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Abstract 

Nonalcoholic fatty liver disease (NAFLD) is reaching pandemic proportions due to overnutrition. The understanding of advanced stages that recapitulate 

the human pathology is of great importance to get a better mechanistic insight. We hypothesized that feeding of WT (C57BL) mice with a diet containing 

a high content of fat (21%), sugar (41.5%) and 1.25% of cholesterol (called from now on high fat, sucrose and cholesterol diet, HFSCD) will reproduce 

the characteristics of disease severity. Analysis of 16 weeks HFSCD-fed mice demonstrated increased liver weight and plasmatic liver damage markers 

compared with control diet (CD)-fed mice. HFSCD-fed mice developed greater hepatic triglyceride, cholesterol and NEFA content, inflammation and NAFLD 

activity score (NAS) indicating an advanced disease. HFSCD-fed mice displayed augmented hepatic total CD3 + T and Th9 lymphocytes, as well as reduced 

Th2 lymphocytes and CD206 anti-inflammatory macrophages. Moreover, T cells and anti-inflammatory macrophages correlated positively and inversely, 

respectively, with intrahepatic cholesterol content. Consistently, circulating cytotoxic CD8 + T lymphocytes, Th1, and B cell levels were elevated in HFSCD- 

fed WT mice. Hepatic and adipose tissue expression analysis demonstrated changes in fibrotic and metabolic genes related with cholesterol, triglycerides, 

and fatty acid synthesis in HFSCD-fed WT. These mice also exhibited reduced antioxidant capacity and autophagy and elevated ERK signaling pathway 

activation and CHOP levels. Our results indicate that the feeding with a cholesterol-enriched diet in WT mice produces an advanced NAFLD stage with 

fibrosis, characterized by deficient autophagy and ER stress along with inflammasome activation partially via ERK pathway activation. 
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Table 1 

Composition of the customized Western-type HFSCD enriched in 

21% of fat, 41.5% sucrose, and 1.25% of cholesterol. 

Ingredients g/Kg 

Casein 195 
DL-Methionine 3 

Maltodextrin 75 

Sucrose 405,36 
Cellulose 50 
Vitamin premix, AIN93G 10 

Mineral premix, AIN93G 35 
Calcium carbonate 4 
Choline Cl 0 

Cholesterol 12,5 

Food dye, Green 0,1 
BHT (antioxidant) 0,04 
Butter fat, anhydrous 210 
Proximate contents % 

Crude protein 17,2 
Crude fat 21 

Crude fiber 5 
Crude ash 3,4 
Dextrin 7,4 

Sugar 41,5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Chronic liver diseases are one of the main contributors to mor-

bimortality and the tenth cause of death world-wide [ 1–3 ]. Among

these, nonalcoholic fatty liver disease (NAFLD) stands out in terms

of prevalence as it reaches pandemic proportions caused by the

acquisition of sedentary life-style patterns and overnutrition that

promote the development of the metabolic syndrome [ 2 ]. NAFLD

is characterized by a complexity in its physiopathology which in-

cludes tissue metabolic dysfunction, hepatic fibrosis, and inflam-

mation. Investigation in mouse models fed with high-cholesterol

content diets might contribute to a better understanding of the

disease as these can be clinically relevant since recapitulate key

features of critic stages of the human pathology. 

The overnutrition produces an excessive metabolic cell load in

hepatic cells and adipocytes which promotes insulin resistance (IR)

and dyslipidemia. Metabolic changes associated with high insulin

levels and the anabolic overload provokes endoplasmic reticulum

(ER) stress due to the accumulation of fatty acids that are unable

to be either oxidized or enter in the lipid synthesis. These changes

lead to the generation of toxic metabolic intermediates such as di-

acylglycerol and ceramide that activate MAPK stress pathways and

secretion of inflammatory mediators. Deficient hepatic fatty acid

oxidation hence becomes uncoupled with mitochondrial function-

ing which produces reactive oxygen species (ROS) [ 4 ]. Thus, at ini-

tial stages of NAFLD the liver keeps metabolic homeostasis, and the

disease remains asymptomatic. But the accumulation of toxic inter-

mediates and the stress pathway activation produce proinflamma-

tory mediators and cells such as IL17 and IFN γ cytokines [ 5 , 6 ] and

Th17 and CD8 + T lymphocytes which promote liver damage and fi-

brosis [ 7 ]. Hepatic fibrosis is determinant for organ survival as the

fibrotic scar replaces the hepatocytes which can lead to cirrhosis

and hepatocellular carcinoma (HCC) [ 8 , 9 ]. Current most effective

treatments to prevent these hepatic complications are based on the

amelioration of the metabolic risk factors such interventions to re-

duce lipid levels, body weight loss, diabetes control, and exercise

[ 4 ]. Despite of these, the prevalence remains unacceptably high. 

Studies in animal models have provided important insights

regarding molecular mechanisms accelerating NAFLD. Obesogenic

high-fat containing diets, representing a total caloric intake be-

tween 45 and 75% from fat, have been shown to induce metabolic

syndrome and NAFLD in mice which stem mostly from the obesity-

mediated metabolic dysfunction [ 10 ]. On the other hand, NAFLD

mouse models fed with a high-cholesterol rich high fat diet (HFD)

during 16–20 weeks have been shown to induce liver damage, ac-

tivation of immune and hepatic stellate cells (HSC) as well as mi-

tochondrial dysfunction. These later diets seem to generate more

advanced disease with enhanced fibrosis and inflammation with

phenotypes closely related to human nonalcoholic steatohepatitis

(NASH) [ 11 ]. These findings are also consistent with mounting clin-

ical evidence indicating that the severity in NASH patients, which

are not obese, associates with hepatic free cholesterol accumula-

tion [ 12 ]. It is therefore of interest to determine how a high con-

tent cholesterol diets, in the context of overnutrition, promote hep-

atic advanced inflammatory and fibrotic stages. 

Based on these previous studies we aimed to develop a human

NAFLD model encompassing a proinflammatory phenotype and fi-

brosis. To this end, a diet containing high levels of cholesterol, fat,

and sucrose (21 % of fat, 41.5 % of sucrose, and 1.25 % of choles-

terol), called from now on a high fat, sucrose, and cholesterol diet

(HFSCD) was designed and employed in this research. This diet was

hypothesized to boost disease and recapitulate advanced stages of

NASH characterized by fibrosis and inflammation. The study com-

prised metabolic and signaling pathway analysis and disease pa-

rameters (NAS score, fibrosis and hepatic lipid content) determina-
tions. As a novelty in this study, we also characterized intrahepatic

macrophage and T cell content as well as hepatic and systemic in-

flammation in relation to lipid accumulation. 

2. Materials and methods 

2.1. Mouse and diets 

All mice used were housed in the animal facility of the Fac-

ulty of Medicine, University of Valencia. Sample size was calculated

based on previous data (a priori test) using GPower 3.1 program.

Wild-type mice (C57BL/6J background) (n = 30) were fed a regular

control diet (CD, Teklad Global Rodent Diets 6,5% fat; Teklad, En-

vigo, Barcelona, Spain) until the 8 weeks of age and then half of

them were randomly assigned by experimentation personnel to the

control group, which were mice fed during 16 more weeks with

the CD, or to the experimental group, which consisted of mice fed

with an experimental diet for 16 more weeks to induce charac-

teristics of human NASH. The newly designed and customized ex-

perimental diet was based on the previous Western Diets [ 13 ] and

as mentioned before with a 21% fat, 41.5% sucrose and 1.25% of

cholesterol which was a modification of TD88137 ( Table 1 , Table

A.1), HFSCD (S9052-E0123, SSNIFF, Germany). Mice had free access

to water, were under temperature- and humidity-controlled con-

ditions (22 ± 1 °C, 40–45 %) and with 12h light-dark cycles in a

conventional animal facility. Analysis was performed in male mice.

Animal procedures were approved by the Ethical Committee of Ex-

perimental Research of University of Valencia (approval number

2020/VSC/PEA/0 0 028) in which humane endpoints were stablished

and followed the 2010/63/EU directive from the European Parlia-

ment. 

2.2. Plasmatic measurements, body and liver weight, fat mass 

distribution and metabolic studies 

Metabolic measurements were performed in isolated EDTA-

preserved plasma from whole-blood of mice fasted overnight.

Plasma analysis included triacylglycerol, total cholesterol, non–

HDL-cholesterol, HDL-cholesterol (Wako Diagnostics, Mountain
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View, CA, USA), nonesterified fatty acids (NEFA, Sigma St. Louis,

MI, USA) and ALT and AST activities as reported [ 14 ]. Glucose toler-

ance tests (GTT) and insulin tolerance tests (ITT) were performed in

overnight- and 4h-fasted mice, respectively as described [ 14 ]. Glu-

cose (2g/Kg of body weight) and insulin (0.5 U/Kg of body weight)

were injected in fasted mice and the levels of glucose for both

tests and insulin for the GTT test were measured using a glucome-

ter (Ascensia Elite, Bayer, Sant Joan Despí, Spain) and an ELISA as-

say (Enzyme-Linked ImmunoSorbent Assay, Crystalchem, Zaandam,

Netherlands). For comparison purposes, the Area Under the Curve

(AUC) parameter generated with the glucose (AUCglucose) and in-

sulin (AUCinsulin) values at different time-points, was calculated.

For liver and fat relative weight determinations these organs were

dissected from mouse bodies, weighed, referred to total BW and

expressed as percentage. Fat distribution was referred to total fat

and expressed as percentage. 

2.3. Hepatic lipid content and oxidative stress determinations 

For hepatic content of triglycerides between 90 and 120 mg of

liver tissue were digested followed by a saponification in ethano-

lic potassium hydroxide [ 15 ] to generate glycerol which was de-

termined by an enzymatic reaction (Free Glycerol Reagent, Sigma)

and converted into triglyceride concentration. For cholesterol and

NEFA content 100 mg of liver was used to extract lipids. NEFA was

measured using the commercial kit mentioned in 2.2. Free Choles-

terol was extracted using the Folch method [ 16 ] and measured

using UHPLC-PDA-MS/MS. Liquid chromatography-mass spectrom-

etry detection was performed on a liquid chromatography UH-

PLC apparatus (Shimadzu, LCMS-8040) coupled to a tandem mass

spectrometry (MS/MS) triple quadrupole equipped with electro-

spray ionization (ESI) ion source (Shimadzu, Kyoto, Japan), a plat-

form of INCLIVA. For oxidative stress reduced and oxidized glu-

tathione (GSH, GSSG) and malondialdehyde (MDA) determinations

were done employing Glutathione colorimetric detection kit (Invit-

rogen, EIAGSHC) and Malondialdehyde (MDA) Colorimetric Assay

(Ebiosciences, E-BC-K025-S) respectively. 

2.4. Liver histopathology determinations 

Histologic determinations were performed in cross-sections

from mouse livers washed with PBS, fixed with 4% paraformalde-

hyde/PBS and paraffin embedded [ 15 ]. Liver pathology was as-

sessed by determining the steatosis, hepatocellular ballooning, and

lobular inflammation in hematoxylin-eosin stained sections which

were employed to calculate the NAS score as reported [ 15 ]. Con-

nective tissue and collagen contents in hepatic cross-sections were

detected with a Ponceau S-picric acid staining solution and with

Masson’s trichrome staining (BioOptica, Milan Italy) respectively.

Hepatic infiltrated CD3 + T cell detection was performed by im-

munofluorescence in cross-sections treated for antigen retrieval

with sodium citrate buffer, 10 mM pH 5.0, at high temperature and

pressure. After blocking with 5% fetal bovine serum (FBS), sections

were incubated overnight at 4 °C with a rabbit antihuman CD3 an-

tibody (DAKO, Santa Clara, CA, USA) and then with an antirabbit

AlexaFluor 488 secondary antibody (Invitrogen) 1h at room tem-

perature (RT). Sections were mounted with Slow Fade reagent me-

dia (Sigma) and a cover slip. Detection of activated HSC, consisted

of an anti-SM- α-actin immunohistochemistry which employed an

incubation (overnight at 4 °C) with a primary monoclonal anti-

body (1/20, A5691Sigma) conjugated with alkaline phosphatase,

followed by a reaction development with Fast Red (Sigma) sub-

strate and mounting with glycerol gelatin (GG1, F-4648 Sigma) and

cover slip for microscope analysis. Contents of connective tissue,
collagen and SM- α-actin were expressed as percentages of area oc-

cupied by the marker relative to total hepatic area. T cell content

was expressed as number of cells/ μm2 of hepatic area. 

For p62/SQSTM1 and Ki67 immunostainings, paraffin-embedded

cross-sections were treated for antigen retrieval and blocking as

before followed by inactivation of endogenous peroxidase activ-

ity (3% in water for p62/SQSTM1 and, 0,3% in methanol for Ki67).

For Ki67 detection, sections were also treated for endogenous bi-

otin blocking with avidin-biotin kit solution (DAKO). Sections were

then incubated overnight at 4 °C with primary antibodies (1/100

dilution of a rabbit polyclonal anti-p62/SQSTM1, PA5-27247 Invit-

rogen Thermofisher, Waltham, MA, USA; prediluted rabbit mon-

oclonal anti Ki-67 (SP6) MAD-0 0 0310QD-7 Master Diagnostica,

Vitro SA, Sevilla, Spain). Sections were incubated 1 h at RT with

HRP-conjugated goat antirabbit IgG antibody (1/300 P0488 DAKO,

Berlin, Germany) for p62 or with a biotinylated goat antirab-

bit antibody (65-6140 1/500 Invitrogen, Thermofisher, Waltham,

MA, USA) followed by 7 min incubation with Streptavidin-HRP

(1/500 Ab7403 ABCAM Cambridge, UK) for Ki67. Detection of im-

munocomplexes was done with diaminobenzidine (DAB BUF021A

AbD SEROTEC, Bio-Rad Laboratories, UK). Immunostainings were

followed by counterstaining with hematoxylin and nonaqueous

mounting with Eukitt (A10500, Deltalab, Barcelona, Spain). Images

were captured with camera coupled to an optical microscope with

a built-in camera Leica DMD108 Digital Microimaging Device (Le-

ica Microsystems, Wetzlar, Germany) and analyzed with the help

of a software (Image Processing and Analysis in Java, NIH). All

quantifications were performed using Image J/Fiji software (Fiji,

ImageJ-win64, NIH, Bethesda, MD, USA). Quantifications were per-

formed to display percentage of area occupied by p62/SQSTM1 rel-

ative to hepatic area or as number of cells relative to hepatic area

for Ki67. 

2.5. Flow cytometry analysis of circulating leukocytes and hepatic 

macrophages and lymphocytes 

For analysis of circulating leukocytes heparinized whole blood

was incubated with antibodies using different flow cytometry pro-

tocols. For monocyte determination 10 µL of blood were incu-

bated for 30 min at RT with 1 µL of CD45-FITC (553080, BD

Pharmingen, Franklin Lakes, NJ, USA), Ly6C-PerCP (560525, BD),

and CD115-APC (135510, eBiosciences), which were used to quan-

tify total CD115 + , patrolling Ly6Clow and proinflammatory Ly6Chi 

macrophages. Circulating T and B lymphocytes, neutrophils and

natural killer (NK) cells were analyzed in 10 μl of blood incubated

as before with 5 μl of Brilliant stain buffer (563794, BD) and with

1 µL of: anti-CD3e-APC (5530 6 6, BD), anti-CD4-FITC(562891, BD),

anti-CD8a-BV510 (563068, BD) anti-CD69-PE (553237, BD), anti-

CD19-VioBlue (130-112-041 Miltenyi), anti-Ly6G-APCVio700 (130-

119-126, Miltenyi) and NK1.1-PerCPVio700 (Miltenyi, 130-117-773).

For identification of T helper (Th) cells 30 µL of blood were incu-

bated as before with 1 µL of anti-C-C chemokine receptor (CCR)4

(CD194)-BV421 (131217, BioLegend), anti-CD4-FITC (130-102-541,

Miltenyi), anti-CXC chemokine receptor (CXCR)3 (CD183)-APC (17-

1831-80, eBioscience) and anti-CCR6(CD196)-PEVio770 (130-103-

818, Miltenyi). For regulatory T (Treg) cells, 50 μL of blood were

stained with 2.5 µL of anti-CD4-BV421 (562891, BD) and 5 µL of

anti-CD25-APC (130-108-997, Milteny) antibodies, followed by 30

min incubation with Foxp3 fixation/permeabilization buffer (Kit

FoxP3 Staining Buffer Set, 130-093-142, Miltenyi) and a 30 min in-

cubation with 5 µL of anti-Foxp3-PE (130-093-014, Miltenyi). 

For hepatic macrophage and lymphocyte characterization be-

tween 200 and 250 mg of tissue was digested with 4,5 mg/ml

type I collagenase (LS004194, Worthington, Lakewood, NJ, USA)

diluted in RPMI media with 10% of fetal bovine serum (FBS)
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at 37 °C for 30 min under manual agitation. After filtering with

a 40 µm nylon filter (431750, Corning, NY USA), cells were

washed and collected, resuspended in red blood cell lysis buffer

(555899, BD BIOSCIENCES) and fixed with Zombie Aqua fixable

viability kit (BioLegend, San Diego, CA, USA). Unspecific bind-

ing was avoided by an incubation with 200 µl of FcR Block-

ing Reagent Mouse (Miltenyi) and then cells were stained for

macrophage and T lymphocytes characterization (30 minutes at

room temperature, RT). For macrophage staining, cells were in-

cubated with a mix of antimouse F4/80-APC (MCA497APTC, AbD-

Serotec), antimouse CD11c-PE (12-0114-81, eBioscience, San Diego,

CA, USA), and antimouse CD206-AlexaFluor488 (MCA2235A488T,

AbD Serotec) antibodies. Analysis was set to determine to-

tal F4/80 + , proinflammatory F4/80 + CD11c + CD206− and anti-

inflammatory F4/80 + CD11c−CD206 + macrophages. For lympho-

cyte analysis, cells were stained with the antibodies indicated

above for CD3 + , CD4 + , CD8 + and CD4 + Th subsets. 

All protocols were followed by an incubation with red blood

cells lysing solution (BD Biosciences) for 15–20 min and analyzed

using Fortessa Flow cytometer (BD LSR Fortessa Xnd 20; BD Bio-

sciences, Franklin Lakes, NJ USA) and BD FACSDiva software (BD

Biosciences, Franklin Lakes, NJ USA). 

2.6. Western blot analysis 

Protein extracts were obtained by homogenizing 30 mg of

snap-frozen liver and adipose tissue with manual homogenizers

in the presence of TNG buffer (50mM Tris-HCl pH 7.5, 200mM

NaCl, 1% Tween-20 y 0.2% NP-40) supplemented with Com-

plete Mini cocktail (ROCHE, Mannheim, Alemania), 100mM ß-

glycerolphosphate (SIGMA), 100mM phenylmethylsulfonyl fluoride

(PMSF, Roche), 200 µM NaVO3 (Sigma) and phosphatase inhibitors

PhosSTOP (ROCHE). Tissue lysates underwent three freeze-thaw cy-

cles, using liquid N2 and a 37 °C water bath, and vortex mixing.

About 25–100 µg of protein extracts were prepared in Laemmli

buffer (5 min 95 °) and subjected to 12% w/v polyacrylamide gel

electrophoresis and western blot. Membranes were blocked with

5% BSA/PBS1X-0,01% Tween 20 and incubated at overnight 4 °C
with the following primary antibodies: a mouse monoclonal anti-

phosphoERK antibody (1/500 sc-7383 Santacruz Biotech, Santa

Cruz, CA, USA) a rabbit monoclonal anti-phosphoSAPK/JNK (1/500

9251, Cell Signaling, Danvers, MA, USA), a rabbit polyclonal IgG

anti-phosphop38 (1/200 sc-17852-R Santacruz Biotech, Santa Cruz,

CA, USA), a rabbit monoclonal anti-CHOP 9251 (1/500 5554, Cell

Signaling), a rabbit polyclonal anti-ERK2 (1/200 sc-154 SantaCruz),

a rabbit monoclonal anti-JNK (1/500 9252 Cell Signaling), a rab-

bit polyclonal IgG anti-p38 (1/200 sc-535, Santacruz Biotech, Santa

Cruz, CA, USA), a rabbit anti-phospho(Thr172)AMPK (1/500 2531,

Cell Signaling), a rabbit anti-AMPK (1/500 2532, Cell Signaling),

a rabbit anti-NPLR3 (1/100 15101 Cell Signaling), a rabbit anti-

phospho(Ser563) Hormone sensitive lipase (HSL) (1/100 4139 Cell

Signaling), a rabbit anti-HSL (1/100 4107 Cell Signaling), a rab-

bit Anti-NPLR3 (1/100 15101 Cell Signaling), and a mouse mono-

clonal anti- β-actin (1/10 0 0 A5441, Sigma). The immunocomplexes

were detected with HRP-conjugated secondary antibodies, a goat

antirabbit IgG-HRP (P0488, DAKO) and a goat antimouse IgG-HRP

(P0447, DAKO) (1/20 0 0) followed by chemiluminescent detection

using an ECL Plus detection kit (ThermoFisher) using a Lumines-

cent Image Analyzer LAS40 0 0 (FUJIFILM, Tokio, Japan). Quantifi-

cations of protein levels were done on images using FIJI soft-

ware. For normalization unphosphorylated protein or β-actin lev-

els were used. All antibodies for western blot were acquired and

used after checking that validation was performed by manufacturer

company. 
2.7. mRNA expression studies by quantitative real-time PCR 

Total RNA was obtained from liver and adipose tissue samples

using TRIzol reagent (Invitrogen, Thermofisher Scientific, Waltham,

MA, USA). Between 0.5-1 μg of RNA were reverse transcribed with

the Maxima First-Strand kit (Thermofisher Scientific, Waltham, MA,

USA) and the mRNAs for the target genes were amplified using the

Luminaris Color HiGreen High ROX qPCR Master Mix (Thermofisher

Scientific, Waltham, MA, USA) on a 7900 FastSystem thermal cy-

cler. Results were analyzed with the formula 2- ��Ct using the

mRNA levels of the Cyclophilin gene for normalization and CD-fed

mouse liver mRNA levels for relativization. The primer sequences

were obtained from the PrimerBank data base (Massachusetts Gen-

eral Hospital, Harvard University) and are listed in Table A.2 and

A.3. 

2.8. Statistical analysis 

Quantitative variables are shown as single data points and bar

graphs with mean ± SEM. The sample size was 20 mice which

was calculated using GPower 3.1 using a priori test and previous

published experimental data. All mouse sample replicates were ob-

tained from individual mice and were assigned to control or exper-

imental group randomly. All data obtained were analyzed by ob-

servers blinded to treatments. The exclusion criteria for data were

out of range of the standard curve or samples that were lost dur-

ing the experimentation. Outliers were identified with Grubbs’s

test. Data were analyzed for normal distribution using D’Agostino–

Pearson, Kolmogorov-Smirnov or Saphiro-Wilk tests. Differences

between two groups were evaluated with unpaired Student’s t

test (parametric) or Mann–Whitney U test (nonparametric test) for

comparisons between two mouse groups and by two-way ANOVA

for two variable comparisons. Correlations between quantitative

variables were shown as single data points and significance was

assessed by Pearson’s (parametric) or Spearman (nonparametric)

correlation analysis. Analysis of the different parameters were done

by comparing HFSCD-fed and CD-fed mice. Statistical significance

was set at P ≤.05. 

3. Results 

3.1. WT mice fed a high sucrose fat and cholesterol rich diet 

characterization 

As expected, analysis of BW showed an increment in both CD

and HFSCD compared with the same mice at the beginning of the

study, but 16-weeks HFSCD-fed mice displayed reduced BW com-

pared with 16-weeks CD-fed mice ( Fig. 1 A). However, liver weight

was significantly higher in HFSCD-fed mice compared with CD-fed

controls ( Fig. 1 B). No changes were seen in body fat mass between

mouse groups ( Fig. 1 C, D). But fat distribution examination showed

a nonsignificant slight increase in epididymal fat percentage and a

significantly decreased percentage in mesenteric fat in HFSCD-fed

mice ( Fig. 1 E). Mesenteric adipose tissue Lep mRNA levels were re-

duced ( Fig. 1 F) which was consistent with reduced depots of this

tissue in HFSCD-fed WT mice. Interestingly, Lep mRNA levels pos-

itively correlated with % of mesenteric fat in all mice ( Fig. 1 G).

Analysis of plasmatic lipid profile showed augmented total choles-

terol levels in HFSCD-fed mice ( Fig. 1 H) with a slight not signif-

icant elevation in non-HDL-cholesterol and HDL-cholesterol levels

( Fig. 1 I, J). No changes in plasmatic triglyceride levels were seen

( Fig. 1 K) among groups while NEFA levels were reduced in HFSCD-

fed mice ( Fig. 1 L). 

No changes in glucose levels neither at the beginning of

the study nor after the diets between mouse groups were seen
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Fig. 1. HFSCD feeding of WT mice increases liver weight and circulating cholesterol levels but reduces NEFA blood levels. Body weight (A) and liver weight (B) expressed 

as percentage of total body weight in both mouse groups before and after 16 weeks of diet. Body fat mass expressed as percentage (C) and as absolute (D) number of 

total body weight and body fat mass distribution (E) expressed as percentage of total fat in both mouse groups. (F) Lep mRNA levels in mesenteric fat from both mouse 

groups. (G) Correlation between mesenteric fat Lep mRNA levels and % of mesenteric fat. Plasmatic levels of (H) total cholesterol, (I) non-HDL-cholesterol, (J) HDL-cholesterol, 

(K) triacylglycerol and (L) NEFA. Data is depicted as individual data points and with the mean ±sem. Statistical analysis was performed using followed by Tukey’s multiple 

comparison test (A) and Studentś t test (B, D-F, H-K), Mann-Whitney U test (C, L) and Pearson correlation coefficient (G). (∗ P ≤.05, ∗∗P < .01 and ∗∗∗∗P < .0 0 01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Fig. 2 A). GTT unexpectedly revealed a significant improvement in

the glucose tolerance, measured as AUCglucose in HFSCD-fed mice

compared with CD-fed mice ( Fig. 2 B, C) but insulin release mea-

sured with AUCinsulin during the GTT was similar between mouse

groups ( Fig. 2 D, E). Conversely, peptide C measurement during

the GTT demonstrated decreased AUCC-peptide in HFSCD-fed mice

( Fig. 2 F, G) indicating decreased insulin secretion in this mouse

group. Insulin sensitivity, examined with an ITT also showed de-

creased AUCglucose in HFSCD-fed mice ( Fig. 2 H, I). 

These results indicate that WT mice fed a HFSCD unexpect-

edly develops reduced body weight, altered fat mass distribu-

tion despite no changes in total fat mass and improved glucose

metabolism parameters. Moreover, HFSCD provoked an accumu-

lation of circulating cholesterol levels while NEFA levels were re-

duced. 

3.2. High sucrose, fat and cholesterol-rich diet induces fatty liver and 

fibrosis in WT mice 

Regardless of the plasmatic levels of lipids, liver examination

showed enhanced intrahepatic triacylglycerol, free cholesterol and

NEFA contents in WT mice fed the HFSCD compared with CD-

fed WT mice ( Fig. 3 A–C). Consistently, steatosis, lobular inflam-

mation and ballooning degeneration were significantly augmented

in HFSCD-fed WT mice which resulted in increased NAS score

( Fig. 3 D–G). Analysis of ALT and AST activities indicated liver dam-

age in HFSCD-fed WT mice compared with controls ( Fig. 3 H, I).

Cytokine mRNA expression analysis showed significantly increased
levels of Mcp1 and Tnfa ( Fig. 3 J, K) in HFSCD-fed WT mice and no

changes in Ifng ( Fig. 3 L) indicating increased inflammation. 

HFSCD-fed WT mice displayed augmented content of collagen

( Fig. 4 A), Ponceau S-stained fibrin connective tissue ( Fig. 4 B) and

SM α-actin + area ( Fig. 4 C). Further analysis through expression

studies of genes involved in the fibrotic process showed elevated

mRNA levels of Timp1 and Tgfb1 ( Fig. 4 F, G) and a nonsignificant

diminished expression level of Col1a1 gene ( Fig. 4 D). No differences

were seen in Mmp9 mRNA levels between mouse groups ( Fig. 4 E). 

3.3. Fatty liver in WT mice fed a high sucrose, fat and cholesterol 

rich diet develops with systemic and hepatic inflammation 

Progressive accumulation of intrahepatic lipids in fatty liver

disease is characterized by activation of inflammatory pathways.

Examination of total F4/80 + and proinflammatory F4/80 + CD11c +
macrophages were alike between HFSCD- and CD-fed mice ( Fig. 5 A,

Supplementary Fig. A1A, B). But anti-inflammatory F4/80 + CD206 +
macrophages were decreased in HFSCD-fed WT mice ( Fig. 5 B, C

and Supplementary Fig.A1A, B) suggesting higher inflammatory

status. Consistently, the total infiltration of CD3 + T cells deter-

mined by immunofluorescence was significantly elevated ( Fig. 5 D).

Interestingly, there was an inverse correlation between F4/80 +
macrophage content and triacylglycerol (Supplementary Fig. A2A)

as well as an inverse correlation between anti-inflammatory

F4/80 + CD206 macrophage subpopulation with triacylglycerol, free

cholesterol and NEFA (Supplementary Fig. A2C, G, K). In addi-

tion, free cholesterol content positively correlated with CD3 + T
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Fig. 2. Metabolic characterization of WT mice placed 16 weeks on CD and HFSCD. (A) Plasmatic fasting glucose before and after the diet in WT mice fed both diets. Plasmatic 

(B) glucose, (D) insulin and (F) C-peptide levels at the different time points during the GTT. These were used to calculate the AUCglucose (C), AUCinsulin (E) and AUCC-peptide (G), 

in CD- and HFSCD-fed WT mice. (H) Plasmatic glucose levels (in percentages relative to the initial glucose levels) during the ITT and the AUCglucose (I) parameters for the two 

mouse groups. Data is depicted as individual data points and with the mean ±sem. Statistical analysis was performed using two-way ANOVA followed by Tukey’s multiple 

comparison test (A), Studentś t test (C, E, G) and Mann-Whitney U test (I). (∗P < .05 and ∗∗∗P < .001). 



A high cholesterol diet induces inflammatory NASH / Journal of Nutritional Biochemistry 134 (2024) 109711 7 

Fig. 3. WT feeding for 16 weeks with a HFSCD produced hepatic steatosis and liver damage. Intrahepatic (A) triacylglycerol, (B) free cholesterol and (C) NEFA content in both 

WT mice fed CD and HFSCD. (D) NAS score calculated with the parameters of (E) steatosis, (F) lobular inflammation and (G) hepatocyte ballooning determined in hepatic 

cross-sections. Representative images hepatic cross-sections and whole liver for both mouse groups are shown next to the NAS score. Black arrows point to steatosis, lobular 

inflammation and hepatocyte ballooning in representative images which are displayed below to the corresponding quantifications. Plasmatic levels of (H) ALT and (I) AST 

activities in both dietary regimens. mRNA levels of (J) Mcp1 , (K) Tnfa , and (L) Ifng genes in both mouse groups. mRNA expression levels were normalized with Cyclophilin and 

relativized to CD-fed mouse mRNA levels. Data is depicted as individual data points and with the mean ±sem. Statistical analysis was performed using Studentś t test (A–C, 

E–I) and Mann-Whitney U test (D, J–L). (∗P < .05, ∗∗P < .01 and ∗∗∗∗P < .001). 
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Fig. 4. HFSCD-fed WT mice develop fibrosis and altered fibrotic gene expression. Area percentages of (A) collagen detected with Masson’s trichrome staining, (B) connective 

tissue detected with ponceau S-picric acid solution and (C) SM- α-actin staining for hepatic stellate cell (HSC) activation. Representative images of the of the staining’s are 

shown next to the quantifications for both dietary regimens. mRNA levels of (D) Col1a1 , (E) Mmp9 , (F) Timp1 and (G) Tgfb1 genes. mRNA expression levels were normalized 

with Cyclophilin and relativized to CD-fed mouse mRNA levels. Data was represented as individual data points and with the mean ±sem. Statistical analysis was performed 

using Studentś t test (B-E) and Mann-Whitney U test (A, G, F). (∗P < .05, ∗∗P < .01 and ∗∗∗P < .0 0 01). 



A high cholesterol diet induces inflammatory NASH / Journal of Nutritional Biochemistry 134 (2024) 109711 9 

Fig. 5. HFSCD-fed WT mice display hepatic inflammatory profile and altered inflammatory transcription factors. Percentage of (A) total F4/80 + , (B) anti-inflammatory 

F4/80 + CD206 + and (C) proinflammatory F4/80 + CD11c + macrophages in alive cells from hepatic stromal vascular fractions (SVF) determined by flow cytometry. Representative 

flow cytometry plots displaying the gating strategy for the different populations are displayed below the quantifications. (D) Content of CD3 + T cells, expressed as number of 

cells per area (in mm2 ), in the liver of both mouse groups. Hepatic (E) CD3 + , (F) CD4 + and (G) CD8 + T lymphocytes referred to tissular total lymphocytes represented as 

percentage of total lymphocytes. Analysis of the percentages of (H) CD4 + CXCR3 + Th1, (I) CD4 + CCR4 + CCR6-Th2, (J) CD4 + CCR4-CCR6 + Th9 and (K) CD4 + CCR4 + CCR6 + Th17 

populations represented as percentage of total CD4 + T lymphocytes. mRNA levels of (L) Tbet , (M) Gata3 , (N) Pu.1 , (O) Rorc and (P) Foxp3 transcription factors in liver from both 

groups of mice. mRNA levels were normalized with Cyclophilin mRNA levels and relativized to CD-fed WT mouse levels. Data was represented as individual data points and 

with the mean ±sem. Statistical analysis was performed using Studentś t test (A, B, D–H, K, M–P) and Mann-Whitney U test (C, I, J, L). (∗P < .05 and ∗∗P < .01). 
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cell number (Supplementary Fig. A2H). These results suggested an

association between intrahepatic lipid accumulation, especially of

free cholesterol, and proinflammatory cell content. 

Further hepatic lymphocyte characterization by flow cytome-

try indicated a similar relative percentage of CD3 + , CD4 + and

CD8 + T cells ( Fig. 5 E–G and Supplementary Fig. A1C, D). But

CD4 + subset determinations demonstrated a reduced percentage

of CCR4 + CCR6-Th2 cells and augmented CCR4-CCR6 + Th9 lympho-

cytes in HFSCD-fed WT mice compared with CD-fed WT controls

( Fig. 5 I, J and Supplementary Fig. A1E, F). No changes between

mouse groups were seen in CXCR3 + Th1 or in CCR4 + CCR6 + Th17

lymphocytes ( Fig. 5 H, K and Supplementary Fig. A1E, F). 

Expression analysis in liver of transcription factors determinant

for CD4 + T cell subset differentiation showed similar mRNA lev-

els of Tbet and Gata3 between mouse groups ( Fig. 5 L, M). But

decreased Rorc and augmented Foxp3 mRNA levels were seen in

HFSCD-fed WT mice ( Fig. 5 O, P). Notably, consistent with increased

Th9 lymphocytes their key transcription factor Pu.1 gene expres-

sion was significantly increased in HFSCD-fed WT mice ( Fig.5 N). 

Circulating levels of leukocytes showed no changes in lym-

phocytes or granulocytes between CD- and HFSCD-fed WT mice

( Fig. 6 A and Supplementary Fig. A3A, B). By contrary, HFSCD-fed

WT mice exhibited decreased circulating total CD115 + monocytes

and proinflammatory CD115 + Ly6Chi monocyte subset while anti-

inflammatory CD115 + Ly6Clow monocytes were increased ( Fig. 6 A,

B and Supplementary A3A, B). This result suggested a higher infil-

tration capacity of the total and proinflammatory monocytes and

a reduced infiltration capacity of the anti-inflammatory mono-

cytes from HFSCD-fed WT mice. Analysis of circulating lympho-

cytes and subsets in both mouse groups revealed, in HFSCD-fed

WT mice, decreased CD4 + T cells, augmented cytotoxic CD8 + T

cell subset but decreased CD8 + CD69 + activated T cells and no

changes in CD3 + T cells or other CD69 + activated T cell sub-

populations ( Fig. 6 C–H and Supplementary Fig. A3C, D). Further

analysis demonstrated higher percentages of CD4 + CXCR3 + Th1 and

CD19 + B lymphocytes in HFSCD-fed WT mice ( Fig. 6 I, N and

Supplementary Fig. A3E–H). CD4 + CCR4 + CCR6-Th2, CD4 + CCR4-

CCR6 + Th9, CD4 + CCR4 + CCR6 + Th17 and CD4 + CD25 + Foxp3 + Treg

cells remained unchanged between CD and HFSCD-fed WT mice

( Fig. 6 J–M and Supplementary Fig. A3E, F). 

3.4. Fatty liver in WT mice fed a high sucrose, fat and cholesterol 

rich diet modulates metabolic genes 

Pathologic hepatic lipid accumulation is expected to induce

metabolic derangement; hence, hepatic key regulatory enzymes

were examined. Determination of activated phosphoAMPK pro-

tein levels were alike between HFSCD- and CD-fed mice but to-

tal AMPK levels were increased in HFSCD-fed mice (Supplemental

Figure A4A, B). Analysis of gluconeogenic genes showed a consis-

tent reduction in G6pase mRNA levels in HFSCD-fed mice compared

with those in CD-fed mice ( Fig. 7 A). No changes were seen in the

Pepck mRNA levels or in the energetic metabolism regulator Pgca1

( Fig. 7 B, C). Lipid synthesis gene expression analysis demonstrated,

in HFSCD-fed WT mice, reduced mRNA levels of the transcription

factors Chrebp, Lxr and the enzyme Fasn ( Fig. 7 D, J, L), consistent

with lipid synthesis inhibition and increased AMPK protein lev-

els. Although Pparg levels were augmented ( Fig. 7 F). No changes

in the mRNA levels of Ppara, Acox and Srebf1 metabolic genes were

seen between mouse groups ( Fig. 7 E, I, K) . Regarding the lipid and

lipoprotein transport genes the mRNA levels of the Ldlr were di-

minished while those of the fatty acid transporter Cd36 were sig-

nificantly augmented in HFSCD-fed WT mice ( Fig. 7 G, H) which

was consistent with intrahepatic NEFA accumulation. In agreement

with intrahepatic free cholesterol accumulation in HFSCD-fed mice,
gene expression of Srb1 was increased ( Fig. 7 O) and Abca1 gene

was reduced ( Fig. 7 P). The gene expression of the main cholesterol

synthesis regulator Hmgcr was reduced ( Fig. 7 M) and the mRNA

levels of Abcg5 gene, relevant at preventing sterol hepatic accumu-

lation, was augmented ( Fig. 7 Q). No changes were seen in Ceh, Fxr

and Cyp7a1 gene expression ( Fig. 7 N, R, S) among mouse groups. 

Reduced mesenteric fat and leptin production and intrahepatic

accumulation of NEFA suggest an enhanced adipose tissue lipolysis

in HFSCD-fed WT mice, hence adipose tissue was next investigated.

Analysis showed in HFSCD-fed WT mice elevated phosphoHSL/HSL

protein ratio and augmented expression of Plin gene (Supplemen-

tary Fig. A5A, B, D) suggesting activated lipolysis. No changes in

the mRNA levels of HSL gene Lipe (Supplementary Fig. A5C) were

seen. Moreover, the mRNA levels of the other lipases Pnpla2 and

Mgll associated with the catabolism of lipid droplets and of the

transcription factor Cidea (Supplementary Fig. A5E–G) were similar

between mouse groups. 

3.5. A high sucrose, fat and cholesterol rich diet impairs autophagy 

and promotes hepatocyte proliferation 

NAFLD progression and hepatic cholesterol accumulation has

been associated with oxidative and ER stress which encompass the

dysregulation of several process such as apoptosis and autophagy.

GSH levels were significantly decreased in HFSCD fed mice sug-

gesting a lower ability to alleviate oxidative radicals ( Fig. 8 A left

panel). By contrary, no changes were seen in the levels of GSSG

or MDA for oxidized lipids between mouse groups ( Fig. 8 A, B). The

analysis of the p62 (SQSTM1), a marker of accumulated autophago-

somes and a deficient autophagy flux demonstrated increased con-

tent in HFSCD fed mice ( Fig. 8 C). Notably, CHOP protein, which is

involved in ER stress-induced apoptosis cell death was also signif-

icantly enhanced in HFSCD-fed mice ( Fig. 8 D). On the other hand,

ER stress and cholesterol crystals can induce inflammation through

inflammasome. Accordingly, NLRP3 protein levels were elevated in

HFSCD-fed mice ( Fig. 8 E). 

Analysis of proliferation, a process indicative of NAFLD progres-

sion, in hepatic cross-sections also showed an increment in pro-

liferative Ki67 + cells in the livers from HFSCD-fed mice compared

with CD-fed WT mice ( Fig. 8 F). 

3.6. A high sucrose fat and cholesterol rich diet increases activated 

ERK and modulates phosphatases gene expression 

To evaluate the possible alteration of signaling pathways in-

duced by the HFSCD, stress MAPK and MAPK phosphatases

(MKP)/DUSP, which have been previously involved in fatty liver de-

velopment, were analyzed. 

Liver analysis showed increased activation of ERK, shown as

increased phosphorylated form phosphoERK in HFSCD-fed mice

compared with CD-fed mice ( Fig. 9 A). But, activated phosphoS-

APK/JNK and phosphop38/p38 ratio levels were similar between

both mouse groups ( Fig. 9 B). Gene expression analysis of Mkp/Dusp

genes indicated an increased hepatic expression of Dusp2, Dusp3,

Dusp5, Dusp8, Dusp10 and Dusp18 in HFSCD-fed but not in Dusp1,

Dusp6, Dusp12, Dusp16 and Dusp22 mice ( Fig. 9 D–N). 

4. Discussion 

NAFLD has become a main problem worldwide mainly due to

overnutrition and sedentary life-style patterns in the population

[ 3 ]. One key factor by which overnutrition induces severe inflam-

mation and fibrosis, regardless of the steatosis degree, is the hep-

atic accumulation of free cholesterol. In the present investigation,

we hypothesized that a diet enriched with 21% fat, 41.5% sucrose,
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Fig. 6. Analysis of circulating leukocyte subsets in mice demonstrated an inflammatory profile in HFSCD-fed WT mice. (A) Percentage of circulating lymphocytes, monocytes and 

granulocytes identified in the CD45 + blood cell population by morphology and with the help of CD115 + monocyte marker. (B) CD45 + CD115 + Ly6Clow and CD45 + CD115 + Ly6Chi 

monocyte subset percentages identified in the CD45 + CD115 + cells in both groups of mice. Circulating percentages of (C) CD3 + T cells and their subsets (E) CD4 + and (G) 

CD8 + displayed as a percentage of CD3 + cells and their activated CD3 + CD69 + (D), CD4 + CD69 + (F) and (H) CD8 + CD69 + cells referred to their total subsets. Circulating levels 

of (I) CD4 + CXCR3 + Th1, (J) CD4 + CCR4 + CCR6-Th2, (K) CD4 + CCR4-CCR6 + Th9, (L) CD4 + CCR4 + CCR6 + Th17 and (M) CD4 + CD25 + Foxp3 + Treg cellular subpopulations displayed 

as percentages of the CD4 + population. (N) CD19 + B lymphocytes represented as percentage of total lymphocytes. Representative flow cytometry plots of the gating strategy 

for leukocytes, monocyte subsets, T and Th subpopulations in blood samples are shown below the corresponding quantifications. Data was represented as individual data 

points and with the mean ±sem. Statistical analysis was performed using Studentś t test (A, B, K–N) and Mann-Whitney U test (C–H, I, J) (∗P < .05, ∗∗P < .01 and ∗∗∗P < .001). 
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Fig. 7. WT mice fed with the HFSCD for 16 weeks, presents deranged hepatic metabolic gene expression. mRNA levels of (A) G6pase, (B) Pepck, (C) Pgca, (D) Chrebp, (E) Ppara, 

(F) Pparg, (G) Ldlr, (H) Cd36 , (I) Acox , (J) Fasn , (K) Srebf1 , (L) Lxr, (M) Hmgcr, (N) Ceh, (O) Srb1, (P) Abca1, (Q) Abcg5, (R) Fxr , and (S) Cyp7a1 . mRNA levels were normalized 

to endogenous Cyclophilin expression and relativized to WT mouse levels. Data was represented as individual data points and with the mean ±sem. Statistical analysis was 

performed using Studentś t test (A–D, E, H, K–O, Q–S) and Mann-Whitney U test (B, F, G, I, J, P). (∗P < .05, ∗∗P < .01∗∗∗ , P < .001 and ∗∗∗∗P < .0001). 
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Fig. 8. The feeding of WT mice with the HFSCD produced important changes in hepatic autophagy, oxidative and ER stress and proliferation. Hepatic content of (A) reduced 

glutathione (GSH), oxidized glutathione (GSSG) and (B) MDA in both mouse groups. (C) Content of p62 protein, measured as relative area to tissue area, in hepatic cross- 

sections from WT mice fed control and HFSCD. (D) CHOP protein and (E) NLRP3 protein levels determined by western blot analysis in both mouse groups. (F) Number of 

proliferant Ki67 + cells (expressed as number of cells/ field) in hepatic cross-sections from both mouse groups. Representative images of the immunohistochemistry and of the 

blots used for the quantifications for CD- and HFSCD-fed mice are shown below the graphs. Protein levels were relativized to β-actin protein levels. Representative blots of the 

quantifications are shown for both mouse groups. Data was represented as individual data points and with the mean ±sem. Statistical analysis was performed using Studentś t 

test (A–E) and Mann-Whitney U test (F) (∗P < .05, ∗∗P < .01 and ∗∗∗∗P < .0 0 01). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and 1.25% of cholesterol to feed WT mice for 16 weeks will in-

duce advanced NAFLD. Advanced NASH with fibrosis and inflam-

mation was observed in HFSCD-fed WT mice hence confirming the

presence of advanced disease. These mice also developed steato-

sis, hepatic damage, increased NAS score and augmented hepatic

proliferation. Metabolic determinations showed increased plasma

cholesterol, reduced NEFA and unchanged triglycerides in HFSCD-

fed mice. However, regardless of these plasmatic levels HFSCD-

fed mice displayed a higher intrahepatic accumulation of free

cholesterol, NEFA and triglycerides. Notwithstanding, these mice

did not develop IR, metabolism carbohydrate metabolism derange-

ment or adipose tissue expansion. In fact, HFSCD-fed mice dis-

played reduced Leptin mRNA levels and increased activated HSL

along with reduced mesenteric fat percentage which together with

intrahepatic accumulation of NEFA suggested enhanced lipolysis.

Further analysis indicated an increase in intrahepatic total CD3 + T

and Th9 lymphocytes and inflammatory cytokines as well as a

reduction in anti-inflammatory F4/80 + CD206 + macrophages and

Th2 lymphocytes in HFSCD-fed mice. Consistently, these mice dis-

played higher levels of circulating cytotoxic CD8 + T and proin-

flammatory CD4 + Th1 lymphocytes. Hepatic gene expression anal-

ysis was compatible with reduced gluconeogenesis and lipogen-

esis but increased hepatic fatty acid and cholesterol uptake and

accumulation which was in the line of the augmented intrahep-

atic lipid content in HFSCD-fed mice. Of note, development of dis-

ease also progressed with reduced antioxidant capacity, hepatic au-

tophagy and CHOP protein levels suggesting ER stress possibly in-

duced by the cholesterol overload. Analysis of the MAPK signaling
pathways demonstrated increased ERK activation, but not JNK or

p38. These results indicate that 16 weeks HFSCD-feeding in mice

induces advanced NAFLD steatosis with fibrosis and inflamma-

tion along with ERK activation, enhanced apoptosis, and deficient

autophagy. 

NAFLD associated with IR, adiposity, dyslipidemia, and

metabolic syndrome has been induced using diverse dietary

regimens containing different percentages of sugar and fat and

feeding times of at least 16-20 weeks. However, these diets fail to

reproduce inflammation and fibrosis [ 17 ]. By contrary, inflamma-

tion, oxidative stress, and fibrosis are achieved in the methionine

choline deficient (MCD) diet although this diet provokes an irre-

versible hepatoxicity among others [ 10 ]. A more clinically relevant

alternative is the addition of cholesterol to the diet by using the

so-called atherogenic or western diets [ 10 ]. These high cholesterol-

containing diets can be clinically relevant as these recapitulate key

features of critic stages of human NAFLD such as hepatic fibrosis

and inflammation. 

Previous studies by us employing WT (C57BL) mice treated with

a 0.75% cholesterol-containing diet, with 10.8% of fat without sugar,

produced glucose intolerance, insulin resistance (IR) and fatty liver

[ 15 , 18 ]. Despite the diet produced a moderate degree of steatosis

with a NAS score around two, systemic and hepatic inflammation

were specially increased suggesting a cholesterol-mediated activa-

tion of inflammatory pathways [ 15 ]. The present diet, containing

high sucrose and fat percentages and a 1,25% of cholesterol, pro-

voked severe inflammation, fibrosis, a high NAS score and intra-

hepatic accumulation of cholesterol and NEFA. 
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Fig. 9. HFSCD feeding in WT mice induced alteration of MAPK signaling cascades and phosphatases. Protein levels of activated phosphorylated (A) ERK (pERK) (B) SAPK/JNK 

(pJNK) and (C) p38 (pp38) relativized to their unphosphorylated total protein levels determined by western blot analysis . mRNA levels of phosphatases (D) Dusp1 , (E) Dusp2 , 

(F) Dusp3 , (G) Dusp5 , (H) Dusp6, (I) Dusp8 , (J) Dusp10 , (K) Dusp12 , (L) Dusp16 , (M) Dusp18 and (N) Dusp22 . Representative blots are shown for the phosphorylated and unphos- 

phorylated forms of the kinases. mRNA levels were normalized to endogenous Cyclophilin expression and relativized to WT mouse levels. Data was represented as individual 

data points and with the mean ±sem. Statistical analysis was performed using Studentś t test (A–D, E, F, H–K, N) and Mann-Whitney U test (G, L, M) (∗P < .05, ∗∗P < .01 and 
∗∗∗P < .001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Advantages seen in the present model were an accumulation

of intrahepatic immune cells, such as Th9 mechanistically bound

to fibrotic mechanisms [ 19 ], and changes in the reduced hepatic

anti-inflammatory macrophages recently described as key determi-

nants in human NASH and hepatic injury [ 20 , 21 ]. Consequently,

HFSCD-fed mice showed increased hepatic expression of inflam-

matory cytokines and elevated circulating levels of proresolutory

CD115 + Ly6Clow monocytes owing to a lower hepatic infiltration of

these [ 21 ]. Notably, Th9 are known to trigger inflammation and au-

toimmunity [ 22 ], induce fibrosis and associate with the progres-

sion of NASH [ 23 ]. Interestingly, Rorc expression levels were re-

duced which can relate with the prevalence of Th9 since Rorc-/-

deficient T cells can acquire Th9 phenotype by increasing IL9 secre-

tion [ 24 ]. Additionally, these changes were accompanied by a re-

duction of Th2, which could be the source of augmented Th9 [ 23 ].

Consequently, antibodies against IL9 ameliorate hepatic inflamma-

tion and NASH in CCl4-induced hepatic injury [ 25 ] which underlies

a new possible avenue for hepatic fibrosis treatment. 

The examination of circulating immune subsets supported a

higher inflammatory status in HFSCD-fed mice. These displayed el-

evated Th1 lymphocytes, cytotoxic CD8 + T cells and CD19 + B cells

circulating inflammatory parameters highly relevant in the NAFLD-

NASH transition [ 26 ] and fibrotic stages [ 27 , 28 ]. All these findings

indicate that the present dietary regimen generates is suitable and

appropriate mouse model to study immune cell-mediated fibrotic

NASH. 
Advanced fibrotic stage in HFSCD-fed mouse model was evi-

denced by a higher hepatic contents of collagen, connective tis-

sue, SM- α-actin and augmented mRNA levels of fibrotic Tgfb1 and

Timp1 genes, determinant in NASH [ 29 ], suggesting a possible acti-

vation of HSC towards myofibroblasts. These results are consistent

with the above results given that proinflammatory macrophage de-

pletion associates with Timp1 and Tgfb1 and decreased fibrosis [ 21 ].

It should be noted that, in our previous investigations mice treated

for the same period of time with a diet with a 10.8% total fat,

0.75% cholesterol, and no sugar, the levels of fibrosis were indistin-

guishable from CD-fed mice and accordingly, no changes in fibrotic

genes were seen [ 15 ]. Therefore, the comparison of both studies

indicates that the diet explored in this study, with 41.5% of sugar,

21% of fat and 1.25% of cholesterol, activates fibrotic genes. 

Intrahepatic lipid accumulation was consistent with the tran-

scriptomic data showing elevated Cd36, Srb1 and Abca1 as well as

reduced Abcg5 which would facilitate the hepatic uptake and re-

tention of cholesterol and NEFA. In addition, augmented expression

of the transporter Cd36 has been seen in mice and human NASH

while other investigations have reported NAFLD in mice that over-

express CD36 [ 20 ]. Altogether suggest that one of the mechanisms

induced by the present dietary regimen could be the accumula-

tion of cholesterol. Nevertheless, this hypothesis cannot be con-

firmed in this investigation which has the limitation of not making

a proper comparison with cholesterol-free diets and future experi-

ments should be performed in this direction. 
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None. 
Additional changes observed in HFSCD-fed mice were elevated

hepatic mRNA levels of Pparg which induces a hepatic adipogenic

program to create lipid droplets as a fatty acid storage [ 21 ]. How-

ever, hepatic gene expression of Lxr, Chrebp and Srebf1c genes

which regulate glycolytic and lipolytic genes were diminished and

this was consistent with a reduction in hepatic Hgmcr and Fasn

mRNA levels. 

HFSCD-fed mice did not develop glucose intolerance, IR or

adiposity which are associated with enhanced lipid synthesis. In

fact, HFSCD-fed mice displayed reduced body weight, mesenteric

fat percentage and leptin production which also suggest smaller

adipocyte size [ 30 ]. Notably, low leptin levels agree with a steato-

genic phenotype as this hormone acts as an anti-steatotic signal

by preventing lipid accumulation [ 31 ]. Consistently, leptin infusion

prevents hepatic steatosis in both ob/ob and lipodystrophic mice

and its administration is recommended in hypoleptinemic NAFLD

patients [ 31 ]. These findings along with the intrahepatic accumu-

lation of NEFA suggested enhanced lipolysis and flux of fatty acids

from adipose tissue in HFSCD-fed mice. Indeed, activated HSL and

Perilipin gene expression, which provides docking site for lipases in

lipid droplets, were augmented in HFSCD-fed WT mice. Our results

are similar to those observed in the MCD, in which the lack of adi-

posity is attributed to a hyper catabolism promoted by a sympa-

thetic activity on adipose tissue and increased hepatic delivery of

fatty acids to compensate for deficient hepatic VLDL secretion [ 32 ].

However, we cannot confirm impaired VLDL secretion as we did

not specifically address this pathway. Given all these findings in-

trahepatic lipid accumulation in the HFSCD-fed mice is more plau-

sible attributed to excessive fatty acid influx from adipose tissue

rather than to an elevation in the de novo lipogenesis because the

expression of genes of the lipid biosynthetic processes were re-

duced. 

HFSCD-fed mice also displayed reduced antioxidative potential

although oxidized lipids remained unchanged. Notwithstanding,

mice developed ER-stress, subsequent inflammation and fibrosis

as mentioned above. Moreover, inflammasome activation analysis,

which is a main driver of NASH fibrosis [ 33 ] and a risk for the oc-

currence of cirrhosis and HCC [ 28 ], showed elevated NLRP3 marker

protein in HFSCD-fed mice. Interestingly, intrahepatic free choles-

terol positively correlated with CD3 + T cells and inversely corre-

lated with anti-inflammatory macrophages suggesting a causal re-

lationship between free cholesterol and inflammation. 

Persistent high cholesterol levels are associated with ER stress

by activating the UPR response [ 34 ], which leads to an inhibition

of protective autophagy [ 35 ] and to an increased apoptosis [ 36 ].

Consistent with these, severity of NASH in HFSCD-fed mice was

accompanied by increased levels of p62, which pointed to a de-

ficient autophagy, and of CHOP, which is an ER-induced apopto-

sis marker. Notably, although autophagy is activated as a protective

mechanism at early stages of NAFLD, the process is inhibited in ad-

vanced NASH [ 37 ]. Moreover, CHOP has been located as a protein

at the cross-roads of autophagy and apoptosis which is activated

in a PERK-dependent manner upon persistent metabolic ER stress

such as amino acid privation [ 38 ] or HCC [ 39 ]. 

ER-stress has also been related with the three MAPK activa-

tion pathways including JNK, p38 and ERK [ 40 ] whose activation

in macrophages can be induced by free cholesterol loading. In

our study, ERK activation was augmented in HFSCD-fed mice in

the line of studies describing the implication of the ERK path-

way in obesity [ 41 ], in obesity-induced NAFLD [ 42 ] and in fatty

liver through repression of fatty acid oxidation by PPAR α inhibi-

tion [ 43 ]. Moreover, ERK activation aligns well with enhanced fi-

brosis in HFSCD mice and it has been associated with hepatic fi-

brosis through the proliferation and activation of PDGF β-induced

HSC [ 44 ]. Notably, the increased content of Th9 cells in HFSCD
mice could be the triggering cell-type of fibrosis because other

studies have shown that Th9 cells promote hepatic fibrosis by ac-

tivating HSC in an ERK-dependent manner in mouse models of

CCl4-induced hepatic injury [ 19 ]. Notwithstanding, other investi-

gations reported aggravated fatty liver in mice with specific hep-

atic ERK2 deficiency [ 45 ]. The increased activation of the ERK path-

way coincided with a higher number of proliferative cells in liver

consistent with the ERK role in cell proliferation and differentia-

tion [ 46 ]. Analysis of mRNA expression levels of DUSP/MKP phos-

phatases which modulate activation of the MAPK, revealed aug-

mented levels of Dusp5, Dusp 2, Dusp3, Dusp 10 and Dusp18 , all of

which can potentially modulate ERK activation. Of these, protective

functions against NAFLD and liver damage have been attributed to

Dusp10 and Dusp3 through different mechanisms [ 47–48 ]. On the

other hand, transcriptomic analysis have shown increased Dusp5

and Dusp18 in humans with liver damage, Dusp5 expression is in-

creased via ER stress [ 49 ] and Dusp18 has been associated with

HCC [ 50 ]. 

In our study, no major changes were seen in the activation lev-

els of JNK despite this has been seen in mouse models of fatty

liver, obesity and in HFD-fed mice by mechanisms that promote

lipid accumulation, and activation of HSC and macrophages [ 51 ].

Similarly, the stress-MAPK p38 activation remained unchanged de-

spite being associated with both protection and promotion of hep-

atic dysfunction [ 42 ]. 

In summary, the results obtained here indicate that the treat-

ment with a HFSCD for 16 weeks generates a mouse model

of NASH with advanced fibrosis and an imbalance of intrahep-

atic immune cells, hence recapitulating human disease sever-

ity. Specifically, the study provides evidence of intrahepatic free

cholesterol accumulation which, through a reduction in resolutory

macrophages, could promote ER stress-induced activation of the

inflammasome. In addition, the liver of this mouse model of NASH

was characterized by a reduction of intrahepatic Th2 cells and an

accumulation of Th9 cells along with ERK activation which en-

tails a potential mechanism for progression of fibrotic NASH in-

duced by free cholesterol accumulation. Therefore, the use of this

overnutrition-induced mouse model provides new opportunities

for a better comprehension of immune cell-mediated fibrosis and

to evaluate therapeutic targets for the treatment of advanced fi-

brotic NASH. 
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