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Abstract

High-fat diet (HFD) mouse models are widely used in research to develop medications to treat non-alcoholic fatty
liver disease (NAFLD), as they mimic the steatosis, inflammation, and hepatic fibrosis typically found in this complex
human disease. The aims of this study were to identify a complete transcriptomic signature of these mouse models
and to characterize the transcriptional impact exerted by different experimental anti-steatotic treatments. For this
reason, we conducted a systematic review and meta-analysis of liver transcriptomic studies performed in HFD-fed
C57BL/6J mice, comparing them with control mice and HFD-fed mice receiving potential anti-steatotic treatments.
Analyzing 21 studies broaching 24 different treatments, we obtained a robust HFD transcriptomic signature that
included 2,670 differentially expressed genes and 2,567 modified gene ontology biological processes. Treated HFD
mice generally showed a reversion of this HFD signature, although the extent varied depending on the treatment. The
biological processes most frequently reversed were those related to lipid metabolism, response to stress, and immune
system, whereas processes related to nitrogen compound metabolism were generally not reversed. When comparing
this HFD signature with a signature of human NAFLD progression, we identified 62 genes that were common to both;
10 belonged to the group that were reversed by treatments. Altered expression of most of these 10 genes was
confirmed in vitro in hepatocytes and hepatic stellate cells exposed to a lipotoxic or a profibrogenic stimulus,
respectively. In conclusion, this study provides a vast amount of information about transcriptomic changes induced
during the progression and regression of NAFLD and identifies some relevant targets. Our results may help in the
assessment of treatment efficacy, the discovery of unmet therapeutic targets, and the search for novel biomarkers.
© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction NAFLD are diverse, and among them high-fat diet

(HFD) mouse models represent a fundamental preclini-
cal tool to test novel treatments and define targets [4].
Prolonged HFD models, sometimes modified with fruc-
tose or cholesterol overconsumption, have been reported

Non-alcoholic fatty liver disease (NAFLD), also known
as metabolic-associated fatty liver disease, represents a

major health problem worldwide due to its increasing
prevalence and potential severity [1]. Given the lack
of available specific pharmacologic treatments for
NAFLD, the identification of new therapeutic strategies
is an area of intense research [2,3]. Animal models of

to most closely recapitulate the phenotype of human
NAFLD [5].

Recently, detailed analyses of gene transcription
changes in human liver tissue representing the full spec-
trum of NAFLD have provided important insight into the
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pathophysiology of progressive fibrosing steatohepatitis
and have revealed clinically relevant markers of disease
regression that show that transcriptomic changes
represent potentially tractable markers of disease
progression [6,7]. Unfortunately, various studies have
shown substantial differences between human and
mouse hepatic transcriptomes, and so transcriptomic
analysis of HFD animal models cannot be directly
translated into clinical advances. Nevertheless, on a
pathway level, gene expression patterns in the livers
of HFD-fed mice have been shown to be more closely
associated with human fatty liver disease than other
models [8].

The aim of the present study was to better characterize
the transcriptomic changes of HFD models and how they
are modulated by pharmacologic treatments with anti-
steatotic effects. To do this, we conducted a systematic
review and meta-analysis of liver transcriptomic studies
performed in HFD mouse models in order to identify
novel NAFLD therapeutic targets and biomarkers.

Materials and methods

Selection of gene expression datasets

This systematic review of the Gene Expression Omnibus
(GEO) and ArrayExpress databases was performed with
the keywords ‘high fat diet’, ‘nafld’, and ‘nash’ [9,10].
The period reviewed ranged from January 2002 (generation
of the public repositories) to May 2020. Results were
filtered by: (1) organism: ‘Mus musculus’, (2) study
type: ‘expression profiling by array’ or ‘expression pro-
filing by high throughput sequencing’, (3) tissue:
‘liver’. To ensure the quality and transparency of the
systematic review, PRISMA statement guidelines were
followed [11]. In addition, the following exclusion
criteria were applied: (1) information about inclusion
criteria not available, (2) a diet with less than 35% kcal
of fat, (3) any genetic alteration (0b/ob, Ldlr ', etc.),
(4) diets deficient in choline and/or methionine, (5)
oophorectomy, (6) presence of other treatments that
enhance liver damage, such as carbon tetrachloride or
streptozotocin, (7) strain other than C57BL/6J, (8) fewer
than three replicates in any diet, (9) diet duration of less
than 8 weeks, (10) transcriptomic studies in which only
non-coding RNA was analyzed.

Data acquisition and preprocessing

The studies included in the systematic review were
downloaded and standardized. Gene names were
converted to Gene Symbol nomenclature and the median
expression was calculated when there were multiple
values for the same gene. Individuals in each study were
tagged as HFD, normal diet (ND), or HFD plus treatment
(HFDt). After data normalization, an exploratory analy-
sis was performed to detect possible batch effects and
anomalous behavior among the data, using clustering
and principal component analysis.

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Differential gene expression (DGE)

After normalizing the data, different DGE analyses were
performed for each individual study to detect differences
in gene expression levels between groups. A comparison
of HFD versus ND was made to obtain a transcriptomic
signature of the pathology, while a comparison of HFDt
versus HFD was performed to detect the anti-steatotic
effect of the treatments. HFDt and ND were compared to
assess the degree of reversion of the detected alterations.
When different treatments were present in the same
study, we performed a specific DGE for each of them.
The limma R package [12] was used to calculate the
differential expression statistics. p values were adjusted
by the Benjamini & Hochberg method [13].

Meta-analysis of DGE

For the HFD versus ND comparison, meta-analysis tech-
niques were used to obtain a robust transcriptomic HFD
signature from the differential expression results of each
individual study. Similarly, the DGE results obtained in
the HFDt versus HFD comparisons of the evaluated
studies were integrated through meta-analysis, to detect
the common signal of the effect of the anti-steatotic
treatments. The meta-analyses were performed follow-
ing the methodology described by Garcia-Garcia [14]. In
brief, the metafor R package [15] was used to combine
the expression results of the corresponding individual
studies, using a random-effects model [16]. Thus, the
meta-analysis calculated a pooled measure of the expres-
sion effect for each gene across all the studies; to do this
we used the logarithm of the fold-change (logFC), for
which the less variable results were given greater weight,
and tested its significance. We then adjusted the p value
using the Benjamini & Hochberg method, and
established 0.05 as the significance cut-off. To explore
the impact of the anti-steatotic treatments on the
transcriptomic HFD signature, we performed a correla-
tion analysis of the common significant genes, using
Pearson’s correlation coefficient and a 95% confidence
interval. Two treatments (resveratrol and metformin)
were discarded from this analysis due to the low number
of significant results.

Functional enrichment

To elucidate the molecular basis underlying the genetic
differences found in the DGE, a functional enrichment of
each individual study was performed using gene
set analysis (GSA). The ontology used was gene
ontology (GO) biological processes [17]. GSA was car-
ried out using the logistic regression model implemented
in the mdgsa R package [18]. The logarithm of the odds
ratio (LOR) is the measure of effect in functional enrich-
ment analysis and is obtained directly from logistic
regression. Due to their hierarchical structure, the gene
annotations with GO terms applied in the mdgsa package
were propagated to inherit the annotations of the ancestor
terms. Excessively specific or generic annotations (blocks
smaller than 10 or larger than 500 genes, respectively) were
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subsequently filtered out. Finally, functions with a
Benjamini & Yekutieli-adjusted p value [19] under
0.05 were considered significant.

Meta-analysis of functional enrichment

The GSA results of the individual studies were inte-
grated following the same procedure described above
in ‘Meta-analysis of DGE’. We performed one meta-
analysis for each of the three abovementioned comparisons,
in this case obtaining the LOR as a measure of the
magnitude of change.

Summary and representation of altered GO terms in
meta-analyses

To summarize the significantly altered GO terms in the
three meta-analyses, we took advantage of the directed
acyclic graph structure of the GO database, in which
specific lower-level terms are linked to general higher-
level terms. We selected a group of representative high-
level GO terms with low overlapping rates, which we
called categories, and classified each significant GO
term in a category if it was an ancestor of the term. The
selected categories were: cell death, cell population
proliferation, cellular component organization or
biogenesis, cytokine production, homeostatic process,
immune system process, ion transport, lipid metabolic
process, localization, metabolic process, multicellular
organismal process, nitrogen compound metabolic
process, regulation of metabolic process, and response
to stress. GO terms without any of these ancestors
were classified as other.

Cell culture

Hepatocyte-like HepaRG cells were used as a hepato-
cyte model. Undifferentiated HepaRG cells (HPRGC10)
were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA) and cultured and differentiated
as described previously [20]. To generate fatty acid
(FA)-overloaded hepatocytes, cells were incubated in
medium supplemented with 0.5 mM sodium oleate
(07501) and 0.25 mMm sodium palmitate (P9767) (both
from Sigma-Aldrich, Stenheim, Germany), conjugated
with BSA (10775835001, Roche Life Science, Penzberg,
Germany) (ratio 6:1), and 0.05 mMm L-carnitine (CO158,
Sigma-Aldrich) for 48 h.

LX2 cells, a human immortalized line of hepatic stel-
late cells (HSC), were purchased from Sigma-Aldrich
(SCCO064) and cultured in high glucose DMEM
(41966-029, Gibco, ThermoFisher Scientific), supple-
mented with 10% heat-inactivated FBS (F7524,
Sigma-Aldrich) and 50 pg/ml streptomycin and
50 U/ml penicillin (15070063, Gibco, Thermo Fisher
Scientific). These cells were treated for 48 h with
the profibrogenic stimulus TGF-p1 (130-095-066,
Miltenyi Biotec, 2.5 ng/ml) or its vehicle, DMSO
(D2650, Sigma Aldrich).

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

RNA extraction and RT-qPCR

Total mRNA isolation from cell cultures and real-time
RT-PCR were performed as described previously [21].
Primer sequences of human genes were synthesized
by Metabion (Planegg, Germany) and are shown in
supplementary material, Table S1. ACTB (f-actin) was
analyzed as a reference transcript. Data were analyzed
using a paired #-test comparing the vehicle versus the
treatment (FA-overload or TGF-f) of each biological
replicate.

Results

Systematic review and selection of studies

Our dataset search identified and screened 415 results in
GEO and 170 in ArrayExpress. Of these, 62 studies were
assessed for eligibility as they contained at least one
treatment with significant anti-steatotic effects in a
HFD mouse model. Finally, 21 studies met our inclusion
criteria and, therefore, were selected for the meta-
analysis (Figure 1) [21-41]. They included liver samples
from HFD-fed mice (HFD) and from mice fed with HFD
and administered different anti-steatotic treatments
(HFDt). Only 16 of these studies also contained liver
samples from ND-fed animals. The treatments used in
each study and the number of samples per group are
detailed in Table 1. HFD murine models used in the
selected studies varied in duration, diet composition,
and sex and age of the animals, but they all shared the
specific characteristics established by our inclusion
criteria (supplementary material, Table S2). Further
information about the clinical phenotypes achieved by
each HFD model (weight gain, insulin resistance,
hepatic inflammation, and fibrosis), and the effects on
them of the different anti-steatotic treatments were com-
piled and included in the webtool and in the Zenodo
repository (see Data availability statement). Exploratory
analyses revealed no batch effect in the datasets.

HFD transcriptome signature

Analysis of differentially expressed genes (DEG) in the
selected studies revealed diverse results. As shown in
supplementary material, Table S3, most of the studies
analyzed the expression of more than 20,000 genes and
the number of DEG detected in the HFD versus ND
comparison varied from two to 4,586. The integration
of these data into the HFD versus ND DGE meta-
analysis allowed us to define a transcriptomic signature
of HFD mouse models consisting of 2,670 DEG, 2,427
of which were upregulated and 243 of which were
downregulated. This HFD transcriptomic signature was
very robust, as 2,324 of these DEG were observed in at
least eight studies. The LogFC and p values of the HFD
versus ND DEG are depicted in the volcano plot in
Figure 2A. As expected, the top upregulated DEG
included genes associated with steatotic liver (Ly6d,
Ubd, Cidea, Cfd) or non-alcoholic steatohepatitis (NASH)

J Pathol 2024; 262: 377-389
www.thejournalofpathology.com

95UB017 SUOWILIOD BAIFeR1D 8 |deo | dde aup Aq peusenob a1e S3jole YO ‘SN 40 S3|NJ 04 A%eiq I 8UIIUO AB]IA UO (SUOIPUCD-pUR-SWISH D" AB | 1M ARIq 1 RU1IUO//SANY) SUORIPUOD PUe SWIB L 8L} 885 *[5202/S0/6T] Uo Arelqiauljuo A8|Im eouse A 8Q RISRAIUN AQ 2t729'Ured/200T 0T/10p/Wwoo A3 1M AeIq Ul juo'S feuno foosyped/sdiy Lo papeo|umod ‘€ ‘v202 ‘9686960T


http://www.pathsoc.org
http://www.thejournalofpathology.com

380

Eligibility ) C Screening ] [Identiﬁcation)

[ Included )

I Fuster-Martinez, JF Catala-Senent et al

Records identified Records identified
through GEO dataset through ArrayExpress
database searching database searching
(n=415) (n=170)

\ 4 Y

Records excluded (n = 523)

Records screened - Duplicated records
(n=585) - Not in Mus musculus

- Not in liver

- Not expression profiling studies

- Not including effective anti-steatotic
treatments

N

L /Full-text excluded (n = 41)
- Information not available about

Full text articles inclusion criteria

assessed for eligibility - Diet with less than 35% kcal of fat

(n=62) - Any genetic alteration

- Diets deficient in choline and/or
methionine

- Oophorectomy

- Less than three replicates per diet

v - Only transcriptomics of noncoding RNA

- Less than 8 weeks of diet

Studies included in - Other treatments that aggravate liver

meta-analysis damage

(n=21) K-Strain different from C57BL/6)

/

Figure 1. Flow diagram of the systematic review of the literature and selection of the studies for the meta-analysis.

Table 1. Summary of the studies selected for the meta-analysis, indicating the treatment used and the number of samples per group.

GEO ID

GSE28384 [22]
GSE38141 [23]
GSE38854 [24]
GSE50763 [25]
GSE51343 [26]
GSE51432 [27]
GSE57054 [28]
GSE57290 [29]
GSE66711 [30]

GSE84994 [31]

GSE86080 [32]
GSE87729 [33]

GSE93819 [34]
GSE94593 [35]

GSE94790 [36]

GSE108839 [37]
GSE120484 [21]
GSE126204 [38]

GSE128850 [39]

GSE137365 [40]
GSE137840 [41]

Treatment (dose)

Amorfrutin 1 (100 mg/kg/day over the last 3 weeks of HFD)

Quercetin (0.05% of diet)

Amorfrutin 1 (37 mg/kg/day)

Dabigatran (0.01% of diet)

Quercetin (0.33% of diet)

B-Cryptoxanthin (0.003% of diet)

Amlexanox (25 mg/kg/day)

Branched-chain amino acids (3% of diet)

Lingoberries (20% of diet)

Blackcurrant (20% of diet)

Bilberries (20% of diet)

Apical sodium-dependent bile-acid transporter-inhibitor SC-435 (0.006%
of diet)

Green tea extract (0.25% of diet)

Methotrexate (5 intraperitoneal injections of 50 mg/kg for 1 week after
HFD)

Vitamin E (0.02% of diet)

Liposomal calcitriol (intravenously injected at weeks 12 and 13)

Liposomal curcumin (intravenously injected at weeks 12 and 13)

Metformin (3 mg/kg/day for the last 5 weeks)

Digoxin (two intraperitoneal injections per week of 1,000 mg/kg)

Rilpivirine (5 mg/kg/day)

Nitro-fatty acids (via osmotic minipump for delivery of polyethylenglycol-
solvated OA-NO2 at an infusion rate of 5 mg/kg/day)

Pure total flavonoids from citrus

(50 mg/kg/day intragastric administration for the last 18 weeks of HFD)

p-allulose (5% of diet)

Resveratrol (100 mg/kg for 6 weeks)

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Type of product

Natural
Natural
Natural
Synthetic
Natural
Natural
Synthetic
Natural
Natural
Natural
Natural
Synthetic

Natural
Synthetic

Natural
Natural
Natural
Synthetic
Natural
Synthetic
Natural

Natural

Natural
Natural

ND HFD HFDt
= 4 4
6 6 6
4 3 4
= 3 3
= 11 10
5 5 5
- 3 3
3 3 3
6 6 6

6

6

4 4 4
3 3

4 4 5

5 5

3 3 3

3

3 3 3

3 3 3

= 4 4

3 3 3

3 3 3

9 9 9

4 4 4
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A HFD transcriptomic signature

B Anti-steatotic treatments
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Figure 2. DEG and biological GO terms altered in the different meta-analyses performed. (A) Volcano plot showing the results of the HFD
versus ND comparison at the gene expression level. (B) Volcano plot showing the results of the HFDt versus HFD comparison at the gene
expression level. (C) Volcano plot showing the GO terms resulting from the HFD versus ND comparison. (D) Volcano plot showing the GO terms
resulting from the HFDt versus HFD comparison. Blue dots represent genes or GO terms significantly altered [false discovery rate (FDR)
< 0.05], red dots are those significantly changed (FDR < 0.05) and with a logFC/LOR > 0.5 or logFC/LOR < 0.5 and, finally, green dots
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are not displayed. (E) Number of significantly altered GO terms in the HFD transcriptome signature (HFD versus ND) and the effect of anti-
steatotic therapies (HFDt versus ND) grouped by representative ancestor GO terms with low overlapping rates. Upregulated and
downregulated GO terms are shown in dark and light.
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progression (Lcn2, Mmpl12). The HFDt versus HFD
DGE meta-analysis revealed the hepatic transcriptomic
profile of anti-steatotic treatments in the murine models
compared with the one in HFD mice, detecting 54
upregulated DEG and 407 downregulated DEG
(corresponding LogFC and p values are shown in
Figure 2B). Interestingly, some of the top downregulated
DEG were involved in the regulation of chronic inflam-
mation (Lgalsl) and fibrosis (Lcn2, Anxa2). Similarly,
DEG from the HFDt versus ND meta-analysis are shown
in supplementary material, Figure S1 and were analyzed
later to determine the extent of reversion exerted by
treatments.

Biological processes altered by HFD

To better understand the changes induced by HFD, we
also carried out a functional meta-analysis of GO bio-
logical processes in HFD versus ND. As a result, we
found 2,567 GO terms that were modified, 2,448 of
which showed increased expression, whereas 119 were
downregulated. LOR and p values of the HFD versus ND
GO terms are depicted in the volcano plot in Figure 2C,
which highlights some of the top downregulated
processes, including the bile acid biosynthetic process,
aromatic amino acid catabolic process, nitrogen cycle
metabolic process, urea cycle, and S-adenosylmethionine
metabolic process. Of note, a significant number of these
processes were associated with the nitrogen cycle and
amino acid metabolism.

To summarize this functional profile, we grouped the
significantly altered GO terms in categories defined by
hierarchically superior GO terms (see Materials and
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methods). The number of significant terms in each
category is shown in Figure 2E. As expected, terms
upregulated by HFD included many of those related
to metabolic processes, response to stress, cell death,
and immune system response, supporting the idea that
hepatocyte death and inflammation are induced by
HFD. Furthermore, a great number of GO terms were
related to increased biogenesis and cell proliferation,
which might have been a reparative response to
liver damage. On the other hand, the most abundant
downregulated GO terms were those related to
metabolism. Finally, significantly altered GO terms
in the HFDt versus ND meta-analysis are shown in
supplementary material, Figure S2.

Impact of treatments with anti-steatotic effect on
HFD transcriptome signature

The HFDt versus HFD functional meta-analysis
revealed 2,180 modified GO terms, 42 of which were
upregulated and 2,138 of which were downregulated.
LOR and p values of all GO terms are shown in
Figure 2D, highlighting representative altered terms
that revealed that anti-steatotic treatments not only
downregulated processes directly related to lipid accu-
mulation and biosynthesis, but also GO terms associated
with advanced stages of the disease, including macro-
phage cytokine production and extracellular matrix
assembly (Figure 2D). When these GO terms were
grouped by the selected categories, we observed that
these anti-steatotic treatments clearly induced the oppo-
site effects to HFD (Figure 2E).
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Figure 3. Correlation of the HFD transcriptomic signature with the effect of individual anti-steatotic treatments and their meta-analysis.
Correlation coefficients of the HFD transcriptomic signature (HFD versus ND comparison from the meta-analysis) and their confidence
intervals are shown for each of the differential expression analyses of the selected anti-steatotic treatments, as well as for the anti-steatotic
effect signature (HFDt versus HFD comparison from the meta-analysis). Dot size and color intensity are proportional to the correlation's
coefficients. Resveratrol and metformin treatments were not included in the correlation analysis due to the small number of common
significant genes (<100).
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Figure 4. Completely reversed, partially reversed, and not reversed genes and biological processes observed in the different comparisons
during the meta-analysis. (A) Graphical representation of the inclusion criteria for reversal definitions. (B and C) UpSet plots comparing
(B) genes and (C) biological processes significantly modified in the meta-analysis and grouped according to the sign of logFC or LOR,
respectively. Genes or biological processes shown in blue columns are those considered reversed (altered in the HFD versus ND comparison
and in the opposite direction in the HFDt versus HFD comparison). Genes or biological processes considered not reversed are shown in orange
columns (altered in the HFD versus ND comparison and still modified in the same direction in the HFDt versus ND comparison). Yellow
columns indicate genes or biological processes partially reversed (altered in the HFD versus ND comparison and modified in the opposite
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HFD versus ND). Unclassified terms are depicted in black.
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The correlation between our HFD transcriptomic
signature (HFD versus ND) and the transcriptomic pro-
file of each treatment with anti-steatotic effect compared
to its HFD control (HFDt versus HFD) was generally
negative. In fact, a statistically significant negative corre-
lation was detected for 19 of the 22 treatments evaluated.
Furthermore, the core set of DEG identified by the HFDt
versus HFD meta-analysis had the strongest negative
correlation with the HFD transcriptomic signature
(Figure 3). This proves that this HFD transcriptomic
signature was at least partially reversed by the treatments
with an anti-steatotic effect. In addition, different treat-
ments displayed distinct degrees of a negative correlation
with the HFD transcriptomic signature, suggesting their
variable effectiveness in reversing the transcriptomic
alterations induced by HFD.

To better understand the impact of the different treat-
ments on the transcriptome, we used the core sets of
DEG and statistically altered biological processes from

A HFD signature
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the different meta-analyses carried out (HFD versus ND,
HFDt versus HFD, and HFDt versus ND) to classify
them according to the following definitions (Figure 4A):

1. Completely reversed: genes or biological processes
significantly altered in the HFD versus ND and
HFDt versus HFD comparisons, with opposite direc-
tions of change.

2. Notreversed: genes or biological processes significantly
modified in the HFD versus ND and HFDt versus ND
comparisons, with equal directions of change.

3. Partially reversed: genes or biological processes
significantly changed in the three comparisons, in
the same direction in HFD versus ND and HFDt
versus ND, and in the opposite direction in HFDt
versus HFD.

4. Unclassified: genes or biological processes that did
not fulfill the criteria to be included in any of the other
three categories.

HFD signature % of Reversion % of Reversion
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Figure 5. Number of GO terms altered in the HFD signature, classified by common ancestors. (A) The biological processes upregulated or
downregulated in our HFD transcriptomic signature were grouped in representative high-level GO terms with low overlapping rates.
(B) Upregulated (top) and downregulated (bottom) GO terms included in the nitrogen compound metabolic process term, subsequently
grouped by common ancestors. The number of GO terms completely reversed, partially reversed, or not reversed by the treatments within each
category are represented in blue, yellow, and orange tones, respectively. Unclassified terms are depicted in gray. Percentages of complete or

partial reversion are shown for each category.
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Figure 6. Comparison between the HFD murine model and a human NAFLD progression signature. (A) Venn diagram comparing the HFD
mouse model transcriptomic signature with a human NAFLD progression transcriptomic signature from the literature [7]. (B) Venn diagram
comparing the 62 common genes between human NAFLD progression and HFD mouse model transcriptomic signatures with those whose
expression was reversed or not by the anti-steatotic treatments in HFD mouse models according to our meta-analysis. (C and D) Common
genes between human NAFLD progression and HFD mouse model transcriptomic signatures whose expression was (C) reversed or (D) not by
the treatments. (E and F) Validation of gene expression in in vitro models of (E) FA-overloaded human hepatocytes (n = 6, mean + SEM) and
(F) human profibrogenic HSC (treated with TGF-B) (n = 5, mean + SEM) for those candidate genes whose expression was reversed by
treatments. Data were analyzed using a paired t-test (*p value < 0.05, **p value < 0.01, **p value < 0.001).
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The specific number of genes and biological pro-
cesses in each definition are shown in Figure 4B,C,
respectively. A significant proportion of the genes in
this HFD transcriptomic signature could not be
included in any of these groups, as they were signifi-
cantly changed in the HFD versus ND comparison but
not in the HFDt versus HFD or HFDt versus ND
comparisons. Consequently, among the 2,427 DEG
upregulated in HFD murine models in our meta-
analysis, 193 were completely reversed, 109 were par-
tially reversed, and 519 were not reversed; among the
243 DEG downregulated by HFD murine models, 19
were totally reversed, four were partially reversed, and
62 were not reversed.

Unlike the genes, most of the GO terms could be
classified by our definitions. Among the 2,448 GO
terms upregulated in HFD, 1,251 were completely
reversed by the treatments, 471 were partially
reversed, and 215 were not reversed. In addition,
among the 119 downregulated by HFD, 19 were
completely reversed, four were partially reversed,
and 56 were not reversed (Figure 4C). When classified
in the selected GO categories (Figure 5), we observed
that most of the biological processes upregulated with
HFD were reversed among most of the categories.
Unsurprisingly, the categories widely reversed by the
anti-steatotic treatments included lipid metabolism, cell
death, cell proliferation, immune system, cytokine produc-
tion, and response to stress. On the other hand, the pro-
cesses downregulated by HFD showed a much lower
percentage of reversal, especially in processes related to
nitrogen compound metabolism, with the amino acid met-
abolic process representing the category that included most
of the not reversed GO terms.

Comparison of the HFD transcriptomic signature
obtained with human data

To evaluate if the HFD mouse models were similar
to NAFLD in humans, we compared the HFD model
transcriptome signature with a human NAFLD pro-
gression signature from another meta-analysis [7] that
contained 218 human genes, which were equivalent
to 239 murine orthologs. We found that 62 murine
orthologs from these human data, which correspond
to 60 human genes, were also present in our HFD
model signature (Figure 6A). These genes have been
associated in humans to specific aspects of NAFLD
progression (including the degree of steatosis, inflam-
mation, odds of NASH over simple steatosis, fibrosis,
NAFLD activity score, and progression to hepatocellu-
lar carcinoma) [7]; furthermore, 36 of these human
genes have also been associated with NAFLD progres-
sion in a transcriptomic analysis containing samples
from 206 NAFLD patients [6] (supplementary material,
Table S4). Among them, 10 were included in the
group of genes whose expression was reversed by the
treatments and 12 were included in the group whose
expression was not reversed (Figure 6B); all of these
genes are listed in Figure 6C,D. Of note, in the HFDt
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versus HFD comparison, forest plots revealed the
expression of these 10 genes reversed by the treatments
to be quite homogeneous in the different studies
included in the HFD murine meta-analysis (supplemen-
tary material, Figure S3).

Some of the abovementioned reversed genes are
already known to participate in the progression of
NAFLD (Statl, Sppl, Cxcl9, Colla2, Col3al), but our
analysis revealed other genes whose role in the pro-
gression of liver disease is not yet described. To further
investigate these genes, we analyzed their expression
in in vitro models of FA-overloaded hepatocytes
(in the human HepaRG cell line) and of HSC activated
with TGF- (in the human LX2 cell line). In line with
the results obtained in whole liver samples (and sub-
mitted to our meta-analysis), we observed that all the
genes found to be reversed by the treatments
(Figure 6C) were also significantly upregulated in
steatotic hepatocytes, except for TCEAL9 and SPPI,
although there was a tendency for TCEAL9 expression
to increase (Figure 6E). Conversely, only the expres-
sion of collagens and PPIC was increased in activated
LX2 cells, whereas the expression of genes involved in
cell cycle arrest (STATI and CDKN3) was decreased,
as was that of the transcription elongation factor
TCEAL9 (Figure 6F).

Discussion

The lack of effective strategies for the early diagnosis
and treatment of NAFLD fuels intensive clinical and
preclinical research in which validated mouse models
are employed to identify novel biomarkers and therapeu-
tic targets. In this study, we used an innovative frame-
work to compare and extract relevant information
concerning the impact of anti-steatotic treatments on
murine NAFLD. This integrative analysis provides valu-
able data for generating new hypotheses regarding pre-
clinical HFD models and new treatments for NAFLD.
First, we identified a robust transcriptomic signature
of HFD models of NAFLD using a meta-analysis of
16 different datasets that only included data from
prolonged nutritional models without genetic alterations
or concomitant liver insults to mimic the natural pro-
gression of human NAFLD. However, the studies we
selected displayed some experimental variability, as
some combined HFD with high levels of cholesterol,
sugar, and/or bile acids. Hence, our transcriptomic sig-
nature contains mainly NAFLD-inducing genes that are
common to these different diets rather than representing
a precise transcriptomic signature for each specific diet.
Although other murine HFD transcriptomic signatures
have previously been proposed [42], the high number of
studies included in this meta-analysis provides more
robust data. Importantly, apart from a large number of
genes whose participation in the progression of the dis-
ease are wet-lab validated in the literature, this signature
includes many novel genes whose role in NAFLD has
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not previously been described. Although we cannot rule
out that a part of these new genes is associated with
interspecies differences (murine versus human), our
results open new avenues for further research about the
pathophysiology of NAFLD.

As expected, the different anti-steatotic treatments
studied induced a clear reversion of metabolic pro-
cesses, especially in upregulated lipid metabolic pro-
cesses, response to stress, and proinflammatory
pathways (immune system process and cytokine pro-
duction). Conversely, processes related to amino acid
metabolism and the urea cycle were not reversed by the
treatments, although they were greatly decreased in the
livers of HFD animals. It is important to note that
previous studies in various NAFLD animal models
and clinical settings have demonstrated that liver
fibrosis and steatosis are associated with a decrease
in the function of urea cycle enzymes and the detoxi-
fication of ammonia [43,44]. Furthermore, altered
plasma amino acid concentrations have been
described in NAFLD patients and are probably asso-
ciated with insulin resistance and dysregulated protein
catabolism [45-47]. Our results suggest that the anti-
steatotic treatments analyzed herein do not usually
affect these specific biological processes. As the ben-
eficial effects of these treatments do not seem to
reverse the alterations induced by diet in these meta-
bolic pathways, they constitute potential targets for
the development of new compounds to be used to treat
NAFLD in combination with other drugs with anti-
steatotic effects. Of note, the heterogeneous nature of
the anti-steatotic treatments used hinders the discus-
sion of the multiple potential mechanisms by which
they may induce their beneficial effect, as no signifi-
cant associations were observed when classifying
them by any of their known similarities (i.e. natural
versus synthetic products). Consequently, future work
using these findings should focus on better under-
standing the plethora of cellular mechanisms altered
during NAFLD regression and their potential
crosstalks, in order to identify novel therapeutic tar-
gets and protective mechanisms.

HFD mouse models are considered the most similar to
human NAFLD [5,8], as they recapitulate steatosis,
inflammation, and, to some extent, fibrosis, as well as
the weight gain and insulin resistance commonly asso-
ciated with NAFLD in humans [4,5]. Despite this, we
detected a substantial difference between our HFD
transcriptomic signature and a human transcriptomic
signature of NAFLD progression described on a previ-
ous meta-analysis [7], which is in line with other reports
suggesting that animal models are merely an approxi-
mation of human disease and do not recapitulate the
transcriptomic changes of this condition in their entirety
in humans [8,42,48].

Nevertheless, we detected 62 mouse genes in our
HFD transcriptomic signature whose human ortholog
was present in the previously reported transcriptomic
signature of NAFLD progression [7] and analyzed their
behavior in two studies in which patients were classified
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according to disease progression [6,7]. Some of these
genes might be of clinical interest because of their
potential as biomarkers and/or new pharmacologic tar-
gets for NAFLD. In line with this, PPIC expression was
upregulated both in human NAFLD progression and in
HFD models, and this increase was validated in vitro
in FA-overloaded hepatocytes and activated HSC. This
is relevant, as PPIC encodes for an isomerase that seems
to be implicated in protein folding. Interestingly, this
gene is reported to play an important role in the differen-
tiation of B lymphocytes and invariant NK T cells [49],
as well as in hepatic fibrosis, as its knockdown in a
CCly-induced mouse model and in TGF-f-activated
HSC was shown to attenuate fibrosis and reduce extra-
cellular matrix deposition [50]. Together, this evidence
encourages a better understanding of its role in hepato-
cytes and its implication in NAFLD. Another gene found
with this approach is TCEAL9, which encodes a WW
domain binding protein. Although its specific role in
liver diseases is unknown, TCEAL9 has recently been
included in a candidate gene signature that correlated
with the histologic severity of fibrosis in patients with
chronic liver disease [51]. Confirmation of such an asso-
ciation and identification of its specific function in the
progression of the disease requires further investigation.
Finally, the group of 12 genes that were not reversed in
the HFD models may represent an important niche of
unexplored therapeutic targets, and their regulation by
specific drugs may have beneficial effects in NAFLD,
both alone and in combination with other drugs. For
instance, Gnmt, the main gene involved in liver
S-adenosylmethionine catabolism, is downregulated in
NAFLD progression and fibrosis [52,53]; curiously,
S-adenosylmethionine metabolism was one of the top
downregulated processes in our meta-analysis that was
not reversed by treatments. Similarly, Mvp deficiency has
been shown to exacerbate HFD-induced obesity and met-
abolic inflammation, which correlates with a worsening
of glucose and insulin tolerance and fatty liver disease.
Given that the mechanism involved is related to the
enhancement of NF-kB-mediated signaling, further stud-
ies are needed to test whether targeting MVP can be
exploited to treat metabolic disorders without altering
the host defense system [54].

The fact that most of the studies employed in this
meta-analysis included data from only male mice
ruled out the possibility of analyzing sex-related dif-
ferences. Clearly, this is a limitation of our work,
which is, however, very common in biomedical
research due to the lack of representation of animals
of both sexes in numerous studies in public data repos-
itories. Proper incorporation of a sex perspective in
research should be encouraged to identify sex-linked
disparities and provide more accurate and clinically
applicable results.

In conclusion, this meta-analysis provides a vast
amount of information about transcriptomic changes
induced during the progression and regression of
NAFLD. Our results endorse a generalized framework
for the assessment of treatment efficacy, the discovery
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of unmet therapeutic targets, and the search for novel
biomarkers.
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