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Background:Non-alcoholic steatohepatitis (NASH) has become one of themost common liver diseases and is still
without approved pharmacotherapy. Lifestyle interventions using exercise and diet change remain the current
treatment of choice and even a small weight loss (5–7%) can already have a beneficial effect on NASH. However,
the underlying molecular mechanisms of exercise and diet interventions remain largely elusive, and it is unclear
whether they exert their health effects via similar or different pathways.
Methods: Ldlr−/−.Leiden mice received a high fat diet (HFD) for 30 weeks to establish a severe state of NASH/
fibrosis with simultaneous atherosclerosis development. Groups ofmice were then either left untreated (control
group) or were treated for 20 weeks with exercise (running wheel), diet change (switch to a low fat chow diet)
or the combination thereof. The liver and distant organs including heart, white adipose tissue (WAT) andmuscle
were histologically examined. Comprehensive transcriptome analysis of liver, WAT and muscle revealed the
organ-specific effects of exercise and diet and defined the underlying pathways.
Results: Exercise and dietary change significantly reduced body weight, fat mass, adipocyte size and improved
myosteatosis andmuscle functionwith additive effects of combination treatment.WAT inflammationwas signif-
icantly improved by diet change, tended to be reduced with exercise, and combination therapy had no additive
effect. Hepatic steatosis and inflammation were almost fully reversed by exercise and diet change, while hepatic
fibrosis tended to be improved with exercise and was significantly improved with diet change. Additive effects
for the combination therapy were shown for liver steatosis and associated liver lipids, and atherosclerosis, but
not for hepatic inflammation and fibrosis. Pathway analysis revealed complementary effects on metabolic path-
ways and lipid handling processes, thereby substantiating the added value of combined lifestyle treatment.
Conclusions: Exercise, diet change and the combination thereof can reverse established NASH/fibrosis in obese
Ldlr−/−.Leiden mice. In addition, the lifestyle interventions had beneficial effects on atherosclerosis, WAT in-
flammation andmuscle function. For steatosis and other parameters related to adiposity or lipidmetabolism, ex-
ercise and dietary change affected more distinct pathways that acted complementary when the interventions
were combined resulting in an additive effect for the combination therapy on important endpoints including
NASH and atherosclerosis. For inflammation, exercise and diet change shared several underlying pathways
resulting in a net similar effect when the interventions were combined.

© 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is considered to be the
manifestation of the metabolic syndrome in the liver and has emerged
as the most prevalent form of chronic liver disease worldwide. Non-al-
coholic steatohepatitis (NASH) is a severe form of NAFLD, characterized
by the accumulation of fat in the liver (steatosis) in concert with inflam-
mation,which can progress to liverfibrosis and cirrhosis [1]. The disease
is closely related to obesity, insulin resistance and dyslipidemia, and
similar as for the metabolic syndrome, has been associated with an in-
creased risk of developing diabetes or cardiovascular disease [2–4].
Due to the increased prevalence, there exists a great need to develop
new NASH therapeutics. However, to date no single pharmacotherapy
has been approved for the treatment of NASH, and lifestyle recommen-
dations on diet and exercise remain the current treatment [4,5].

Lifestyle modifications, although difficult to maintain, have been
shown by several studies to be very successful in combatting NASH
([6–10] and reference herein). The degree of weight loss is typically re-
lated to the improvement of histological NASH parameters [6,8,10], and
even a small reduction in body weight (5–7%) can already have a bene-
ficial effect on NASH [8,10]. It is not completely clear how a relatively
small reduction in body weight can affect the histological features of
NASH in the liver. NASH is a complex multifactorial disease in which
dysregulation of the metabolic homeostasis in liver as well as in distant
organs may play a large role. The molecular mechanisms that underly
both healthy and pathological metabolic states are still being elucidated
andmultiplemetabolically active organs such as liver,white adipose tis-
sue (WAT) andmuscle interact [11]. Animal studies can bemost helpful
to provide more insight into this inter-organ cross-talk and the mecha-
nistic pathways underlying NASH development and should pave the
way towards the development of lifestyle modification guidelines on
which future pharmacotherapies should be based upon [12].

In the present study we investigated the effect of lifestyle interven-
tions on NASH in Ldlr−/−.Leiden mice, a well-established model for
hyperlipidemia and atherosclerosis that develop NASH with advanced
fibrosis when fed a high fat diet [13–22]. The model has been proven
to be responsive to several nutritional and pharmacological interven-
tions [15,17,18,20,21,23–25]. In this particular study, micewith a severe
state of NASH and atherosclerosis were treated with exercise, diet
change or the combination thereof. Histological examination of liver,
WAT and muscle was used to investigate the organ-specific effects of
the exercise and diet interventions, as well as their putative additive ef-
fect. Transcriptome analysis on all three tissues was subsequently used
to investigate in more detail the intervention-specific and organ-spe-
cific effects, as well as the underlying pathways and possible interac-
tions between the different organs that ultimately all may affect NASH
and atherosclerosis.

2. Material and methods

2.1. Animals and experimental design

All animal care and experimental procedures were approved by the
Ethical Committee on Animal Care and Experimentation (Zeist, The
Netherlands; approval reference number TNO-312, Date 2 October
2017), and were in compliance with European Community specifica-
tions regarding the use of laboratory animals. Fourteen-sixteen weeks
old male Ldlr−/−.Leiden mice (TNO, Metabolic Health Research, Lei-
den, The Netherlands) were used. This substrain of the Ldlr−/−
mouse has a 94% C57BL/6 J background and 6% 129S1/SvImJ back-
ground. Mice were group housed in a temperature-controlled room
on a 12 hour light-dark cycle and had free access to food and heat ster-
ilized water. Mice were first matched on age, body weight, blood glu-
cose, plasma cholesterol and triglycerides into two groups of mice:
mice (n = 10; healthy reference group) that were kept on a grain-
based low (9%) fat chow diet (R/M-H chow, Ssniff Spezialdieten
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GmbH, Soest, Germany) or mice (n = 60) that were given a high fat
diet (HFD) containing 45 kcal% fat from lard, 35 kcal% from carbohy-
drates and 20 kcal% casein (D12451, Research Diets, new Brunswick,
NJ, USA) for 30 weeks to induce obesity, NASH and atherosclerosis.
After 30 weeks mice that were allocated to the HFD group were
matched another time for age, body weight, blood glucose, plasma cho-
lesterol and triglycerides into four groups: mice that remained on the
HFD for another 20 weeks (n = 17; HFD control group), mice that
remained on HFD and received a running-wheel (Mouse Igloo+Fast
Trac, Datesand, Bredbury, England) with unlimited access in their cage
for voluntary activity (n=17; exercise group),mice thatwere switched
to the low fat chow diet (n= 18; dietary intervention group) and mice
that received a running-wheel and were switched to low fat chow diet
(n = 18; combination group). In addition to the aforementioned
groups, an additional chow reference group (n = 9) and an additional
HFD reference group (n = 10) were added that were sacrificed after
30weeks of diet feeding to determine liver pathology as a start-of-inter-
vention reference. Body weight and food intake were determined regu-
larly during the study. At t = 49 weeks total fat mass was determined
using a NMR Echo MRI whole body composition analyzer (EchoMRI 2-
in-1, Echo Medical Systems LTD, Houston, TX, USA) and grip strength
was determined using a grip force meter (TSE Systems GmbH, Bad
Homburg, Germany) by placingmice with four limbs on a grid attached
to a force gauge and steadily pulling themice by their tails. Grip strength
was defined as the maximum strength produced by the mouse before
releasing the grid. On each occasion five trials were performed for
each mouse with a 1-minute resting period between the trials. For
eachmouse the lowest and highest values were subsequently excluded
and the average value of the remaining three trials was used to generate
a final score per mouse. At t = 50 weeks mice were sacrificed unfasted
using gradual-fill CO2 asphyxiation. Terminal blood was collected
through cardiac heart puncture to prepare EDTA plasma and livers,
perigonadal and visceral white adipose tissue (WAT) and muscles
(gastrocnemius and quadriceps) were collected, weighed and fixed in
formalin and paraffin-embedded (lobus sinister medialis hepatis and
lobus dexter medialis hepatis, left side perigonadal WAT, half of
visceral WAT, left gastrocnemius and quadriceps) for histological
analysis or (remaining liver lobes and visceral WAT, right side
perigonadal WAT, right gastrocnemius and quadriceps) fresh-frozen in
N2 and subsequently stored at −80 °C for biochemical analysis and
gene expression analysis. Hearts with aortic root area were collected,
formalin-fixed and paraffin-embedded and used for histological
analysis of atherosclerosis development.

2.2. Plasma and tissue biochemical analysis

Blood glucose was measured at the time of blood sampling using a
hand-held glucometer (Freestyle Disectronic, Vianen, TheNetherlands).
Plasma cholesterol and triglycerides were determined using enzymatic
assays (CHOD-PAP and GPO-PAP, respectively; Roche Diagnostics, Al-
mere, The Netherlands). Plasma insulin was analysed by ELISA
(Mercodia AB, Uppsala, Sweden). Homeostasis model assessment
(HOMA) was used to calculate relative insulin resistance (IR). Five
hours fasting plasma insulin and fasting blood glucose values were
used to calculate IR, as follows: IR = [insulin (ng/mL) × glucose
(mM)] / 22.5. Plasma alanine aminotransferase (ALT) was measured
using a spectrophotometric activity assay (Reflotron-Plus, Roche).
Serum amyloid A (SAA) was analysed by ELISA (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA), tumour necrosis factor- α (TNF-
α) was analysed by mouse cytokine panel assay of Quanterix
(Quanterix, Billerica, Massachusetts, USA). E-selectin, leptin and
adiponectin were analysed using Duoset mouse ELISAs (R&D Systems,
Minneapolis, Canada) according to manufacturer's instruction.
Intrahepatic concentration of triglycerides, free cholesterol and choles-
terol esters, as well as intramuscular triglycerides, was determined as
described previously [26]. Briefly, approximately 50 mg of tissue was
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homogenized in phosphate buffered saline and samples were taken for
measurement of protein content. Lipids were extracted and separated
by high performance thin layer chromatography (HPTLC) on silica gel
plates. Lipid spots were stained with a colour reagent (5 gMnCl2̣.4H2O,
32 mL 95–97% H2SO4 added to 960 mL of CH3OH:H2O 1:1 v/v) and
quantified using Image Lab software (version 5.2.1, Bio-Rad Laborato-
ries B.V., Veenendaal, The Netherlands). Hepatic collagen content was
determined by measuring hydroxyproline with a colorimetric assay,
the Sensitive total collagen assay (Quickzyme, Leiden, TheNetherlands),
as a readout of liver fibrosis.

2.3. Histology

Liver samples (lobus sinister medialis hepatis and lobus dexter
medialis hepatis) were collected (from non-fasted mice), fixed in for-
malin and paraffin embedded, and 3 μm sections were stained with
haematoxylin and eosin (H&E) and Sirius Red. NASHwas scored blindly
by a board-certified pathologist in H&E stained cross sections using an
adapted grading system of human NASH [27,28]. In short, the level of
macrovesicular and microvesicular steatosis was determined at 40× to
100× magnification relative to the total liver area analysed and
expressed as a percentage. Inflammation was scored by counting the
number of aggregates of inflammatory cells per field using a 100×mag-
nification (view size of 4.2 mm2). The averages of five random non-
overlapping fields were taken and values were expressed per mm2. He-
patic fibrosis was identified using Sirius Red stained slides and evalu-
ated by computerized image analysis of hepatic collagen content (as
percentage of liver surface area and including blood vessels). In addi-
tion, the fibrosis stage was determined by a certified pathologist using
the protocol of Tiniakos et al. [1], in which the presence of pathological
collagen staining was scored as either absent (F0), observed within
perisinusoidal/perivenular or periportal area (F1), within both
perisinusoidal and periportal areas (F2), bridging fibrosis (F3) or cirrho-
sis (F4).

Hearts were fixed in formalin, embedded in paraffin and were sec-
tioned perpendicular to the axis of the aorta. Serial cross sections (5
μm thick with intervals of 50 μm) were stained with haematoxylin-
phloxine-saffron (HPS) for histological analysis. The average total lesion
area per cross section was then calculated [29,30]. For determination of
lesion severity, the lesions were classified into five categories according
to the American Heart Association classification [31]: 0) no lesion, I)
early fatty streak, II) regular fatty streak, III) mild plaque, IV) moderate
plaque, and V) severe plaque.

Perigonadal and visceral WAT samples were collected, fixed in for-
malin and paraffin embedded, and 5 μm sections were stained with
HPS for quantification of adipocyte size and inflammation using 3 ran-
domly selected fields (1.56 mm2 for perigonadal WAT and 0.56 mm2

for visceral WAT). Adipocytes size was measured using the free soft-
ware ImageJ and Adiposoft macros [32]. Adipose tissue inflammation
was measured by counting crown-like structures (CLS) per field using
a 100× magnification and values were expressed as number of CLS per
1000 adipocytes.

Quadricepswere collected,fixed in formalin and paraffin embedded,
and 5 μm sections were immunolabeled by means of 1-hour incubation
in 1/50 mouse anti-fast myosin antibody (A4335; Sigma-Aldrich) and
developed using a red alkaline phosphatase substrate kit (SK5100; Vec-
tor) to reveal the overall morphology. Quantitative analysis of myofiber
diameter was performed by converting the image to a black-and-white
image using the free software ImageJ and customized macros. The min-
imal Feret's diameter was analysed by computerized image analysis in 5
randomly selected fields (0.18mm2) in 1–2 cross sections per animal. In
addition, paraffin-embedded unstained sections of quadriceps were
used for Second Harmonic Generation (SHG) imaging of collagen
using Genesis®200 Imaging System and subsequent computer-assisted
data analysis (HistoIndex Pte Ltd., Singapore). SHG is a non-linear opti-
cal process highly sensitive to non-centrosymmetric structures such as
3

collagen fibrils and fibers [33]. Collagen was quantified by measuring
the area occupied by collagen relative to the total area of the sample
(collagen area ratio).

2.4. Transcriptome analysis

RNA extractionwas performed as described previously in detail [34].
Total RNA was extracted from individual liver (lobus dexter lateralis)
samples (n = 10–11/group), perigonadal WAT samples (n = 8–10/
group) and quadriceps (n = 7–10/group) samples using glass beads
and RNA-Bee (Campro Scientific, Veenendaal, The Netherlands). RNA
integrity was examined using the RNA 6000 Nano Lab-on-a-Chip kit
and a bioanalyzer 2100 (Agilent Technologies, Amstelveen, The Nether-
lands). The NEBNext Ultra II Directional RNA Library Prep Kit (NEB
#E7760S/L, New England Biolabs, Ipswich, MA, USA) was used to pro-
cess the samples. Briefly, mRNA was isolated from total RNA using the
oligo-dT magnetic beads. After fragmentation of the mRNA, cDNA syn-
thesis was performed; this was ligated with the sequencing adapters
and amplified by PCR. Quality and yield of the amplicon was measured
(Fragment Analyzer, Agilent Technologies, Amstelveen, The Nether-
lands). The size of the resulting product was consistent with the ex-
pected size distribution (a broad peak between 300 and 500 bp).
Clustering and DNA sequencing, using the Illumina NovaSeq6000, was
performed according to manufacturer's protocols of service provider
GenomeScan B.V. (Leiden, the Netherlands) using a concentration of
1.1 nM of amplicon library DNA and yielding 15–25 million sequencing
clusters per sample and 2 × 150 bp Paired-End reads (PE) per cluster.
The genome reference and annotation file Mus_musculus.GRCm38.
gencode.vM19 was used for analysis. The reads were aligned to the ref-
erence sequence using the STAR 2.5 algorithm with default settings
(https://github.com/alexdobin/STAR). Based on the mapped read loca-
tions and the gene annotation HTSeq-count version 0.6.1p1 was used
to count how often a read was mapped on the transcript region. These
counts serve as input for the statistical analysis using DEseq2 package
[35].

2.5. Statistical analysis

All values shown represent means± SEM. Statistical differences be-
tween groups were determined by using non-parametric Kruskal-Wal-
lis followed by Mann-Whitney U test for independent samples using
SPSS software. A p-value <0.05 was considered statistically significant.
Two-tailed p-values were used. In the case of transcriptome analysis,
selected differentially expressed genes (DEGs) were used as an input
for pathway analysis (p-value<0.01) through Ingenuity Pathway Anal-
ysis suite (www.ingenuity.com, accessed 2020). The differentially
expressed pathways (DEP) and upstream regulators were selected
based on pathway enrichment (p-value Fisher's exact test) and z-
score for directionality. A negative z-score < −2 indicates a predicted
reduction in activity based on the direction of gene expression changes
of target genes, while a positive z-score > 2 indicates activation.

3. Results

3.1. Exercise and dietary intervention have beneficial effects on bodyweight
and metabolic plasma parameters

To induce severe obesity, insulin resistance, hyperlipidemia and in-
flammation, Ldlr−/−.Leiden mice were fed a HFD for 50 weeks. At
the start of the interventions, after 30 weeks of HFD feeding, many of
these risk factors were already severely induced (Supplemental Table
1). After 50 weeks, the HFD feeding resulted in increased body weight
(with +29%, p < 0.001), elevated plasma insulin (3.9-fold, p < 0.001),
cholesterol (3.0-fold, p < 0.001) and triglycerides levels (2.2-fold, p =
0.001) when compared with age-matched control animals on a chow
diet, while blood glucose levels remained similar (Table 1). Calorie

https://github.com/alexdobin/STAR
http://www.ingenuity.com


Table 1
Metabolic parameters.

Chow HFD control Exercise Dietary intervention Combination

Body weight (g) 42.3 ± 1.9⁎⁎⁎ 59.7 ± 0.8 48.9 ± 2.0⁎⁎⁎ 46.4 ± 1.3⁎⁎⁎ 40.3 ± 1.9⁎⁎⁎

Food intake (kCal/m/d) 12.6 ± 0.2 15.1 ± 1.0 16.1 ± 0.7 13.6 ± 0.4 16.2 ± 0.8
Blood glucose (mM) 7.6 ± 0.2 7.0 ± 0.2 7.0 ± 0.2 8.0 ± 0.3⁎⁎ 7.1 ± 0.3
Plasma insulin (ng/mL) 3.0 ± 0.5⁎⁎⁎ 11.7 ± 1.3 16.1 ± 2.2 5.1 ± 0.7⁎⁎⁎ 3.0 ± 0.5⁎⁎⁎

HOMA-IR 1.0 ± 0.2⁎⁎⁎ 3.7 ± 0.4 5.0 ± 0.6 1.8 ± 0.2⁎⁎ 1.0 ± 0.2⁎⁎⁎

Plasma cholesterol (mM) 10.3 ± 0.9⁎⁎⁎ 30.3 ± 2.2 25.0 ± 1.8⁎ 13.7 ± 1.2⁎⁎⁎ 8.4 ± 0.6⁎⁎⁎

Plasma triglycerides (mM) 1.9 ± 0.2⁎⁎ 4.2 ± 0.4 3.7 ± 0.4 2.6 ± 0.4⁎⁎ 1.1 ± 0.1⁎⁎⁎

Plasma ALT (U/L) 48.5 ± 8.0⁎⁎⁎ 247.4 ± 26.2 133.2 ± 23.7⁎⁎ 77.1 ± 8.6⁎⁎⁎ 52.5 ± 7.1⁎⁎⁎

Plasma SAA (μg/mL) 9.4 ± 0.5⁎⁎⁎ 21.1 ± 1.0 19.2 ± 2.1 11.6 ± 1.1⁎⁎⁎ 11.3 ± 1.7⁎⁎⁎

Plasma E-selectin (ng/mL) 58.5 ± 2.9⁎⁎ 75.7 ± 2.7 73.4 ± 1.9 58.3 ± 1.7⁎⁎⁎ 58.9 ± 1.7⁎⁎⁎

Plasma TNF-α (pg/mL) 7.1 ± 1.8⁎⁎ 15.0 ± 2.9 8.5 ± 2.1⁎ 8.2 ± 1.6⁎ 4.3 ± 0.5⁎⁎⁎

Bodyweight, food intake and plasma parameters in Ldlr−/−.Leidenmice fed a high fat diet (HFD) for 30weeks and left untreated (HFD control; n= 17) or treated via administration of a
runningwheel (exercise group; n= 17), a switch to a healthy chow diet (dietary switch; n= 18) or the combination (combination; n= 18) thereof for 20 weeks. As a healthy reference
group mice that were fed chow diet for 50 weeks were added (chow; n = 10). Values represent mean ± SEM.
⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001 vs. HFD control.
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intake per mouse per day was comparable between HFD and chow diet
groups (Table 1) indicating that the diet change was isocaloric. Liver in-
jurymarker plasmaALT (5.1-fold, p< 0.001) and inflammationmarkers
plasma SAA, E-selectin and TNF-α (2.3-fold, p < 0.001; 1.3-fold, p =
0.001 and 2.1-fold, p = 0.008, respectively) were all significantly ele-
vated as well on the HFD as compared to the chow diet.

Exercise or dietary intervention during the last 20weeks of the study
profoundly curtailedweight gain, resulting in a significantly lower body
weight at week 50 as compared to the HFD control group (−18% and
−22%, both p < 0.001, respectively) and the combination of exercise
and dietary intervention led to a significant further lowering of body
weight (−32%, p< 0.001; Table 1)whichwas also significant compared
to the mono-interventions. Exercise alone did not affect plasma insulin
or blood glucose levels, while diet change significantly decreased
plasma insulin levels (2.3-fold, p < 0.001) and slightly increased blood
glucose levels (1.1-fold, p= 0.003) as compared to HFD control, overall
resulting in a lower insulin resistance index (HOMA-IR) as compared to
the HFD control group (2.1-fold, p = 0.001)(Table 1). Interestingly and
despite that exercise mono-treatment did not have a significant effect,
the combination of exercise and diet change resulted in a significant fur-
ther improvement of plasma insulin levels and HOMA-IR (3.9-fold and
3.7-fold lowering vs. HFD control, respectively, both p < 0.001; also sig-
nificant vs. mono-treatments)(Table 1). Plasma cholesterol was signifi-
cantly decreased as compared to HFD control by exercise, diet change
and combination thereof (−18%, p = 0.042; −55%, p < 0.001 and
−72%, p < 0.001, respectively) while plasma triglycerides were not sig-
nificantly affected by exercise, significantly decreased by diet change
(−39%, p = 0.003) and even further decreased by the combination of
exercise and dietary intervention (−73%, p < 0.001)(Table 1). Plasma
ALT was significantly decreased relative to HFD control by exercise,
diet change and their combination (1.9-fold, p = 0.003; 3.2-fold, p <
0.001 and 4.7-fold, p<0.001, respectively)(Table 1). Exercise did not af-
fect inflammation markers plasma SAA and E-selectin, but significantly
decreased plasma TNF-α (−43%, p= 0.011), while the diet change sig-
nificantly decreased plasma SAA, E-selectin and TNF-α (−45%. p <
0.001; −23%, p < 0.001 and −46%, p = 0.020, respectively). Combina-
tion of exercise and diet change significantly decreased plasma SAA and
E-selectin (−46% and−22%, both p<0.001), similarly as the dietary in-
tervention alone, but led to a significant further reduction in plasma
TNF-α (−71%, p < 0.001)(all Table 1).

3.2. Exercise and diet change have beneficial effects on NASH with additive
effect for combination therapy on steatosis, but not for inflammation and fi-
brosis

HFD feeding for 50 weeks induced severe steatosis, hepatic inflam-
mation and fibrosis in Ldlr−/−.Leiden mice (Fig. 1A) and many of
4

these histological features were already fully established after 30
weeks, i.e. at the start of the intervention, as confirmed in an additional
group of reference mice (Supplemental Table 1). Quantitative analysis
(Fig. 1B, C) revealed that after 50 weeks about 43% of the surface area
was steatotic, of which 21% consisted of macrovesicular steatosis and
22% of microvesicular steatosis. Exercise alone did not have an effect
on macrovesicular steatosis, but significantly reduced microvesicular
steatosis as compared to HFD control (−42%, p = 0.048). Diet change
significantly reduced macrovesicular steatosis (−57% p < 0.001) and
tended to reduce microvesicular steatosis as well (−32%, p = 0.087).
Combination of exercise and dietary intervention led to significant fur-
ther reductions of both macro- and microvesicular steatosis (−79%
and−77%, both p<0.001) indicating additive effects. Biochemical anal-
ysis of intrahepatic lipids (Fig. 1D–F) substantiated these results and re-
vealed that the reduction in microvesicular steatosis by exercise was
primarily due to a significant reduction in hepatic cholesterol esters
(−13%, p = 0.023), while diet change significantly reduced hepatic tri-
glycerides (−29%, p = 0.021) as well as hepatic free cholesterol and
cholesterol esters (−18% and−51%, bothp<0.001, respectively). Com-
bination of exercise and dietary intervention led to the largest reduc-
tions in hepatic triglycerides, free cholesterol and cholesterol esters
(−60%, −25% and −63%, all p < 0.001, respectively).

HFD feeding strongly induced lobular inflammation, characterized
by aggregates of inflammatory cells comprising mononuclear cells and
polymorphonuclear cells. Quantification of the lobular inflammation
(Fig. 1G) showed that the HFD feeding resulted in a robust increase in
the number of aggregates as compared to the chow diet (31.6-fold in-
crease, p < 0.001). Exercise intervention and dietary intervention al-
most fully blunted HFD-induced hepatic inflammation (−84% and
−94%, both p < 0.001), and a comparably pronounced effect was ob-
served for the combination of exercise and diet change (−95%, p <
0.001).

HFD feeding strongly induced hepatic fibrosis, as shown by collagen
deposition in characteristic patch-like structures (Fig. 1A; Sirius Red
staining). Quantification of liver fibrosis by computerized analysis of
collagen deposition in histological slices (Fig. 1H) revealed a profound
increase in collagen deposition as compared to the chow diet (3.1-fold
increase, p < 0.001), a marked effect that was substantiated by bio-
chemical analysis of collagen (Fig. 1I; 7.1-fold increase, p< 0.001). Exer-
cise alone tended to preclude the fibrosis induction (−23%, p = 0.063
for histological collagen content and −30%, p = 0.095 for biochemical
collagen content), while diet change alone significantly reduced hepatic
fibrosis as compared to HFD control (−42% for histological collagen
content and −61% for biochemical collagen content, both p < 0.001),
and combined treatment of exercise and diet change did not further at-
tenuate liver fibrosis (−35%, p= 0.009 for histological collagen content
and −56%, p < 0.001 for biochemical collagen content).
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3.3. Dietary intervention has beneficial effects on atherosclerosis with addi-
tive effect when combined with exercise

Ldlr−/−.Leidenmice are hyperlipidemicmice that are known to de-
velop atherosclerosis during aging, which can be aggravated by HFD
feeding [15,21,22]. At the end of the current experiment mice on the
chow diet had already developed severe atherosclerotic lesions in the
aortic valve area, and the total lesion load was further enhanced by
the HFD (Fig. 2A). The total lesion area in the HFD control group was
3.9-fold increased as compared to the chow fed animals (Fig. 2B).
While exercise alone did not have a significant effect on atherosclerotic
lesion size, diet change led to a significant reduction of the lesion area
(by −20%, p = 0.038) and remarkably the combination of exercise
and diet interventions led to a significant further reduction of lesion
area (−41%, p < 0.001 vs. HFD control)(Fig. 2B).

3.4. Exercise and dietary intervention have beneficial effects on WAT with
additive effects for combination therapy on adipocyte size, but not for
WAT inflammation

HFD feeding induced obesity in Ldlr−/−.Leiden mice and the life-
style interventions resulted in slightly different effects on the various
adipose tissue depots (Fig. 3A–F). Total fatmass, measured via EchoMRI,
was 2.1-fold increased (p < 0.001) on the HFD as compared to mice on
the chow diet. Exercise and diet change profoundly curtailed total fat
mass, resulting in a significantly lower fatmass at week 50 as compared
to the HFD control group (by−31% and−42%, both p < 0.001, respec-
tively) and the combination of exercise and dietary intervention led to a
significant further lowering of body weight (−69%, p < 0.001; Fig. 3B)
(also significant as compared to themono-interventions). Plasma leptin
levels were in line with this observation and were significantly de-
creased for both exercise and diet change as compared to HFD control
group (−31%, p < 0.01 and −61%, p < 0.001), with a further decrease
for the combination treatment (−80%, p < 0.001)(Fig. 3C). Plasma
adiponectin, often inversely correlated with fat mass [36], was indeed
found to be decreased (−31%, p = 0.011) upon HFD feeding as com-
pared to chow diet. Exercise alone increased plasma adiponectin levels
relative to HFD control group (by +30%, p = 0.031), while diet change
either alone or in combination with exercise did not affect adiponectin
(Fig. 3D). Adipocyte size (Fig. 3E) and WAT inflammation (Fig. 3F)
was quantified in both perigonadal (epidydimal) and visceral (mesen-
teric) WAT depots. While HFD feeding did not result in a larger expan-
sion of the adipocytes in perigonadal WAT as compared to the
expansion of aging mice on the chow diet, the perigonadal fat depot
had significantly more inflammation on the HFD, as shown by the in-
creased (9.1-fold, p < 0.001) number of crown-like structures (CLS)/
mm2 perigonadal WAT. Exercise and diet change both significantly re-
duced perigonadal adipocyte size as compared to the HFD control
group (−22, p = 0.002 and −31%, p < 0.001, respectively), while
WAT inflammation tended to be reduced with exercise (−28%, p =
0.073) and was significantly reduced by diet change (−37%, p =
0.009). While combined exercise and dietary intervention led to a sig-
nificant further reduction of perigonadal adipocyte size relative to HFD
control group (−46%, p < 0.001; also significant vs. exercise alone), in-
flammation in the perigonadal fat depot was not further reduced by the
combination treatment (−30%, p = 0.041 vs. HFD control group). In
case of the visceral WAT depot, HFD feeding increased adipocyte size,
as well as WAT inflammation as compared to the chow group (1.3-
fold, p = 0.009 and 3.7-fold, p = 0.003, respectively). Both lifestyle in-
terventions had a similar effect as described for the perigonadal fat
depot: exercise and dietary intervention both decreased visceral adipo-
cyte size (−19%, p = 0.023 and −35%, p < 0.001, respectively), while
inflammation tended to be reduced with exercise (−40%, p = 0.089)
and was significantly reduced by dietary change (−47%, p = 0.047).
The combination treatment again led to a significant further reduction
of visceral adipocyte size (−52%, p < 0.001; also significant vs. each
5

mono-treatment), while WAT inflammation was comparably reduced
(−53%, p = 0.026) as with the mono-treatments.

3.5. Exercise and dietary intervention have beneficial effects on muscle
strength with additive effects for combination therapy

HFD feeding in Ldlr−/−.Leiden mice affected muscle tissue as well
(Fig. 4A–G). Absolute muscle mass (Fig. 4B) was either similar (quadri-
ceps) in HFD group as compared to chow fed mice or tended to be in-
creased (gastrocnemius: by +23%, p = 0.056). When muscle weights
were expressed relative to body weight, the relative muscle mass (Fig.
4C) was however either similar (gastrocnemius) or decreased (quadri-
ceps: by−25%, p=0.016) in HFD group relative to chowmice. Both ex-
ercise and diet change significantly reduced absolute gastrocnemius
weight as compared to the HFD control group (−24%, p = 0.011 and
−20%, p = 0.026, respectively), while relative gastrocnemius weight
or absolute and relative quadriceps weight were comparable to the
HFD control group. Combination treatment led to a significant reduction
in absolute gastrocnemius and quadriceps weights as compared to the
HFD control group (−34%, p < 0.001 and −20%, p = 0.039, respec-
tively). Relative gastrocnemius weight remained unchanged upon com-
bination treatment and the relative quadriceps weightwas significantly
increased as compared to HFD control group (with +27%, p = 0.004).
Muscle function was measured via four paws-grip strength (Fig. 4D)
and was found to be significantly reduced upon HFD feeding as com-
pared to the chow group (−33%, p < 0.001). Exercise and diet change
both increased grip strength as compared to HFD control group (by
+15% and +18%, both p < 0.001, respectively) and combination treat-
ment resulted in a significant further increase (by +40%, p < 0.001).
Myofiber size (Fig. 4E) was analysed by converting the image to a
black-and-white image (Fig. 4A) and using the minimal Feret's diame-
ter, as this measure of myofiber size was previously reported to be
least sensitive to changes in sectioning angle [37]. HFD feeding did not
affect the average minimal Feret's diameter, nor did exercise or diet
change have an effect. However, the combination intervention led to a
significant increase in the minimal Feret's diameter when compared
to the HFD control group (43.6 ± 0.9 vs. 41.66 ± 0.6 μm, p = 0.005).
Since muscle collagen is related to muscle stiffness, a refined analysis
of collagen was performed on unstained histological cross-sections of
quadriceps using SHG imaging (Fig. 4A) – which provides information
on individual collagen fibrils and fibers. The area occupied by collagen
relative to the total area of the sample (Fig. 4F) was increased by HFD
feeding when compared to the chow group (by +45%, p = 0.038), but
neither exercise, nor diet change, nor the combination intervention
had an effect on the collagen area ratio as compared to the HFD control
group. Since skeletal muscle fat accumulation has been linked to the
pathogenesis and severity of NASH [38], a biochemical analysis of intra-
muscular triglycerides was performed on quadriceps as well (Fig. 4G)
and revealed that HFD feeding strongly increased the amount of intra-
muscular triglycerides as compared to the chow group (by +90%, p <
0.001). Exercise, diet change and the combination intervention de-
creased intramuscular triglycerides relative to the HFD control group
(−38%, p=0.002;−34%, p=0.006 and−59%, p< 0.001 respectively).

3.6. Exercise, diet change and combination intervention have differential ef-
fects on transcriptomic profile

The results from histology showed that the effects of exercise and
diet change differ between organs, and the combination of both is partly
of added value suggesting complementary mechanisms. To further in-
vestigate the effects onpathways, NextGeneration Sequencingwas per-
formed in liver, perigonadalWAT and quadricepsmuscle. Pathways that
were differentially expressed by exercise, diet change or the combina-
tion thereof were compared relative to HFD control group.

Fig. 5A–C shows that the number of overlapping pathways in the in-
tersection of exercise and diet change was relatively modest in liver,
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Fig. 2. Representative images of atherosclerotic plaques in aortic root section (A) stained with haematoxylin-phloxine-saffron (HPS) from Ldlr−/−.Leiden mice fed a high fat diet (HFD)
for 30 weeks and left untreated (HFD control) or treated via administration of a running wheel (exercise group), a switch to a healthy chow diet (dietary switch) or the combination
(combination) thereof for 20 weeks. As a healthy reference group mice that were fed chow diet for 50 weeks were added (chow). Total lesion are per cross-section was quantified (B).
Values represent mean ± SEM for n = 10 chow mice, n = 17 for HFD control and exercise mice and n = 18 for dietary switch and combination mice. *p < 0.05, **p < 0.01 and *** p
< 0.001 vs. HFD control.
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WAT and muscle indicating that the two interventions affected distinct
pathways in these organs. When exercise and diet change were com-
bined, a substantial number of new pathways became induced, in par-
ticular in WAT and muscle. These new pathways were activated at the
cost of pathways from mono-treatments, demonstrating that combina-
tion therapywas notmerely the sumofmono-treatments. The pathway
effects will be discussed in detail per organ.

While in the liver exercise led to a total of 58 differentially expressed
pathways (DEPs), diet change and combination intervention led to
much more DEPs (n = 270 and n = 294, respectively), which showed
great overlap (See Venn diagram in Fig. 5A). The top 15 most enriched
pathways affected by exercise and diet change are shown in Fig. 5A
and demonstrate that the majority of pathways affected by diet change
were inflammatory pathways and pathways of cholesterol metabolism,
while the pathways affected by exercise were more diverse in nature
and encompassed inflammatory, cell signalling and important fibrosis
pathways, like the hepatic fibrosis/hepatic stellate cell activation path-
way. For the combination therapy the DEPs largely resembled the
DEPs of the dietary intervention and for instance the top 15 DEPs of di-
etary intervention were all significantly regulated in the combination
therapy as well (top 15 for combination treatment not shown),
Fig. 1. Representative images of liver cross-sections stained with haematoxylin and eosin (H&E
diet (HFD) for 30 weeks and left untreated (HFD control) or treated via administration of a
combination (combination) thereof for 20 weeks. As a healthy reference group mice that wer
(C) steatosis as a percentage of total liver area, biochemically analysed triglycerides (D), fre
aggregates per mm2 microscopic field (G) hepatic fibrosis as percentage Sirius Red of surface
for n = 10 chow mice, n = 17 for HFD control and exercise mice and n = 18 for dietary switc
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although in a slightly different ranking. More interesting to evaluate is
the additional portion of the Venn diagram, demonstrating the 51
DEPs that appear to be unique for the combination treatment. The top
15 most enriched pathways of this additional effect of combination
therapy are shown in Fig. 5A and reveal several metabolism, inflamma-
tion and signalling pathways including pathways which are critical for
hepatic insulin signalling (ERK pathway), inflammation and fibrosis
(TNFR2 and p38MAPK pathways) and lipid homeostasis (peroxisome
proliferator-activated receptor (PPAR) signalling pathway), and Type
II Diabetes Mellitus signalling pathway, also an important pathway for
NASH patients who are prone to develop Diabetes.

In adipose tissue, exercise and diet change affected less DEPs than in
liver, in total 23 and 47 DEPs, respectively (Fig. 5B). The top 15 most
enriched pathways for exercise consisted all of inflammatory pathways
(including pathways related to T-cell and B-cell mediated inflamma-
tion), except for number 15, Type I Diabetes Mellitus signalling. The
top 15 pathways inWATmodulated by diet change were more diverse,
consisting of several inflammatory and signalling pathways, as well as
fibrosis pathways, like the hepaticfibrosis/hepatic stellate cell activation
pathway. The combination therapy led to a total of 92 DEPs, showed less
overlap with dietary intervention inWAT than in the liver, and 65 DEPs
) or Sirius Red (A) and quantitative analysis (B–I) from Ldlr−/−.Leiden mice fed a high fat
running wheel (exercise group), a switch to a healthy chow diet (dietary switch) or the
e fed chow diet for 50 weeks were added (chow). Macrovesicular (B) and microvesicular
e cholesterol (E), and cholesterol esters (F), inflammation as number of inflammatory
area (H) or biochemically analysed hepatic collagen (I). Values represent mean ± SEM
h and combination mice. *p < 0.05, **p < 0.01 and *** p < 0.001 vs. HFD control.
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were additionally regulated and unique for the combination therapy.
The top 15 of those additional and unique pathways of combination
therapy are depicted in Fig. 5B and demonstrate amixture of inflamma-
tory pathways (CCR5 signalling in macrophages), cancer-related and
several other pathways including for NASH interesting pathways like
hepatic fibrosis signalling pathway, WAT browning pathway and
AMP-activated protein kinase (AMPK) signalling pathway, the latter
signalling on an important cellular energy sensor that is a novel target
for pharmaceutical treatment of hepatic fibrosis [39,40].

Inmuscle, exercise, as expected, led to the largest amount of DEPs (n
= 74), while diet change affected 56 DEPs and the combination inter-
vention 103 DEPs (Fig. 5C), many of which were, again, unique for the
combined lifestyle treatment. The top 3 most enriched pathways in-
duced by exercise were all related to mitochondrial functioning and
the remaining pathways in the top 15 consisted of several metabolism
and signalling pathways, including important pathways for muscle
functioning like valine and isoleucine degradation I, tricarboxylic acid
cycle (TCA) cycle II, fatty acid – oxidation I and ketolysis and ketogene-
sis. For dietary intervention the top 4 consisted of several inflammatory
pathways, followed by several metabolism and signalling pathways in-
cluding pathways such as atherosclerosis signalling and apelin adipo-
cyte signalling (apelin being an adipokine that affects mitochondrial
biogenesis via AMPK in skeletal muscle [41]), aswell as keymetabolism
pathways like AMPK signalling and liver X receptor/retinoid X receptor
(LXR/RXR) activation pathway. The DEPs of the combination interven-
tion only partially overlappedwithmono-treatments and yielded a sub-
stantial number of 50 additional DEPs unique for the combination
treatment. The top 15 of these additional pathways are shown in Fig.
5C and primarily consisted of newmetabolism pathways like for exam-
ple gluconeogenesis I, glycolysis I, L-cysteine degradation and
docosahexaenoic acid (DHA) signalling and important signalling path-
ways for muscle function, like actin cytoskeleton signalling and
p70S6K signalling.

Notably, the top 15 pathways affected by either exercise or diet
change differed for each organ indicating that exercise and diet change
exerted distinct health effects in the organs investigated. Within each
organ the interventions seem to complement each other because they
affected many central, yet different, pathways of metabolic control, in-
flammation and cell signalling, the regulation of which was analysed
in more detail next.

3.7. Exercise and diet change exert mechanistically complementary effects
on key upstream regulators

An analysis of upstream regulators (URs) determines whether mas-
ter regulators such as cytokines and their signalling receptors, enzymes
or transcription factors are activated or suppressed by a treatment on
basis of their downstream target genes. The top 20 consisting of the
top 10 significantly up-regulated (z-score > 2) and top 10 significantly
down-regulated (z-score <−2) URs for each tissue and each interven-
tion are provided in Fig. 6.

In the liver, exercise and diet change affectedmany different hepatic
URs critical for metabolism and inflammation and, consistent with their
shared anti-inflammatory capacity they both suppressed TNF, CSF2 and
IFNG signalling. Interestingly, the activities of the rate-limiting enzyme
of peroxisomal beta-oxidation (ACOX1) and the fuel-sensing enzyme
AMP-kinase (AMPK) were strongly enhanced by exercise indicating a
normalization of energy metabolism in liver via muscle-liver organ
crosstalk. Combined lifestyle intervention affected many of the URs
Fig. 3.Representative images of perigonadalwhite adipose tissue (WAT) cross-sections (A) stain
−.Leiden mice fed a high fat diet (HFD) for 30 weeks and left untreated (HFD control) or treate
(dietary switch) or the combination (combination) thereof for 20 weeks. As a healthy referen
determined by echo MRI (B), adipokines measurement of plasma leptin (C) and plasma adip
measuring the number of crown-like-structures (CLS)/1000 adipocytes (F). Values represent
18 for dietary switch and combination mice. *p < 0.05, **p < 0.01 and *** p < 0.001 vs. HFD co
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modulated by each of the monotreatment clearly indicating an additive
effect of combined therapy, albeit the effects of diet change were more
pronounced than those of exercise. Suppression of TNF, TGFB1, CSF2,
IL1B and IFNG activities were among the top 10 URs deactivated by
combination therapywhich is consistentwith the observed anti-fibrotic
effects of the combined lifestyle treatment.

In case of adipose tissue, exercise affected markedly less URs when
compared with diet change with no overlap between the top 20 URs,
demonstrating that each of the monotreatment exerted distinct effects.
Exercise for instance suppressed IL7 and IL12 signalling in WAT and
stimulated TAF7L, a regulator of WAT formation, while diet change at-
tenuated the activities of interferons (alpha, -beta, and -gamma), the in-
terferon-α/β receptor (Ifnar) and interferon regulating factors (IRF3
and IRF7). In the combination therapy, the pronounced effects of diet
change prevailed and overshadowed the effects of exercise.

Inmuscle, the effects of exercise and diet change were again distinct
and each treatment affected different top 10 URs. For instance, exercise
strongly induced peroxisome proliferator-activated receptor-γ coacti-
vator-1α (PPARGC1A) activity, a master regulator ofmuscle health con-
trolling mitochondrial biogenesis and anti-oxidant homeostasis [42]
and insulin receptor signalling (INSR) and suppressed CEBPB, an inhib-
itor of myogenesis [43]. An effect specific for diet change was the sup-
pression of interferon-alpha activity and SREBF1, a regulator of
skeletal muscle cell mass and protein synthesis. The combination treat-
ment included all of the aforementioned monotreatment effects (al-
though not all listed in top 20) but also had some unique effects such
as activation of ACOX1, the first enzyme of the fatty acid beta-oxidation
(not listed in top 20).

In all, UR analysis demonstrated often quite distinct effects of exer-
cise and diet change in the organs investigated. The effects of the two
mono-treatments on a particular organ appeared to be complementary
to each other, because the distinct effects from each of the
monotreatment were retrieved in the combination treatment.
4. Discussion

This study in Ldlr−/−.Leidenmice demonstrates that lifestyle inter-
ventions, like exercise and diet change, constitute powerful treatments
for already manifest and severe NASH with fibrosis. Both treatments
comparably reduce body weight, however with different effects on cir-
culating risk factors and disease endpoints indicating differentmodes of
action. Consistent with this, combination of exercise and diet change
exceeded the effect of the mono-treatments and further reduced liver
steatosis including major liver lipids (hepatic triglycerides and choles-
terol esters). Pre-existing hepatic inflammation was strongly resolved
with both lifestyle interventions and almost completely blunted at the
end of the study by all interventions. This is particularly noteworthy be-
cause the effects were very pronounced compared to reported pharma-
cological and nutritional treatments tested under similar experimental
conditions [17,18,20,22,44,45]. Even hepatic fibrosis could be improved
with lifestyle interventions further challenging current perception of
disease management and the development of matrix remodelling
anti-fibrotic pharmacotherapy strategies. Notably, exercise and diet
change had multiple beneficial effects on distant organs and their com-
bination further attenuated atherosclerosis, total adipose tissue mass,
myosteatosis, and improved grip strength. Histological examination,
as well as transcriptome analysis, of liver, WAT and muscle demon-
strated exercise and diet change exerted organ-specific effects and
edwith haematoxylin-phloxine-saffron (HPS) andquantitative analysis (B–F) fromLdlr−/
d via administration of a running wheel (exercise group), a switch to a healthy chow diet
ce group mice that were fed chow diet for 50 weeks were added (chow). Total fat mass
onectin (D), measurement of adipocyte size (E) and WAT inflammation was analysed by
mean ± SEM for n = 10 chow mice, n = 17 for HFD control and exercise mice and n =
ntrol.
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frequently affected distinct pathways and URs thereby providing a
mechanistic rationale for the added value of the combination therapy.

Beneficial effects of exercise and diet change on NASHhave been de-
scribed by numerous trials and reveal that the degree of weight loss is
associated with improvements in all histological NASH parameters
[6,8,10]. The current evidence has led to the following guidelines from
the American Association for the Study of Liver Diseases: 1) a body
weight loss of 3–5% appears necessary to improve steatosis, but a
greater weight loss (up to 10%) may be needed to improve
necroinflammation and 2) exercise alone in adults with NAFLDmay re-
duce hepatic steatosis but its ability to improve other aspects of liver
histology (i.e. inflammation, fibrosis) remains unknown [46]. With re-
spect to steatosis, our study results are in linewith human trials because
the observed weight loss of all mice with intervention correlated with
their improvement in total steatosis (sum of macrovesicular and
microvesicular steatosis, r2 = 0.56, p < 0.001) indicating that more
than 50% of the observed steatosis reduction may be explained by
weight loss.

For hepatic inflammation, the general consensus in human trials is
that a higher degree of weight loss (up to 10%) is required for improve-
ment in hepatic inflammation. In our study (>10% body weight loss
with all interventions) a more pronounced effect on hepatic inflamma-
tion was indeed observed that was profoundly curtailed by all three in-
terventions, including exercise mono-treatment. The profound effects
on lobular inflammation are remarkable and were, in particular for the
exercise monotreatment, not expected because the animals still con-
sumed HFD in comparable amounts as prior to the intervention. The
top URs upregulated by exercise in the liver were acyl-coenzyme A ox-
idase (ACOX1)which catalyses the first step in peroxisomal beta-oxida-
tion, AMPK, which is critically implicated in development of NASH [47]
and TRIM24, an epigenetic co-regulator of transcription, which directly
and indirectly represses hepatic lipid accumulation, inflammation, fi-
brosis and damage in the murine liver [48]. The observed exercise ef-
fects in liver are consistent with each other and together point to a
normalization of hepatic energy metabolism. For all interventions, the
effect size on hepatic inflammation was large and despite the smaller
total range in inflammation for all interventions groups (due to this
large effect size) a significant (p = 0.009) correlation was found be-
tween weight loss and hepatic inflammation with r2 = 0.13, indicating
that only 13% of the observed reduction in inflammation can be ex-
plained by the observed weight loss. At the same time, this indicates
that risk factors other than body weight must have been resolved by
the lifestyle interventions. Because liver inflammation in NASH has a
metabolic origin and can be induced with metabolic triggers [49], one
of the possible explanations could be that diet change or exercise can
normalize metabolic processes at tissue level, thereby diminishingmet-
abolic oxidative stress and associated metabolic inflammation [50]. It is
thus possible that the level of tissue inflammation is predominantly de-
termined by alterations of metabolic processes rather than a person's
body weight which is also supported by the paradoxical observation
that obese subjects can be relatively healthy andmay exhibit low levels
of tissue inflammation [51].

For hepatic fibrosis we found a significant improvement as com-
pared to HFD control group with both diet change and combination
therapy, and a trend with the exercise mono-treatment. This histologi-
cal parameter was however the least affected in our study and no signif-
icant correlation was found with weight loss indicating that body
weight loss does not necessarily constitute an antifibrotic effect. These
findings are within expectation, since also in humans, fibrosis is a
Fig. 4. Representative images of quadriceps stained with anti-fast myosin immuno-staining, I
diameter, or unstained sections used for collagen (denoted in green) characterisation analysis
left untreated (HFD control) or treated via administration of a running wheel (exercise grou
thereof for 20 weeks. As a healthy reference group mice that were fed chow diet for 50 week
paw grip strength (D), average Feret's diameter as measure for quadriceps myofiber size (E)
using SHG imaging (F) and intramuscular triglycerides determined in quadriceps (F). Values r
and n = 18 for dietary switch and combination mice. *p < 0.05, **p < 0.01 and *** p < 0.001 v
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histological NASH parameter that is not necessarily linked to obesity
[52] and most difficult to improve, possibly because of the relative
long half-life of collagen fibers and relative slow turn-over of matrix re-
modelling processes. On basis of radioactive labelling studies performed
by us (unpublished), the turnover time of collagen in liver inmice is rel-
atively long and estimated to be several months and it is well possible
that a longer treatment period with exercise would have resulted in
more pronounced anti-fibrotic effects. Importantly, diet change and
the combination treatment both suppressed TGF-β as well as TNF-α
and IL1-β, all of which critical profibrotic pathways that may explain
the fibrosis-attenuating effect of diet change. Furthermore, our observa-
tion that reductions in liver fibrosis are not correlated with weight loss
is consistent with human studies in which an improvement of fibrosis
was found in some but not all subjects who lost more than 10% body
weight [10].

When taken all data into account, the exercise mono-treatment was
the least effective therapy, followed by dietary switch beingmore effec-
tive, and as expected, the combination therapy had the most effective
beneficial effects. Interestingly, the additive value of the combination
therapy became evident in all parameters related to adiposity or lipid
metabolism like steatosis and muscular triglycerides, plasma lipids
and atherosclerosis, as well as total fat mass and adipocyte size, while
for the inflammation-related parameters this was not the case (i.e.
plasma inflammationmarkers SAA and E-selectin, hepatic inflammation
andWAT inflammation). Analysis of the underlying pathways revealed
that mono-treatments of exercise and dietary change both affected nu-
merous inflammatory pathways in liver andWATwhich apparently did
not always add upwhen the interventions were combined. Also in case
of URs, the molecular effects of the mono-treatments differed in the
three organs and, within each organ, they differed from each other. In
all, our data supports the view that lifestyle interventions are a means
to restore organ-specific pathophysiological conditions of lipid
dysmetabolism and, when combined, they have added effects on end-
points associated with lipid accumulation (e.g. hepatic steatosis,
myosteatosis, atherosclerosis). It is relevant that the investigated
mono-treatments affected distinct pathways that acted complementary
when the therapies were combined because this provides mechanistic
support to the general recommendation that an adjustment of an un-
healthy diet alone is suboptimal and should be combined with greater
energy expenditure via exercise, and vice versa.

In the liver exercise mono-treatment led to a relatively low amount
of DEPs when compared to the dietary switch or combination treat-
ments. Therefore, it was remarkable that hepatic inflammationwas pro-
foundly decreased by all interventions, including exercise mono-
treatment. This strong effect on the liver may partially explained by
organ crosstalk and the known interaction of metabolic active organs,
such as liver,WAT andmuscle [53]. Especially for hepatic inflammation,
the contribution of inflamed WAT on hepatic inflammation is well
known and the causal relationship between those tissues was for in-
stance demonstrated by a previous experiment in which removal of in-
flamed WAT depot in mice led to a beneficial effect on NASH. More
specifically, the induction of hepatic inflammation was hampered in
the mice later in life when mice were continued on the HFD [54].

Adipokines secreted byWAT like leptin and adiponectinmay play an
important role in the beneficial effects on the liver. Leptin is known to
affect the expression of sterol regulatory element-binding protein-1
(SREBP-1), an important transcription factor for lipogenesis in the
liver [55,56], it can promote hepatic inflammation and fibrosis by en-
hancing the production of type 1 collagen, upregulating tissue inhibitor
mage J conversion to a black-and-white image used for quantitative analysis of myofiber
via SHG imaging (A) of Ldlr−/−.Leiden mice fed a high fat diet (HFD) for 30 weeks and
p), a switch to a healthy chow diet (dietary switch) or the combination (combination)
s were added (chow). Absolute muscle weight (B) and relative to body weight (C), four-
, refined analysis of collagen was performed on histological cross-sections of quadriceps
epresent mean ± SEM for n = 10 chow mice, n = 17 for HFD control and exercise mice
s. HFD control.
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of metalloproteinase (TIMP-1) and transforming growth factor (TGF)-β
expression and downregulating matrix metalloproteinase 1 (MMP1)
expression [57,58] and this adipokine was found to be significantly
Fig. 5. Venn diagram illustrating the overlap of differentially expressed pathways in liver (A)
intervention vs. mice left untreated (blue circle), mice treated via a dietary switch vs. mice left
(green circle). N ≥ 8 mice per group. The top 15 of significantly enriched biological processe
(yellow bars) are shown for each tissue. For the combination treatment the top 15 of signifi
genes uniquely affected by the combination treatment are shown for each tissue.
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decreased in our experiment by all three interventions. In contrast,
adiponectin, an adipokine that is often inversely related to adiposity,
was increased in our experiment by exercise mono-treatment only
, WAT (B) or quadriceps muscle (C) between Ldlr−/−.Leiden mice receiving an exercise
untreated (yellow circle) or treated with the combination thereof vs. mice left untreated
s (−log(p-value)) for the genes affected by exercise (blue bars) or dietary intervention
cantly enriched biological processes (−log(p-value)) of the additional effect or for the
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and not by the dietary switch or combination therapy, despite the low-
ering of fat mass by all interventions. Since the commonality between
the latter two interventions is the switch back to the chow diet, the
lack of change in adiponectin levels despite the decrease in total fat
mass might be related to the chow diet. The chow diet is low in fat
13
(9%), but relatively high in carbohydrates (58%) and it has been
shown before that this can reduce plasma adiponectin levels [59].

For the pathogenesis of NASH not only the crosstalk between WAT
and liver plays a role, but the crosstalk betweenmuscle and liver has re-
cently gained more interest as well. Skeletal muscle has been
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recognized as a vital organ for whole body metabolism, since it is a pri-
mary site for glucose uptake and storage, and it is also a reservoir of
amino acids stored as protein [60]. However, recent studies have
shown that sarcopenia, the loss of muscle mass and function, is a
14
novel risk factor for developing NASH and muscle, and via its impact
on insulin resistance and systemic inflammation, can be of importance
in NASH pathogenesis [61,62]. Not only low muscle mass, but also an
adverse muscle composition comprising a high muscle fat infiltration



Fig. 6. Upstream regulator analysis showing the predicted activation state (z-score) of the upstream regulators, based on the expression changes of known target genes. The overlap p-
value indicates the significance of the overlap between the known target genes of a transcription factor and the differentially expressed genes measured in the experiment. Red colour
indicates upregulation and blue colour indicates down-regulation. The top 10 significantly upregulated and top 10 significantly downregulated upstream regulators (if applicable, cut-
off values of z-score < −2 and >2 were used) are shown for exercise, diet change and combination treatment in liver, WAT and muscle.
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(myosteatosis) is associatedwith the severity of NASH [38]. It has there-
fore been postulated that interventions that impactmuscle composition
and that are directed at this muscle-liver axis might be required to ade-
quately address the pathogenesis of NASH [62]. In our current Ldlr−/−.
Leidenmouse study, we indeed observed an improvedmuscle composi-
tion and function with the different interventions, especially for the
combination therapy, and this coincided with an improvement in the
different NASH parameters and these results are therefore in line with
the current notion that muscle-liver axis plays an important role in
NASH pathogenesis.

5. Conclusions

In summary, Ldlr−/−.Leiden mice were used to demonstrate that
lifestyle interventions, like exercise, dietary change and the combina-
tion thereof have beneficial ameliorating effects on already preexisting
NASH and liver fibrosis, demonstrating that manifest fibrosis can be
treated without pharmacotherapy. In addition, the lifestyle interven-
tions had beneficial effects on atherosclerosis, WAT inflammation and
muscle function. Analysis of the underlying regulatory pathways in all
three tissues revealed that while exercise and dietary change shared
several underlying pathways for inflammation resulting in a net similar
effect when the interventions were combined, for steatosis and other
parameters related to adiposity or lipid metabolism, exercise and die-
tary change affected more distinct pathways that acted complementary
when the interventions were combined resulting in an additive effect
for the combination therapy on important endpoints including NASH
and atherosclerosis. For future therapeutics, the current study advances
our understanding of the development of NASH and the interaction
there upon of lifestyle interventions (on a multi-organ level), and in-
sights like these should guide the development of future pharmacother-
apies.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.metabol.2021.154873.
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Supplemental Table 1: Metabolic parameters and liver histology after 30 weeks of chow or HFD as 

assessed in an additional group of reference mice sacrificed at the start of the intervention. 

  Chow HFD  

Metabolic parameters       

 Body weight (g) 35.5 ± 1.5 57.5 ± 1.0*** 

 Blood glucose (mM) 7.4 ± 0.4 6.7 ± 0.4** 

 Plasma insulin (ng/mL) 2.2 ± 0.3 17.5 ± 2.2*** 

 HOMA-IR 0.8 ± 0.1 5.3 ± 0.8*** 

 Plasma cholesterol (mM) 6.9 ± 0.8 40.1 ± 4.8*** 

 Plasma triglycerides (mM) 1.0 ± 0.2 8.4 ± 1.3*** 

 Plasma ALT (U/L) 31.9 ± 1.2 457.5 ± 28.1*** 

Liver histology       

 Macrovesicular steatosis (% of surface area) 0.2 ± 0.2 32.1 ± 1.6*** 

 Microvesicular steatosis (% of surface area) 0.2 ± 0.1 32.8 ± 2.4*** 

 Hepatic inflammation (number of aggregates/mm2) 0.1 ± 0.02 9.8 ± 3.4*** 

 Hepatic fibrosis (% of surface area) 0.6 ± 0.04 3.1 ± 1.0*** 
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