022 0.018 0.017 0.014 0.011 0.001 0.007 0.013 0.012
(CDCA)| £0.003 | +0.002 | £0.013 | +0.021 | £0.007 | £0.003 | +0.009 | £0.009 | +0.005
Taurochenodeoxycholic/ 0.005 | 0.011 | 0.005 | 0.007 | 0.009 | 0.020 | 0.038 | 0.077 | 0.074
acid (T-CDCA)| +0.002 | +0.005 | +0.001 | +0.008 | +0.007 | +0.012 | +0.045 | +0.061 | +0.042
Secondary BA

Deoxvcholic acid 1.223 0.305 0.729 0.292 0.377 0.263 0.487 0.525 0.527
ZeoXychallc a0 +0.185 [ £0.192 | £0.150 | £0.216 | £0.155 | £0.163 | £0.205 | £0.228 | £0.212
DCA
Taurodeoxycholic acid| 0.096 0.082 0.069 0.034 0.055 0.184 | 0.206 0.319 0.203
(T-DCA)[ +0.020 | £0.066 | £0.011 | +0.015 | £0.042 | £0.131 | £0.151 | £0.314 | +0.092
Ursodeoxycholic acid| 0.081 0.098 0.102 0.045 0.056 0.008 0.042 0.035 0.044
(UDCA)| £0.016 | +0.016 | +0.040 | +0.039 | £0.035 | +0.010 | +0.021 | +0.021 | +0.028
Tauro-ursodeoxycholic| 0.030 0.021 0.015 0.015 0.018 0.048 0.063 0.098 0.100

acid (T-UDCA)| +0.020 | +0.004 | +0.004 | £0.010 | +0.009 | +£0.022 | +0.055 | +0.068 | +0.056

Fasted plasma bile acid concentrations in pM. Data represent mean + SD with significant differences between HFD and chow per time
point (p < 0.05) were indicated in the HFD-fed groups, with significant increases shown in red and significant decreases shown in green.

4. Discussion

In the current study we extensively characterized the sequence of pathogenic events during NAFLD development in multiple organs
(liver, gut, adipose tissue) as well as circulating metabolites implicated in organ crosstalk. Ldlr—/—.Leiden mice on a HFD develop
obesity, plasma dyslipidemia (e.g., increased cholesterol and triglycerides, mainly confined to the atherogenic apo-B containing li-
poproteins) and insulin resistance, as observed in NASH patients. In this translational context we observed that WAT dysfunction
(specifically eWAT inflammation) and gut dysfunction (microbiota dysbiosis, increased gut permeability, and altered composition of
gut-derived metabolites) precede the development of NASH and liver fibrosis. In the liver, early metabolic dysfunction manifests as an
increase in lipid accumulation (steatosis), mainly in the form of triglycerides but also FFA, cholesterol esters and low abundant
bioactive lipids such as DAGs. Intrahepatic hits from free cholesterol, FFA and oxidative stress-induced 4-HNE can promote hepatic
inflammation and fibrosis.

In humans, NAFLD develops over decades, with obesity and insulin resistance as the main risk factors for progression [1]. Likewise,
diet-induced liver disease progression is relatively slow in mouse models that use translational experimental set-ups to mimic human
pathophysiology (e.g., using diets that have human-like macronutrient composition), such as reported herein for the Ldlr—/—.Leiden
model. Other NASH models using experimental diets that contain high concentrations of cholesterol up to 1% or even 2% (w/w of diet)
may develop liver pathology faster, however this is at the cost of translational value. Treatment with exogenous dietary cholesterol
increases intrahepatic free cholesterol, but shuts down endogenous cholesterol synthesis in the liver [47-49]. The excess cholesterol in
these models is the single driver of the NASH pathology (i.e. it is required for disease induction) [50]. In contrast, increased intra-
hepatic free cholesterol in NASH patients is due to endogenous increase in hepatic cholesterol synthesis and is one of many pathways
involved in the complex multi-organ disease progression of NAFLD (these intrahepatic free cholesterol concentrations in NASH pa-
tients are reflected in the Ldlr—/—.Leiden mouse [17]). Another frequently-used NASH model is based on the restriction of dietary
choline and methionine, which leads to impairment in the assembly and secretion of VLDL particles by the liver. Intrinsic to this
strategy to experimentally induce steatosis, these models lack dyslipidemia and are normolipidemic, and are characterized by severe
body weight loss which contrasts NASH patients. Of note, although dietary methionine and choline deficiency is not translational to
NASH patients, these mouse models may be relevant for a specific subset of NASH patients that have impaired VLDL secretion [16].

In Ldlr—/—.Leiden mice, HFD-feeding induced a pronounced increase in plasma cholesterol and TAGs mainly confined in the
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atherogenic apoB-containing (V)LDL lipoprotein particles. This reduced clearance of apoB-containing lipoprotein particles in the
Ldlr—/—.Leiden model is akin to the human situation and results in similar lipoprotein profiles as observed in subjects with NASH [51].
In addition, the HFD-induced increases in (V)LDL in the Ldlr—/—.Leiden mouse are accompanied by a pronounced increase in oxLDL
[52]. The genetic alteration of the LDL receptor in this model is not the driver of NAFLD/NASH development (which is induced by HFD
feeding in the model, not by the genetic alteration in itself), but rather it is a tool to establish a lipid environment in the liver and
plasma compartment that mimics the human situation, with vascular complications that affect vessels and capillaries in- and outside
the liver. A consequent limitation of this genetic alteration is that the Ldlr—/—.Leiden mouse is unsuitable to study the effects ther-
apeutics requiring a functional ldl-receptor. Diet-induced dyslipidemia promotes the development of atherosclerosis, the major un-
derlying cause of cardiovascular disease (CVD) and this is typically also observed in the HFD-treated Ldlr—/—.Leiden model [16,20].
The presence of atherosclerosis in conjunction with NAFLD/NASH is important because cardiovascular disease (CVD) is the major
overall cause of mortality in NASH patients. This is also reflected in a head-to-head metabolomics comparison of HFD-treated Ldlr—/—.
Leiden mice with n = 1099 NASH patients, demonstrating that a large portion of NASH patients is at risk of CVD disease and the
metabolome of these patients corresponds with that of the Ldlr—/—.Leiden mice [16].

Hepatic fat accumulation during NAFLD development was mainly attributable to an increase in triglyceride content in the HFD-fed
mice. These triglycerides are considered an inert and safe storage form of energy [53]. At the same time HFD feeding significantly
elevated hepatic CE, DAGs and temporarily increased FFA during early NASH development. In line with our data a recent cohort of 365
biopsies ranging from non-steatosis obesity to NASH found that TAGs, DAGs and CE were significantly increased in NASH patients
[54]. Specifically, the accumulation of the less abundant lipid species seems detrimental for cell function. In sedentary humans, even in
young individuals, DAGs and CER have been shown to directly bind to protein kinase C and block insulin receptor function (5, 6), [55,
56]. Importantly, DAGs were found to correlate best with insulin resistance (compared to for example body mass index and ceramides)
[42,57]. This correlation of DAGs and insulin resistance has been confirmed in both mice [53] and humans [58] in clamp experiments
specifically examining insulin sensitivity.

The high liver lipid load in NAFLD challenges the peroxisomes and mitochondria to utilize the excess fat. Excessive lipid oxidation
gives rise to a chronic increase in reactive oxygen species (ROS) [43,59]. In HFD-fed Ldlr—/—.Leiden mice, we demonstrated that
already after 12 weeks of HFD feeding, 4-HNE positive immunoreactivity is observable inside hepatocytes that are often hypertrophic,
thus lending support to the notion that they are overloaded by lipids and oxidative stress. In the current study we showed that 4-HNE
immunoreactivity continuously increased during NAFLD development, together with a predicted deactivation of anti-oxidant enzymes
(CAT, GPX1, SOD1, GSR) after 38 weeks of HFD. This suggests that persistent oxidative stress causes damage to the hepatocyte,
consistent with the view that oxidative stress occurs prior to inflammation and cell death and may deplete the anti-oxidant safeguards.
Our data is also consistent with findings in NAFLD patients, in which ROS and byproducts of ROS-induced lipid peroxidation are
elevated and are associated with disease severity [7,60]. Furthermore, intrahepatic glutathione content and anti-oxidant enzyme
activity of SOD and catalase are significantly decreased in NAFLD patients [60,61].

NAFLD progression from lipid accumulation to hepatic inflammation together with increases in 4-HNE immunoreactivity are
potentially directly linked. Many examples of this link exist: 1) activation of TLR4 by saturated FFA [62] 2) accumulation of intra-
hepatic cholesterol and subsequent formation of cholesterol crystals which activate the NLP3 inflammasome [63] 3) formation of
4-HNE which can bind and activate the inflammatory receptor SRC, thereby activating NF-kB signaling [64]. Conversely, inflammation
may also stimulate hepatic lipid accumulation: TKB1, activated by pro-inflammatory stimuli, has been shown to repress energy
expenditure by phosphorylating and inhibiting the key metabolic regulator AMPK [65]. Although beyond the scope of the current
study, the muscle may also affect the inflammatory status of the liver as exercise improved muscle health in HFD fed Ldlr—/—.Leiden
mice and associated with improvements in hepatic inflammation [3]. The activation of local macrophages and their shift towards a
proinflammatory phenotype promotes the secretion of cytokines and chemokines to recruit monocytes and neutrophils to the liver and
amplify the inflammatory response. Indeed, 8 weeks of HFD resulted in an increase in cytokine IL-17 and chemokines MIP1a (CCL3),
RANTES (CCL5), KC (CXCL1), IP-10 (CXCL10), all of which are critical for immune cell infiltration and also observed in human livers.
The rise in intrahepatic cytokines and chemokines resulted in mixed inflammatory infiltrates in the liver as observed in HE sections and
by increased F4/80 positive CLS, essentially as observed in NASH patients [8].

It is thought that persistent hepatocellular damage and inflammation are drivers of fibrosis, which is by itself a key prognostic
marker of all-cause mortality in NAFLD patients [66]. The signals that can activate hepatic stellate cells, the main producers of
extracellular matrix proteins including collagens, are manifold [67]. These include cytokines such as TGF-$ but also metabolites such
as 4-HNE from oxidative stress-induced lipid peroxidation. The observed early increases in leptin from adipose tissue can also directly
stimulate hepatic stellate cell activation [68,69]. These extrahepatic signals such as leptin that can promote fibrosis in the liver suggest
that treatment for NAFLD should not be limited to the liver but should also correct dysmetabolic states in distant organs with metabolic
crosstalk to the liver.

Adipose tissue hypertrophy and inflammation, particularly in the eWAT depot, preceded evident NASH development in the current
study. During diet-induced metabolic overload WAT depots can expand by adipocyte hyperplasia (an increase in cell number via
adipogenesis) and adipocyte hypertrophy (an increase in cell size). Both processes are thought to have physiological limits, and in this
study we demonstrate that these vary between different WAT depots, as was also observed in C57BL/6J mice fed the same HFD [70]. In
this study, we have shown that the time point of maximal eWAT expansion coincides with the development of CLS in adipose tissue
indicating that processes occurring at maximal hypertrophy form triggers for immune cell infiltration and cellular inflammation. This
is supported by the observation that particularly the large (hypertrophic) adipocytes are the main source of inflammatory mediators
while smaller adipocytes hardly release inflammatory factors in ex vivo cultured adipocytes from obese men [71]. Hypertrophic
inflamed eWAT in Ldlr—/—.Leiden mice is associated with predicted activation of inflammatory upstream regulators including

15



E. Gart et al. Heliyon 9 (2023) 13985

cytokines and chemokines [3,22] as well as increases in circulating levels of SAA, E-selectin and TNFa [3]. The development of
adipocyte hypertrophy in mWAT and sWAT is a slower process, and these depots became inflamed when NASH is already histologically
manifest. Therefore, it is likely that circulating factors that may affect NASH development in mice are mainly derived from an early
hypertrophic inflamed eWAT depot. Consistent with this observation, we also demonstrated that the surgical removal of inflamed
eWAT in C57BL/6J mice on a HFD resulted in a significant reduction in NASH [70]. The visceral adipose tissue in humans is also
considered to be the most detrimental and visceral obesity is associated with a predisposition for developing disorders including insulin
resistance, CVD and NAFLD, while storing fat in the subcutaneous depot is considered a more safe way and does not associate with
insulin resistance [72]. This is further supported by higher cytokine secretion by cultured visceral derived adipocytes compared with
subcutaneous adipocytes [73]. Subcutaneous adipocytes on the other hand, secrete more adiponectin and may therefore be more
beneficial [73]. A potential link between NAFLD and dysfunctional WAT is an elevated lipolysis in these depots as they become insulin
resistant. Impaired insulin action can increase the flux of FFA towards the liver. This notion is further supported by the fact that the
degree of insulin resistance in adipose tissue is tightly associated with NAFLD severity [74]. Of note, the FFA influx has been shown to
account for 60% of TAG in livers of NAFLD patients, while only 25% of the TAGs is derived from DNL and 15% from the diet [75].

In this study, HFD feeding induced an early shift in microbiota composition, altered circulating microbiota derived metabolite
concentrations BA and SCFA and increased gut permeability before NASH developed. Therefore it seems likely that the gut could play a
role in NAFLD development, consistent with reports of mice without gut microbiota that were resistant to diet-induced obesity, liver
steatosis and insulin resistance [76,77]. The microbiota regulates bile acid homeostasis [78], is involved in metabolic processes such as
glucose, lipid and energy homeostasis [79], and it produces (via fermentation of carbohydrates and proteins) short chain fatty acids
(SCFAs) [80,81]. After the major shift in microbiota composition at t = 8w, we observed only minor changes in microbiota composition
during NAFLD progression. Nonetheless, It is possible that changes in microbiota function (i.e. diet processing and metabolite pro-
duction) may have changed over time and in that respect were able to affect NASH progression. This notion is in line with our ob-
servations that circulating levels of microbiota-derived metabolites (SCFA, BCFA, secondary bile acids) change over time throughout
the study. These microbiota-derived metabolites may impact NAFLD/NASH progression because they have roles in energy metabolism
and can modulate inflammation [25,34]. Nonetheless, the extent to which these changes over time contribute to experimental
NASH/fibrosis development cannot be determined based on the currently available data. Interestingly, the increase in total circulating
bile acids of T-CA, G-CA, T-CDCA, DCA and T-UDCA with HFD, were also reported to be elevated in plasma of NASH patients [46].
Fecal transplantation of microbiota from healthy lean subjects into NAFLD patients improved intestinal permeability, confirming that
microbiota composition and gut barrier function are linked [82]. Similarly, it was demonstrated that fecal transplantation had
beneficial effects on liver markers including gamma-glutamyl transferase and tended to improve ALT which also suggest a link be-
tween gut and the liver. Indeed increases in intestinal permeability have also been shown to correlate with liver disease severity [83].
In a recent study, we increased Bifidobacterium and transiently improved gut permeability (FD4 test) using the prebiotic 2'-fuco-
syllactose. This improvement of dysbiosis and gut permeability was accompanied by lower LPS binding protein levels, reduced liver
steatosis and reductions in DAGs, further supporting the role of the gut and its microbiota in the control of metabolic homeostasis [24].

Intrinsic to the setup of the study we cannot demonstrate causation of metabolic dysfunction in the liver or dysfunctional WAT or
gut/microbiota during the development of NAFLD. The potential role of metabolic dysfunctions in these organs in NAFLD development
have been reported previously using interventions that targeted the white adipose tissue [70,84], the gut [24,85], the liver [17,29,86],
or multiple organs simultaneously [3,22,25,26,34]. However, this study does provide insight into the temporal dynamics and chro-
nology of these processes and how they interact with each other during the development NAFLD. It is obvious that only processes that
proceed a particular biochemical or histological hallmark in liver can contribute to the initiation of this disease hallmark. Nonetheless,
we cannot exclude that processes that occur at a relatively late time point in the pathogenesis may still further aggravate the disease
from the time point of their occurrence. For instance, changes to the overall anatomical architecture of the liver as demonstrated by
Micro-CT may affect the flow properties of the organ at a relatively late stage and thereby may impair both nutrient and oxygen supply
as well as hamper bile secretion which will aggravate the pathogenesis.

In conclusion, Ldlr—/—.Leiden mice fed a HFD develop obesity, dyslipidemia and insulin resistance, and the underlying processes
involve molecular changes in visceral depots and the gut, dyslipidemia with increased atherogenic apoB-containing lipoproteins, and
lipid-induced insulin resistance, essentially as observed in obese NASH patients. These obesity-associated NAFLD features (including a
humanized lipid profile and translational dietary conditions) in the Ldlr—/—.Leiden mouse model are comparable to NASH patients,
which emphasizes the translational value of the mouse model. In this NAFLD/NASH model we provide temporal insight into the
dynamic metabolic dysfunctions underlying NAFLD in the liver, visceral (eWAT and mWAT) and subcutaneous WAT (iWAT) depots
and the gut (microbiota). In the liver, metabolic dysfunction manifests as an early accumulation of specific bioactive lipids (DAGs and
CER) which can directly promote insulin resistance. This experimental condition is relevant for the study of treatments because
additional hits from intrahepatic free cholesterol, FFA and oxidative stress-induced 4-HNE can promote hepatic inflammation and
fibrosis. In addition to these intrahepatic triggers, the experimental conditions employed herein also take into account the role of
distant organs with metabolic-inflammatory cross-talk to the liver. For instance, epididymal WAT inflammation and gut dysfunction
(microbiota dysbiosis and gut permeability) preceded the development of NASH and liver fibrosis and appeared to contribute to
NAFLD/NASH on basis of aforementioned published studies. Hence, new strategies aiming at prevention, or attenuation of NAFLD/
NASH development should not be limited to the liver but also should consider correcting dysmetabolism and inflammation in other
organs that affect metabolic homeostasis in the liver.
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