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Hepatic damage caused
by long-term high
cholesterol intake induces
a dysfunctional restorative
macrophage population in
experimental NASH
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Excessive dietary cholesterol is preferentially stored in the liver, favoring the
development of nonalcoholic steatohepatitis (NASH), characterized by
progressive hepatic inflammation and fibrosis. Emerging evidence indicates a
critical contribution of hepatic macrophages to NASH severity. However, the
impact of cholesterol on these cells in the setting of NASH remains elusive.
Here, we demonstrate that the dietary cholesterol content directly affects
hepatic macrophage global gene expression. Our findings suggest that the
modifications triggered by prolonged high cholesterol intake induce long-
lasting hepatic damage and support the expansion of a dysfunctional pro-
fibrotic restorative macrophage population even after cholesterol reduction.
The present work expands the understanding of the modulatory effects of
cholesterol on innate immune cell transcriptome and may help identify novel
therapeutic targets for NASH intervention.
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Introduction

The liver is a crucial metabolic organ for lipid biosynthesis,
processing, and elimination. Abnormal hepatic lipid
accumulation is a hallmark of steatosis, a conditional part of
the nonalcoholic fatty liver disease (NAFLD) spectrum. These
lipids typically derive from diet, de novo lipogenesis, or adipose
tissue lipolysis (1). Hepatic steatosis is frequently benign but can
progress to nonalcoholic steatohepatitis (NASH), characterized
by hepatic cellular injury and necroinflammation (2). NASH
may progress to cirrhosis, end-stage liver failure, and
hepatocellular carcinoma, representing the most common
reason for terminal hepatic failure in western societies (3).

A significant change in lipid metabolism is also evident in
NAFLD. A marked growth in free cholesterol (FC) levels occurs
during the progression of steatosis to NASH, and total plasma
cholesterol correlates to the presence of hepatic inflammation
(4, 5). Increased cholesterol synthesis combined with a decrease in
cholesterol elimination or the excessive intake of dietary
cholesterol results in FC accumulation in the liver (6, 7). FC
accumulation impacts several hepatic cells. FC accumulation in
hepatocytes often triggers mitochondrial oxidative stress,
sensitizes hepatocytes to pro-inflammatory cytokines, and later
leads to cell death (8, 9). Hepatic stellate cells loaded with FC
become sensitive to transforming growth factor (TGF) B-induced
activation, which accelerates liver fibrosis (10), while FC exposure
and accumulation in liver resident macrophages, termed Kupffer
cells (KCs), contribute to liver inflammation (11).

KCs are part of a large family of innate immune effector cells
known as macrophages. Hepatic macrophages fall into two
categories: resident macrophages, the KCs, and infiltrating
macrophages (IMs), derived from circulating monocytes that
arrive at the liver during inflammation. Hepatic macrophages
represent the first line of defense against products coming from
the gastrointestinal tract and can play both pro- and anti-
inflammatory roles in chronic liver diseases and directly
contribute to fibrosis progression and resolution (12).
Expansion of hepatic macrophages is a marker for NAFLD
severity, and, in general, their participation is described as pro-
inflammatory (13-15). Hepatic macrophage depletion prevents
steatosis development and decreases hepatic levels of fibrosis (16).
However, macrophage depletion during the NASH recovery phase
accentuates liver fibrosis, suggesting a broader involvement of
macrophages in liver homeostasis during NAFLD (14).

Although several studies support the participation of hepatic
macrophages in NAFLD progression, the impact of dietary
cholesterol on hepatic macrophage transcriptome and function
in the setting of NASH remains elusive. Animal models of
NASH based on long-term high-fat and high-fructose diets
display the highest similarity to human NAFLD, not only
phenotypically but also at the transcriptomic level (17).
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Therefore, we have selected an established prolonged fructose,
palmitate, cholesterol, and trans-fat (FPC) diet to develop
murine NASH and fed mice with different contents of
cholesterol in two stages of our dietary intervention, starting
with medium (0.2%) or high (1.25%) cholesterol content, and
later reducing cholesterol to low levels (0.05%) (18). Our
findings suggest that a decrease in cholesterol intake silences
the inflammatory signal detected in macrophages from mice
initially fed with medium cholesterol FPC diet. However, the
effect of a long-term diet fueled by high cholesterol content is
more harmful to the liver homeostasis since the hepatic
macrophages do not completely deactivate after cholesterol
reduction and further display a dysfunctional restorative
macrophage phenotype.

Materials and methods

Murine model of diet-induced NASH

To evaluate the contribution of dietary cholesterol to NASH
progression, we selected the well-established Fructose, Palmitate,
Cholesterol, and Trans-Fat (FPC) diet (Envigo) to induce NASH
as this model recapitulates human disease (17, 18). Seven-week-
old male wild type C57BL/6] mice (Jackson Laboratory) were
allowed to acclimate to housing in our facility for two weeks
before the dietary intervention, which was subdivided into two
phases: 1) Progression: mice received the FPC diet for 20 weeks
and were divided into three groups according to the dietary
cholesterol content - low (FPC + 0.05% cholesterol), medium
(FPC + 0.2% cholesterol) and high (FPC + 1.25% cholesterol). 2)
Regression: Cholesterol was reduced to 0.05% in all the FPC diet
subgroups for additional ten weeks. The animal study was
reviewed and approved by the University of Southern
California Institutional Animal Care and Use Committee.

Liver non-parenchymal cell isolation

Hepatic non-parenchymal cells (NPCs) were isolated using
liver perfusion. Livers were perfused with calcium/magnesium-
free HBSS containing 3mg/mL of Liberase ™ (Roche), excised,
and then mechanically dissociated in calcium/magnesium-free
HBSS containing 0.5% BSA and 2mM EDTA. The cell
suspension was centrifuged at 20 x g for 2 minutes to remove
hepatocytes and then transferred to a new tube and centrifuged
at 365 x g for 8 minutes. Red blood cells were removed by lysis
(RBC lysis buffer - BD Pharmlyse), and NPCs were isolated by
density gradient centrifugation with 20% OptiPrepTM (StemCell
Technologies). The NPC layer was collected and stained for
cell sorting.
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Hepatic macrophage sorting

To identify hepatic macrophages, we selected several
markers that could identify hepatic macrophages with different
phenotypes (19-21). We stained NPCs with anti-mouse CD45
(BD Horizon; 30-F11), MertK (eBio; DSSMMER), CD64
(BioLegend; X54-5/7.1), F4/80 (eBio; BM8), and CD11b (eBio;
M1/70) antibodies. Cell incubation took place on ice in the dark
for 25 minutes. Sorting was performed on a BD FACSAria""
Fusion Flow Cytometer, with 100um nozzle, into 90% FBS
media at 4°C. After sorting, we checked population purity and
centrifuged cells at 400 x g for 5min at 4°C. Cells were
resuspended in RLT buffer (Qiagen) containing 2-
mercaptoethanol, passed through QIAshredder (Qiagen), and
stored at -80°C for subsequent processing.

Macrophage bulk mRNAseq

Macrophage RNA was isolated using the RNeasy kit
(Qiagen) following the manufacturer’s protocol. RNA quality
and concentration were assessed by the 2100 Expert Bioanalyzer
System (Agilent), using the RNA 6000 Pico Kit (Agilent).
Transcriptome RNA sequencing was performed at the Norris
Cancer Molecular Genomics Core. Library quality control was
perform using Agilent BioAnalyzer 2100 and libraries were
simultaneously prepared using Kapa mRNA Hyper kit
(cat#08098123702, Roche Diagnostics) following the
manufacturer’s protocol. RNAseq libraries were sequenced on
the Illumina Nextseq500 platform at a read length of 2x75 at 25
million reads per sample.

Raw sequencing reads were checked for overall quality and
adapter contamination using FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed
using Trim Galore (https://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/) prior to downstream analysis. Reads were
then used to quantifying transcript abundances with Salmon (22)
using the GENCODE version M25 mouse reference. The resulting
transcript abundances were summarized to gene level counts
using functions in the Bioconductor package tximport (23).
Significantly differentially expressed genes were identified using
the Bioconductor package DESeq2 (24) with a significance
threshold of FDR < 0.1. Volcano plots were generated using the
Enhanced Volcano Bioconductor package (https://github.com/
kevinblighe/EnhancedVolcano). Ingenuity Pathway Analysis
(IPA) software (v01-20-04, Qiagen) was used to determine the
hepatic biological processes altered by cholesterol intake level (25).
Gene Set Enrichment analysis (GSEA) software v4.1.0 was used to
identify relevant pathways and biological processes (26). The Gene
Ontology Resource platform was used to identify the biological
processes triggered by the commonly expressed genes during the
progression phase of the dietary intervention (27).
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Hepatic inflammation and fibrosis
histological assessment

Liver fragments from each lobe were kept in 10% buffered
neutral formalin overnight and dehydrated in 70% ethanol at 4°C.
Fragments were then embedded in paraffin and cut into sections
of 5um thickness, deparaffinized, and hydrated. The serial sections
were then stained for H&E and Sirius Red as per standard
protocols at the USC Research Center for Liver Diseases
(RCLD) Liver Histology Core.

Liver biopsies from 4 lobules from each mouse used in this
study was evaluated and graded histologically as follows: Steatosis
grades: “0” =none, “<1” = less than 5% of hepatocytes, “1” = 5-25%,
“27 = 26-50%, “3” = 51-75%, “4” = >75%; Lobular inflammation
grades (20x field): “0” = none, “1” = < 2 per field, “2” = 2-4 per field,
“3” = > 4 per field; Fibrosis grades: “0” = None, “1” = Perisinusoidal
or periportal, “2” = Perisinusoidal and portal/periportal, “3” =
Bridging fibrosis, “4” = Cirrhosis. The scoring was performed by
a pathologist (G.K) in coded fashion without knowledge of
the treatment.

Statistical analyses

All statistical analyses, graphs, and heatmaps were generated
using GraphPad Prism version 9 for macOS (GraphPad
Software, www.graphpad.com). We used the non-parametrical
Kruskal-Wallis test to evaluate hepatic inflammation and
fibrosis scores.

Results

High dietary cholesterol intake
exacerbates hepatic inflammation
and fibrosis

To evaluate the contribution of dietary cholesterol to the
progression of nonalcoholic steatohepatitis (NASH) induced by
high-fat and high-fructose diet, we used the FPC diet as an
established model mimicking human NASH (18). We combined
the FPC diet with different cholesterol concentrations into two
distinct phases. In the first phase (progression), mice were fed
the FPC diet for 20 weeks with high (1.25%), medium (0.2%), or
low (0.05%) cholesterol. In the second phase (regression), we
reduced the cholesterol content of all FPC diets to 0.05% and fed
all the groups for a further ten weeks. We euthanized six mice
from each group at the end of the progression phase and four at
the end of the regression phase, harvesting their livers to evaluate
steatosis, inflammation, and fibrosis. We also isolated hepatic
macrophages for transcriptomic analysis (Figure 1A).
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FIGURE 1
Experimental design and dietary cholesterol impact on murine NASH model. (A) For our NASH model, we selected the Fructose, Palmitate,
Cholesterol, and Trans-Fat (FPC) diet. We evaluated the mice in two distinct phases. During the first 20 weeks (progression phase), we fed male
C57BL/6J mice with the FPC diet containing different concentrations of cholesterol: 1.25% (high, purple), 0.2% (medium, orange), and 0.05%
(low, green). At week 20, we reduced the dietary cholesterol intake for the 1.25% and 0.2% groups, keeping all mice on the FPC diet with 0.05%
cholesterol for additional ten weeks (regression phase). At the end of each phase, we harvested mice livers, sorted hepatic macrophages, and
processed them for RNA-seq analysis. NASH was assessed on the liver specimens based on histologic findings (Created with BioRender.com).
(B) Lobular inflammation and Fibrosis (C) were exacerbated in mice fed with high cholesterol FPC diet during the progression phase (n = 6 for
progression and n = 4 for regression phases). Statistical test used: Kruskal-Wallis, **P value < 0.01. Prog, Progression phase; Regr, Regression
phase; CTR, control.
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As expected, all FPC diet groups showed advanced steatosis
(grade 4, Supplementary Figure 1A) without differences related
to cholesterol intake. We observed a significant increase in
lobular inflammation and fibrosis in the livers of mice fed with
high cholesterol during the progression phase (Figures 1B, C;
Supplementary Figures 1B, C). While inflammation slightly
improved after cholesterol reduction (not significantly),
fibrosis remained unchanged. In fact, the fibrosis scores of all
groups became very similar by the end of the regression
phase (Figure 1C).

Our findings suggest that high cholesterol intake combined
with a high-fat and high-fructose diet aggravates hepatic
inflammation and accelerates fibrosis.

Cholesterol intake affects hepatic
macrophages transcriptome

Considering the significance of hepatic macrophages for
NASH development, we evaluated the impact of dietary
cholesterol on total hepatic macrophage transcriptome in a
high-fat and high-fructose diet background. For this purpose,
we sorted hepatic macrophages from the non-parenchymal
cells obtained from mice livers, acquiring an average of
400,000 hepatic macrophages from each mouse. Cells were
immediately preserved in RLT lysis buffer (QiagenTM) and
later processed for RNAseq. Our findings revealed that
cholesterol addition to the FPC diet significantly changed
hepatic macrophage global gene expression (Figures 2A, B).
We compared the medium and high cholesterol groups to the
low cholesterol group in the different dietary phases to
identify genes regulated by cholesterol. In macrophages
from mice fed with medium cholesterol, we identified 1,774
differentially expressed (DE) genes (1,019 up and 755 down)
during the progression phase and 229 genes (90 up and 139
down) during the regression phase. The most remarkable
changes were observed in macrophages from the high
cholesterol group, with 2,880 DE genes (1,373 up and 1,507
down) during the progression phase and 3,902 DE genes after
cholesterol reduction (1,918 up and 1,984 down). Principal
component analysis (PCA) indicated that macrophages’
transcriptomes from mice fed with high and medium
cholesterol are similar during the progression phase, fully
separating from the low cholesterol group. However, during
the regression phase, macrophages from the medium
cholesterol group normalized their gene expression,
becoming similar to macrophages from the low cholesterol
group (Figure 2C). These results suggested that the
transcriptomic modifications triggered by a high cholesterol
diet are more robust and not as easily reversed as those
resulting from medium cholesterol intake.
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Identification of genes modulated
by dietary cholesterol in
hepatic macrophages

We analyzed the relationship among the DE genes from the
high and medium cholesterol groups in both dietary phases and
identified 32 genes commonly expressed, which were also
strongly connected as a network (Figure 3A; Supplementary
Figure 2; Supplementary Table 1). The biological processes
enriched by those genes were related to differentiation and
transformation of connective tissue cells, cell cycle, viability
and activation, cell movement, and vasculogenesis. These
processes were stimulated by cholesterol intake and inhibited
by cholesterol reduction. Other processes also enriched by these
genes were cell death, liver damage, and weight loss,
downregulated by cholesterol ingestion and upregulated by
cholesterol intake reduction (Figure 3B).

We highlighted genes with immune relevance in Figure 3C.
Cholesterol intake upregulates the expression of Ccl3, Cclr2,
Duspl, Osm, and Cd163. Cholesterol reduction normalized the
expression of Ccl3, Cclr2, Duspl, and Osm in both medium and
high cholesterol groups, while Cd163 expression only decreased
in the medium cholesterol macrophages. Conversely, Cxcr5
expression was downregulated by cholesterol intake,
recovering its levels after cholesterol reduction in the medium
but not in the high cholesterol group.

We found 424 genes uniquely modified by cholesterol intake,
regardless of its concentration, which included Cnr2, Col4a3, Csfl,
Cxcr2, Cxcr6, Gzma, Hbegf, 1116, I11f9, 1133, Lamcl, Ncfl, Osmr,
Prfl, Tnf, and Vegfa (Figure 4A and Supplementary Table 1).
Cholesterol reduction exclusively affected the expression of 55
genes, including Ccl17, Cxcl12, Cd63, Clec7a, Tspan3, Ergl, KIf6,
Ltc4s, and Mbl2 (Figure 4B and Supplementary Table 1). We
applied the Gene Ontology enrichment test to these two sets of
genes and observed that only genes from the progression phase
could enrich relevant biological processes, such as wound healing,
cytotoxic cell differentiation, neutrophil chemotaxis, and immune
response (Figure 4C).

Dietary cholesterol induces macrophage
genes related to extracellular matrix
organization, inflammation and affects
macrophage polarization

We identified the top 25 upregulated DE genes from the high
and medium cholesterol groups during both the progression and
regression phases, clustered the gene expression values of all six
groups, and observed that the samples clustered into two main
branches (Figure 5A and Supplementary Table 2). The first
branch grouped all samples from the low cholesterol groups and
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High cholesterol intake changes the global gene expression of hepatic macrophages. (A) Volcano plots show the hepatic macrophages’ differentially
expressed genes (DEGs) in the different dietary groups, emphasizing the cholesterol effect. DEG lists were acquired by normalizing the transcriptome
from the high and medium cholesterol groups using the age-matched low cholesterol group. (B) Comparing the medium to the low cholesterol group,
we found 1,774 genes modified during the progression phase (1,019 up and 755 down) and 229 genes in the regression phase (90 up and 139 down).
The comparison between the high to the low cholesterol group revealed 2,880 genes differentially expressed during the progression phase (1,373 up
and 1,507 down), and 3,902 DE genes in the regression phase (1,918 up and 1,984 down). (C) PCA plots clearly show that during the progression phase,
the medium cholesterol (n = 3) and the high cholesterol (n = 3) groups differed from the low cholesterol group (n = 4) and that after cholesterol
reduction (regression phase), the medium cholesterol group (n = 4) became comparable to the low cholesterol group (n = 3), while the high
cholesterol group (n = 3) maintain the original difference. NS, non-significant; Log2FC, log2-foldchange based on low cholesterol age-matched group;

Prog, Progression phase; Regr, Regression phase.

the samples of the medium cholesterol group during the
regression phase. The other branch comprised samples from
the medium cholesterol group during the progression phase and
all the samples from the high cholesterol group. The samples of
the high and medium cholesterol groups from the progression
phase clustered together. The top upregulated genes related
to cell migration (Kdr, Ilirl, Flt4, Adamtsl, Sele, Aqpl,
Sema6a, Hspbl, Sema3f), angiogenesis (Kdr, Flt4, Hspbl,
Col4al, Col4a2, Sema6a) and extracellular matrix organization
(Lama4, Col4al, Col4a2, Pxdn, Adamtsl, Adamts4d, Adamts7,
Hmcnl) (Figure 5A).

Considering the participation of macrophages in tissue
immune homeostasis, we specifically looked at genes for
cytokines that shifted their expression pattern after cholesterol
reduction. Dietary cholesterol upregulated the expression of
Ccl2, Ccl3, Ccl4, Ccl17, Csfl, Cxcl2, Hbegf, 1110, Il1a, 1133, Tnf,
Trail, and Vegfa, which normalized after cholesterol reduction
(Figure 5B). Additionally, we searched for the cytokines that
were not “turned off” by cholesterol reduction and found that
Bmp2, Bmp6, Fgfl, 1127, 1l6st, and Tgfa remained upregulated in
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the high cholesterol group but normalized their expression in the
medium cholesterol group (Figure 5C).

We examined the pathways modified by dietary cholesterol
and detected the upregulation of TNF-o, TGF-f, and IL-6
signaling during the progression phase and the downregulation
of cholesterol and fatty acid metabolisms, FC-y receptor
activation, and PD-1 signaling pathways. Cholesterol
reduction normalized most of these pathways (Figure 5D).
Notably, the high cholesterol group showed a non-reversible
upregulation of collagen formation and extracellular matrix
organization processes. Cholesterol intake enhanced the
expression of several genes encoding fibrillar collagen,
fibrillin, and basement membrane components during the
progression phase of medium and high cholesterol groups
(Figure 5E). While most of these genes normalized their
expression after cholesterol reduction in the medium
cholesterol group, several genes were still highly expressed in
the high cholesterol group. Matrix and disintegrin
metalloproteinases genes (MMPs and ADAMs, respectively)
followed a similar expression pattern, except for Mmpl2,
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Genes modulated by dietary cholesterol in hepatic macrophages. (A) Venn diagram shows the overlapping differentially expressed genes among
the comparison groups. The high and medium cholesterol groups were compared to the low cholesterol group during progression (Prog) and
regression (Regr) phases. Thirty-two genes were commonly expressed by the four comparison groups. (B) Bubble plot shows the biological
processes derived from the 32 genes commonly expressed genes by the four groups. Analysis performed using Ingenuity Pathway Analysis (IPA).
(C) Expression of six genes with immunological significance were highlighted are shown in all six dietary groups included in this study. Prog,

Progression phase; Regr, Regression phase.

Mmp13, and Mmp19, which were downregulated during the
regression phase in both groups. Timp3 was the only
metalloproteinase inhibitor significantly expressed, displaying
high levels in the medium and high cholesterol groups during
the progression stage and the high cholesterol group in the
regression phase.

Noticing the upregulation of pro-inflammatory pathways, we
decided to evaluate the expression of macrophage polarization
markers in both dietary intervention phases (Figure 6A). We
found that hepatic macrophages from both cholesterol groups
expressed mixed M1 and M2 polarization markers during the
progression phase. After cholesterol reduction, these markers
lowered their expression. Surprisingly, macrophages from the
high cholesterol group displayed a more significant enrichment
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of genes that characterize restorative macrophages after
cholesterol reduction (Figure 6B). These findings suggest that
high cholesterol intake may promote more substantial hepatic
damage with a further expansion of the restorative macrophage
population after cholesterol reduction.

Additionally, we analyzed the FACS sorting data for the
presence of Kupffer cells (KCs: F4/80™ CD11b'") and
infiltrating macrophages (IMs: F4/80'" CD11b™) to verify if
the results we observed would relate to the infiltrating
macrophage influx rates. We did not find any significant
change in the IMs/KCs ratios among the different groups
during the dietary intervention (Supplementary Figure 3),
which suggests that the phenotypic changes detected in our
dataset are not linked to the reduction of recruited macrophages.
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Genes uniquely modified by inclusion or reduction of dietary cholesterol can contribute to NASH. Venn diagram with the overlapping
differentially expressed genes from the four groups. High and medium cholesterol groups commonly expressed 424 genes during the
progression phase, while only 55 genes uniquely were commonly found during the regression phase. (A) Heatmap with 16 genes from the 424
genes upregulated by cholesterol introduction. The selected genes are previously correlated to NAFLD severity. Overall, these genes followed a
similar expression pattern during the progression phase of medium and high cholesterol groups, with reversal of expression pattern on
cholesterol reduction. (B) Heatmap showing 9 of the 55 genes commonly expressed in medium and high cholesterol groups after cholesterol
reduction. The genes of interest are involved in NASH inflammation. (C) Gene Ontology (GO) terms enrichment using the differentially
expressed genes (DEG) induced by cholesterol during the progression phase. Most of the biological functions were related to immune response.
No significant results were found using the 55 genes commonly modified during the regression phase. Log2FC, log2-foldchange based on low
cholesterol age-matched group. Prog, Progression phase; Regr, Regression phase.
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FIGURE 5

Cholesterol triggers expression of pro-fibrotic and pro-inflammatory genes. (A) Heatmap shows the standardized gene expression values of
the 25 top upregulated genes found in each group. The highlighted genes commonly upregulated in the medium and high cholesterol
groups during progression phase (Prog) and in the high cholesterol groups during regression phase (Regr) are mainly related to extracellular
matrix organization, angiogenesis, and cell migration. (B) Expression of several cytokines relevant to NASH are affected by dietary
cholesterol. In general, these cytokines were upregulated due to increased cholesterol dietary content and show an attenuated expression
pattern after cholesterol reduction. (C) Cytokines upregulated during progression phase in both cholesterol groups and that maintained high
expression in the high cholesterol groups after cholesterol reduction. Genes normalized in the medium cholesterol group during regression
phase. (D) Gene Set Enrichment Analysis results, based on Hallmark and Reactome databases, highlighted the upregulation of TNF-o, TGF-B,
and IL-6 signaling pathways during the progression phase of both cholesterol groups with subsequent downregulation/normalization after
cholesterol reduction. The pathways for IL-10, IL-4/IL-13 signaling were downregulated by cholesterol reduction in both groups. Lipid
metabolism, FC-y receptor activation and PD-1 signaling are inhibited in both groups in the progression phase. The high cholesterol group
showed continuous upregulation of collagen formation in both progression and regression phases. (E) Heatmap showing the fold changes in
the expression of fibrillar collagens, fibrillin, type IV collagen and laminin, other basement membrane components, and pro-fibrotic
proteases. Gene expression was upregulated in medium and high cholesterol groups during progression phase and stayed elevated in the
high cholesterol after cholesterol reduction. P or Prog, Progression phase; R or Regr, Regression phase; Log2FC, log2-foldchange based on
low cholesterol age-matched group.
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FIGURE 6

Hepatic macrophages from mice fed with high cholesterol FPC diet shift polarization towards a restorative phenotype after cholesterol
reduction. (A) Heatmap with macrophage polarization markers shows enrichment of M1 and M2-like polarization markers during the
progression of the FPC diet, and enrichment of restorative macrophages markers during the regression phase in the high cholesterol group.
(B) Fisher's exact test confirmed the enrichment of polarization markers in hepatic macrophages during the different phases of the dietary
intervention. Prog, Progression phase; Regr, Regression phase; Log2FC, log2-foldchange based on low cholesterol age-matched group.
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High cholesterol intake triggers
NASH-associated pathways in
hepatic macrophages

We evaluated the most significant hepatotoxic pathways
triggered in hepatic macrophages and identified upregulation
of steatohepatitis, liver inflammation, and carcinoma in the
high cholesterol group during the progression phase.
Cholesterol reduction inhibited those processes (Figure 7A).
Figure 7B shows the genes related to steatohepatitis
significantly modified in macrophages of the high cholesterol
group. We observed a shift in the expression pattern of anti-
NASH genes, with upregulation of Acoxl, Nrlh3 (Lxr-a),
Gnmt, and Matl expressions after cholesterol reduction.
Genes controlling liver inflammation were also affected by
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cholesterol intake and following reduction (Figure 7C). The
pro-inflammatory genes Jun, Ccl3L3, Tnf, and Ccl2, initially
upregulated during the progression phase, were inhibited in the
regression phase. The most notable change is related to the
anti-inflammatory genes Pten, Atg5, Il6r, Pafahlbl, and
Ptpnll, which presented a low gene expression due to
cholesterol intake, with further normalization after
cholesterol reduction.

Discussion

Increasing evidence support the substantial contribution of
innate and adaptive immunity in NASH progression. Among the
innate immune cells, the hepatic macrophages play a pivotal
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High cholesterol intake induces NASH-associated pathways in hepatic macrophages. (A) Hepatic macrophages from mice fed with high
cholesterol displayed upregulation of steatohepatitis and liver inflammation processes during the progression phase and show inhibition of the
same processes after cholesterol reduction. (B) Heatmap of the most variable genes involved in steatohepatitis in the high cholesterol group.
During the progression phase, there is a strong downregulation of genes that can prevent NASH, such as Methionine adenosyltransferase (Mat1)
and glycine N-methyltransferase (Gnmt), which were upregulated after cholesterol reduction. (C) Heatmap displaying the most variable genes
related to liver inflammation in the high cholesterol group. Several pro-inflammatory genes triggered by high and medium cholesterol intake
were normalized after cholesterol reduction, particularly Jun, Ccl3(3, Tnf, Ccl2, and Cnr2. The downregulation of the anti-inflammatory genes
Pten, Ptpnl11, Cyb5b, Atg5, Ilér, and Pafahlbl only in the high cholesterol group suggests their importance for NASH pathogenesis. Prog,
Progression phase; Regr, Regression phase; Log2FC, log2-foldchange based on low cholesterol age-matched group.
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role: they can cross-communicate with neutrophils, natural killer
cells, innate lymphoid cells, and lymphocytes, coordinating cell
recruitment, activation, and subsequent fate of hepatic
inflammation (29-32).

By analyzing the impact of the dietary cholesterol reduction
on NASH progression and on hepatic macrophage
transcriptome, this work expands the understanding of the
modulatory effects of cholesterol on the innate immune
system, identifying potential new therapeutic targets for NASH
intervention. High cholesterol intake combined with a high-fat
diet contributes to hepatic lipid accumulation, liver oxidative
stress, and consequent steatohepatitis development (6, 33). In
our study, all animals on the FPC diet displayed high steatosis
scores, regardless of cholesterol intake, indicating that
cholesterol per se did not directly influence hepatic lipid
accumulation. Instead, the cholesterol effect was related to
tissue inflammation and scarring. Mice on high cholesterol
diet displayed more lobular inflammation and fibrosis than
mice fed with low cholesterol, corroborating our previous
study (34). In the cholesterol reduction phase, we observed a
slight decrease in lobular inflammation in the high cholesterol
group, but fibrosis scores remained unchanged. The fact that we
do not observe a reversion of fibrosis after reducing cholesterol
may be due to the long-term high-fat and high-fructose diet that
also culminates in fibrosis, even without cholesterol. The high
cholesterol levels likely accelerate fibrosis progression.
Alternatively, fibrosis may be irreversible at this stage.

Hepatic accumulation of free cholesterol during steatosis
disturbs Kupffer cells and triggers a sterile inflammatory
response (11, 35). Our findings demonstrate that prolonged
medium or high cholesterol intake modifies total hepatic
macrophage global gene expression. When we reduced
cholesterol content in the FPC diet, the gene expression of
macrophages from the medium and low cholesterol groups
became very similar. However, cholesterol reduction did not
normalize the gene expression in macrophages from mice fed
high cholesterol diet, suggesting that the liver injury mediated by
high cholesterol intake persists for longer. We also found that
genes commonly affected by cholesterol intake and withdrawal,
regardless of the initial cholesterol input, positively enriched
biological processes linked to fibrosis during the progression
stage and enhanced processes related to tissue repair during the
regression phase. Of note, cholesterol upregulated the expression
of some immunological genes in hepatic macrophages, which
decreased after cholesterol reduction. Genes of interest include
Ccrl2, an atypical chemokine receptor rapidly upregulated
during inflammation (36); Osm, a cytokine that contributes to
hepatic insulin resistance, fibrosis, development of NASH, and
hepatocellular carcinoma (37-39); and Ccl3, a chemokine that
favors the progression of steatohepatitis via macrophage
recruitment (40).
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Several pro-inflammatory and pro-fibrotic genes were
exclusively induced in macrophages by medium and high
cholesterol intake: Osmr, the receptor for Oncostatin M, is
involved in macrophage recruitment and infiltration (41); II33,
a pro-inflammatory and pro-fibrotic cytokine that can activate
hepatic stellate cells and macrophages (42, 43); Tnf, known to
contribute to liver inflammation and strongly correlated to
NASH severity (44); Cnr2, which participates in obesity-
induced hepatic inflammation, macrophage infiltration, and
TNF and CCL2 expression (45); and Csfl, highly expressed in
NASH (46). Cholesterol reduction significantly inhibited the
genes Cxcl2 and Ccl17, known for neutrophil, macrophage, and
Treg cell recruitment (47, 48). These findings support the
significant impact of dietary cholesterol on macrophage-
mediated hepatic inflammation in NASH.

We identified the most dramatic pathway changes in hepatic
macrophage from mice fed with high cholesterol, with the
upregulation of TNF-o, TGEF-f, IFN-o, IL-6, and PDGF
signaling pathways, all previously correlated to NASH
progression. TNF-a signaling cross-regulates type I IFN
signaling by eliciting interferon-stimulated gene expression
and increasing inflammation, and IFN-o signaling would, in
turn, favor steatosis (49, 50). IL-6 signaling also can contribute to
NASH progression by increasing reactive oxygen species
production and hepatocyte apoptosis (51). TGF-f3 and PDGF
signaling pathways are well known to drive fibrosis progression,
mainly by inducing hepatic stellate cell activation (52). In
addition, these cells also upregulated steatohepatitis,
inflammation, and cancer pathways during the progression
phase, with their further silencing after cholesterol reduction.

Studies have shown that hypercholesterolemia impairs
macrophage cholesterol efflux, driving their polarization into a
pro-inflammatory phenotype (53). Our dataset showed a shift in
macrophage polarization markers from the progression to the
regression phase. Both medium and high cholesterol groups
displayed M1 and M2-like markers enrichment during the
progression phase. Intriguingly, macrophages from the high
cholesterol group strongly expressed restorative macrophage
markers after cholesterol reduction. Pro-restorative macrophages
promote inflammation resolution and tissue repair, showing a
distinct phenotype from the M1/M2 cells. Low expression of
Ly6C and high expression of Igfl, Cd81, Cd5l, Mertk, and Lxr
(54-56) characterize the pro-restorative phenotype. We also
observed that the cholesterol intake or withdrawal does not
influence the influx rates of infiltrating macrophages (IMs),
suggesting that the polarization changes detected do not depend
on the tissue ratios of KCs and IMs. Moreover, the increase of
resident macrophages markers during the regression phase, such as
Cd163, Marco, and Timd4, indicates that the restorative
macrophage population expansion contributes to the
repopulation of the resident macrophage pool during the late
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resolution stage of liver repair, as already implied by other authors
(54). Upregulation of Lxr and Mertk gene expression also supports
inflammation suppression since the Lxr-Mertk axis in macrophages
promotes cholesterol efflux and efferocytosis (53). Our findings
suggest that reducing high cholesterol intake is enough to establish a
restorative macrophage subset in the liver, even on the background
of high-fat and high-fructose diets.

Other remarkable events triggered by cholesterol intake in
the hepatic macrophages were collagen formation and
extracellular matrix organization, with the upregulation of
genes codifying several types of collagens, including those part
of the basement membrane, fibrillar collagen, and pro-fibrotic
proteases. The increase of type IV collagen and laminin
deposition on the perisinusoidal areas is a hallmark of fibrotic
livers from alcoholic fatty liver, hepatitis, and cirrhosis patients
(57). Since hepatic sinusoids typically lack a basement
membrane, the increase of type IV collagen and laminin in the
sinusoids would favor the formation of a new basement
membrane. Basement membrane formation in the sinusoids is
associated with liver sinusoidal endothelial cells (LSEC)
defenestration, which precedes the activation of hepatic stellate
cells and fibrosis (58). These events, however, were not
normalized in macrophages from the high cholesterol groups
during the regression phase. Therefore, the presence of
macrophages expressing high levels of type IV collagen and
laminin could continuously drive hepatic sinusoid
capillarization and favor fibrosis progression even after the
reduction of cholesterol.

Additional pro-fibrogenic factors continuously expressed by
macrophages from the high cholesterol group were the Il6st
(gp130), which regulates collagen and laminin expression; FgfI,
Tgfa, and Pdgfd, which activates hepatic stellate cells; and
I113ra2, which participates of TGF-B transcription (59-64). In
addition, the expression of genes that favor steatosis, such as
Bmp2 and Bmp6, remained high after cholesterol reduction in
this group (65, 66). Furthermore, hepatic macrophages from
mice fed with high cholesterol diet did not restore the expression
of the anti-fibrotic proteases Mmp9, Mmpl2, and Mmpl3,
suggesting an aberrant tissue repair mechanism favoring
fibrosis progression.

A limitation of our study is the use of RNAseq as the only
method to evaluate the hepatic macrophages. We were able to
use only this technique due to the small number of macrophages
recovered from each mouse and the need to include the
significant variations carried by the biological replicates.
RNAseq is a valuable tool for quantifying the gene expression
of the whole transcriptome. However, further studies should be
performed to evaluate the functional capacity of hepatic
macrophages in the different stages of NASH induced by
cholesterol and validate all pathways described in our results.
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In conclusion, our data shed light on the immunological
mechanisms behind the contribution of dietary cholesterol to
NASH progression. Here we demonstrated that cholesterol
intake levels directly contribute to hepatic injury and that
prolonged high cholesterol intake damages are long-lasting
and persistent, further promoting the expansion of a
dysfunctional pro-fibrotic hepatic restorative macrophage
phenotype which continues even after cholesterol reduction.
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