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Abstract A diet high in fat and/or alcohol is a major cause of fatty liver disease
(FLD), which is a common precursor to chronic liver disease. As the pathogenetic
mechanisms of FLD remain unclear, an appropriate animal model is critical to
problem solving in this field. This study aimed to develop an FLD mouse model
using a diet high in fat and/or ethanol. Five-week-old female ICR mice were given
free access to a high fat diet (HFD, 60 kcal % fat of total food), or daily
intragastrically administered ethanol (E, 0.5 g/kg/day), or a combination of HFD
and ethanol (HFD+E). Hepatic histology was observed with oil red O (ORO)
staining. Hepatic triglyceride (TG) levels, antioxidant enzyme activities, and mRNA
expression levels of metabolic, antioxidant, and inflammatory genes, i.e.
peroxisome proliferator activated receptor-alpha and gamma (Ppar-a and
Ppar-y), sterol regulatory element binding protein-1 (Srebp-1), acetyl-CoA
carboxylase (Acc), fatty acid synthase (Fas), fat cluster of differentiation (Cd-36),
catalase (Cat), superoxide dismutase 1 and 2 (Sodl and SodZ2), glutathione
peroxidase (Gpx), nuclear factor-kappa b (Nf-kb), tumor necrosis factor-alpha
(Tnf-a), and monocyte chemoattractant protein-1 (Mcp-1) were determined.
HFD+E induced FLD in mice by increasing hepatic TG levels and expression of Acc
and Fas metabolic genes and Cd-36 and Mcp-1 inflammatory genes, while
simultaneously reducing the activity and expression of antioxidant enzymes.
These findings confirm that HFD+E is a potent regimen for FLD induction in mice.
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INTRODUCTION

Excessive consumption of a high fat diet (HFD) and/or alcohol is one major cause of
chronic liver disease, especially fatty liver disease (FLD) (Farrell and Larter, 2006; Liu et
al., 2014). FLD is a pathological condition in which fat accumulates in hepatocytes and is
defined by accumulation of triglyceride (TG) at concentrations exceeding 5.5% or 55 mg/g
liver. FLD is the first step in a spectrum of liver diseases that ranges from simple hepatic
steatosis to steatosis with inflammation (steatohepatitis) and necrosis, to fibrosis,
cirrhosis, and hepatocellular carcinoma (Basaranoglu et al., 2015; Browning and Horton,
2004). Nowadays, FLD is recognized as a major chronic liver disease worldwide (Wong et
al., 2013). Around 30% of the population of Western countries suffer from FLD, while the
prevalence in Asia has been reported to be between 15 and 30% (Bellentani et al., 2010;
Wong et al., 2013). However, the pathogenetic mechanisms of FLD remain unclear (Van
De Wier et al., 2017). Hepatic steatosis can be diagnosed by elevated blood ALT and AST
enzyme levels and by liver imaging techniques such as magnetic resonance imaging (MRI)
and computerized tomography (CT) (Paschos and Paletas, 2009). Nonetheless,
Nalbantoglu and Brunt (2014) suggest that detection of specific pathological lesions by
liver biopsy is the gold standard as it can identify both the range and state of the disease
(Nalbantoglu and Brunt, 2014). Selection of an appropriate FLD animal model is critical to
problem solving for effective therapy. Numerous animal models have been employed for
studying FLD using either a HFD or a fatty acid supplemented diet with ad libitum alcohol.
However, there can be high costs of maintenance and a requirement for invasive
interventions that can limit the utility of some of these models. This study establishes a
new non-invasive FLD model in mice that uses indicative markers of metabolic and
antioxidant imbalance, and inflammatory induction as drivers of FLD. This model could
serve as a well-controlled tool for preclinical testing of novel FLD therapies.

MATERIALS AND METHODS

Materials

HFD (60 kcal% fat of total food; cas no. D12492) was a product of Research Diets
(New Brunswick, USA). Commercial rodent diet was a product of SmartHeart® (Perfect
Companion Pet Care Company, Bangkok, Thailand). Oil red O (ORO), catalase (CAT)
superoxide dismutase (SOD), glutathione (GSH) reductase, xanthine oxidase, nicotinamide
adenine dinucleotide phosphate (NADPH), and 4-vinylpyridine (4-VP) were purchased from
Sigma-Aldrich (Missouri, USA). ReverTra Ace® was a product of Toyobo Co., Ltd. (Osaka,
Japan). Tag DNA polymerase was purchased from Vivantis® (Selangor, Malaysia). All other
laboratory chemicals were of the highest purity from commercial suppliers.

Experimental design and treatments

Five-week-old female intelligent character recognition (ICR) mice were supplied by
the Northeast Laboratory Animal Center (Khon Kaen University, Khon Kaen, Thailand) and
housed in the Animal Unit of Faculty of Pharmaceutical Sciences, Khon Kaen University
under controlled conditions at temperature of 23 + 2°C and humidity of 45 £ 2%. The
Institutional Animal Care and Use Committee of Khon Kaen University approved the
protocol for handling and treatment of animal (Approval No. IACUC-KKU-12/63). At all
times, the mice were housed on corncob bedding stainless steel cages with ad libitum
access to water and food. The mice were randomly divided (n=5 for each group) into 4
groups, namely (1) 0.5% carboxymethylcellulose 0.1 mL/mouse (control), (2) HFD, (3)
ethanol 0.5 g/kg/day (E), and (4) HFD and ethanol 0.5 g/kg/day (HFD+E), and all groups
were treated for 60 consecutive days. One day after the last treatment, the mice were
sacrificed and organs were immediately collected for further analysis.

Determination of intracellular fat content using Oil Red O staining
Intracellular fat content assay was performed as previously described (Sukkasem, et

al., 2020). A microscopic slide with embedded liver tissue was stained with ORO and

evaluated for the pattern of hepatic histomorphology at 20x magnification using a Motic
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AE2000 inverted microscope (Motic Asia, Kowloon, Hong Kong). The image was analyzed
and displayed on screen using the Motic image plus 3.0 software.

Determination of triglyceride (TG) accumulation

TG content was quantified using a commercially available TG assay kit (Cayman,
Miami, USA). The spectrofluorometric intensity of supernatant was measured with
excitation and emission wavelengths of 535 and 590 nm, respectively. The TG content was
calculated compared to the standard TG (Al-Anzi and Zinn, 2010).

Assessment of superoxide dismutase (SOD) activity

SOD activity was assessed as previously described (Sriset et al., 2020). A sample
mixture containing liver homogenate, chloroform, and ethanol was centrifuged at 13,000
xg at 4°C for 30 min and incubated with a reaction mixture of xanthine, xanthine oxidase,
and nitrobluetetrazolium (NBT) for 20 min. Copper chloride (CuCl2) was added to stop the
reaction. The absorbance was measured at a wavelength of 550 nm. The SOD activity was
calculated compared to the standard SOD.

Assessment of catalase (CAT) activity

CAT activity was assessed as previously described (Sriset et al., 2020). The liver
homogenate was incubated with H202 before adding ammonium molybdate to stop the
reaction. The absorbance was measured at a wavelength of 405 nm. The CAT activity was
calculated compared to the standard CAT.

Determination of glutathione profile

Determination of total GSH content

Total GSH content was determined as previously described (Sriset et al., 2020).
Briefly, the liver homogenate was deproteinized by 5-sulfosalicylic acid (SSA) before
centrifugation. The supernatant was then mixed with GSH reductase and 5, 5-dithio-bis-
(2-nitrobenzoic acid) (DTNB) before adding NADPH to start the reaction. The absorbance
was measured at a wavelength of 405 nm every 60 s for 5 min. The slope of absorbance
per min was plotted and compared to the standard GSH to calculate the total GSH content.

Determination of the ratio of reduced to oxidized GSH

The oxidized GSH (GSSG) content was determined using the same procedure for
determination of total GSH content after treatment of the sample with 4-VP (Sriset et al.,
2020). And then the reduced GSH content was calculated by subtracting the GSSG content
from the total GSH content.

Determination of glutathione peroxidase (GPx) activity

The GPx activity was assessed as previously described (Sriset et al., 2020). The liver
homogenate was incubated with sodium azide at 30°C for 10 min before starting the
reaction by adding the GSH substrate and H202. The reaction was stopped with SSA before
centrifugation. The GPx activity was measured as micromole of GSSG produced per min.

Assessment of reverse transcription and quantitative real-time polymerase chain
reaction (RT/qPCR)

Total RNA was extracted by the guanidine-thiocyanate-phenol-chloroform method
and the concentration was measured using a NanoDrop 2000c UV-spectrophotometer
(NanoDrop Technologies, Inc., Thermo Fisher Scientific, MA, USA). Total RNA was
converted to cDNA using ReverTra Ace® (Toyobo Co., Ltd., Osaka, Japan) at 25°C for 10
min, 42°C for 60 min, and 95°C for 5 min. mMRNA expression of metabolic, antioxidant, and
inflammatory genes, i.e., peroxisome proliferator activated receptor-alpha and gamma
(Ppar-a and Ppar-y), sterol regulatory element binding protein-1 (Srebp-1), acetyl-CoA
carboxylase (Acc), fatty acid synthase (Fas), fat cluster of differentiation (Cd-36), catalase
(Cat), superoxide dismutase 1 and 2 (Sodl and SodZ2), glutathione peroxidase (Gpx),
nuclear factor-kappa b (Nf-kb), tumor necrosis factor-alpha (7Tnf-a), monocyte
chemoattractant protein-1 (Mcp-1), and a reference gene, glyceraldehyde 3-phosphate
dehydrogenase (Gapdh), were analyzed by qPCR with specific primers (Table 1) (Bio Basic
Inc, Toronto, Canada) and calculated as previously described. The mRNA level was
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normalized with Gapdh and expressed as the fold difference to control using delta-delta-
Ct calculation (Chatuphonprasert et al., 2020).

Table 1. Forward and reverse primers for qPCR.

Annealing
Genes Forward and reverse primers (5’ » 3') temperature References
(°c)
F TGC AAA CTT GGA CTT GAA CG .
Ppar-a R TGA TGT CAC AGA ACG GCT TC 55.2 Tobita et al., 2018
Ppar- F GCCCTT TGG TGA CTT TAT GGA 53.1 Al-Ahad Sabbagha et
par-y R GCA GCA GGT TGT CTT GGA TG ' al., 2011
F GGA GCC ATG GATTGC ACATT o
Srebp-1 R GGC CCG GGA AGT CAC TGT 60.0 Xiaoli et al., 2019
F TAT CCC AAC TCT TCC CTG
Acc R CCT TCA CAT AGC CTTTCT T 60.0 Wang et al., 2016
F TCC CAG GTC TTG CCG TGC
Fas R GCG GAT GCC TAG GAT GTG TGC 60.0 Sawano et al., 2015
F TGC ATT TGC CAA TGT CTA GC .
Cd-36 R CCC TCC AGA ATC CAG ACA AC 60.0 Magliano et al., 2013
F GCA GAT ACC TGT GAA CTG TC .
Cat R GTA GAA TGT CCG CAC CTG AG 60.0 Sriset et al., 2019
F AAG GCC GTG TGC GTG CTG AA .
Sod1i R CAG GTC TCC AAC ATG CCT CT 60.0 Sriset et al., 2019
F GCA CAT TAA CGC GCA GAT CA .
Sod2 R AGC CTC CAG CAA CTC TCC TT 60.0 Sriset et al., 2019
F CCT CAA GTA CGT CCG ACC TG )
Gpx R CAA TGT CGT TGC GGC ACA CC 60.0 Sriset et al., 2019
Nf- kb F GAA ATT CCT GAT CCA GAC AAA AAC 60.0 Yamamoto et al.,
R ATC ACT TCA ATG GCC TCT GTG TAG ) 2009
Tnf-a F GTG GGT GAG GAG CAC GTA GT 6.0 Lampronti et al.,
R CCG ATG GGT TGT ACCTTG TC ) 2013
Mcp-1 F CAG ATC TCT CTT CCT CCA CCA CAC TAT 6.0 Lampronti et al.,
P R CAG GAC GCA ACT GTG AAC AAC ) 2013
TCC GCA AAG ACC TGT ACA CC i i i
Gapdh F 61.1 Design by Primer Pair
R GAG TAC TTG CGC TTG GGA GG 1 program
RESULTS

Effects of FLD induction on bodyweight profile, hepatic triglyceride

level, and hepatic histomorphology in mice

Mice fed HFD and ethanol (HFD+E) showed a significant increase in bodyweight
profile compared to control, while those fed only ethanol (E) or high fat diet (HFD) showed
a similar upward trend to the control (Figure 1A). All of the E, HFD, and HFD+E treatment
groups showed significantly increased TG levels compared to the control, while HFD+E
showed a greater increase in TG level compared to the HFD and E groups (Figure 1B). The
HFD- and HFD+E-induced FLD mice, livers were enlarged with visible visceral fat deposits
and a yellowish coloration. Examination of the ORO-stained liver sections revealed slight
TG accumulation in the mice fed E only, while HFD and HFD+E induced TG accumulation
that was widely distributed throughout the hepatocytes (red dot staining, Figure 1C).
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Figure 1. Effects of FLD induction on (A) bodyweight profile, (B) hepatic
triglyceride level, and (C) morphological and histological features in mice. E,
ethanol; HFD, high fat diet; HFD+E, high fat diet and ethanol. *P <0.05, ** P <0.001
VS Control; ##P < 0.001 VS HFD+E using one-way ANOVA with Tukey post hoc test.

Effects of FLD induction on the antioxidant system in mice

Antioxidant enzyme activities (CAT, SOD, and GPx) were significantly suppressed in
E-, HFD-, and HFD+E-loaded mouse livers (Figures 2A-2C) and expression of each of the
Cat, Sod1, Sod2, and Gpx genes was significantly decreased by all induction methods,
compared to the control (Figure 2D). Total GSH and GSH contents were sharply reduced
by E, HFD, and HFD+E, while GSSG was induced (Table 2). HFD+E lowered GSH content
by significantly more than E and HFD.
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Figure 2. Effects of FLD induction on (A) CAT, (B) SOD, and (C) GPx activities,
and (D) mRNA expression of antioxidant genes, Cat, Sod1, Sod2, and GPx, in mice.
E, ethanol; HFD, high fat diet; HFD+E, high fat diet plus ethanol.
**p < 0.001 VS using one-way ANOVA with Tukey post hoc test.
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Table 2. Effects of FLD induction on glutathione profiles in mouse livers.

Total GSH GSH GSSG
Treatment
(nmole/mg protein) (nmole/mg protein) (nmole/mg protein)
Control 133.91 <+ 13.74 103.97 <+ 13.01 29.05 =+ 5.00
Ethanol 104.71 + 13.75% 66.84 + 5.15%*## 41.39 £ 9.79
High fat diet 97.90 + 20.66%* 66.83 + 2.46%*## 43.39 + 9.65
High fat diet and ethanol 83.53 = 23.82%* 52.77 £ 9.20%* 42.11 £ 11.22

Note: The data is expressed as mean = SD (n = 5). Control, 0.5% carboxymethyl cellulose (vehicle); GSH, reduced glutathione; GSSG, oxidized
glutathione. *P < 0.05, *P < 0.001 VS Control; ##P < 0.001 VS High fat diet and ethanol using one-way ANOVA followed by Tukey post hoc test

Effects of FLD induction on mRNA expression of metabolic genes in
mice

FLD induction modified the expression of the studied metabolic genes in the mouse
livers (Figure 3). Ppar-y, Srebp-1, Acc, Fas, and Cd-36 were extensively upregulated in
HFD+E-loaded mouse livers and Ppar-a was extensively down-regulated. Treatment with
E elevated Acc and Cd-36 expression, while HFD alone increased Acc, Fas, and Cd-36
expression. HFD+E modified the expression of the Ppar-a, Ppar-y, Srebp-1, and Cd-36
genes by more than E or HFD alone.
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Figure 3. Effects of FLD induction on metabolic genes in mice. E, ethanol; HFD,
high fat diet; HFD+E, high fat diet and ethanol. *P < 0.05, **P < 0.001 VS Control,
#Pp < 0.05, ##P < 0.001 VS HFD+E using one-way ANOVA with Tukey post hoc test.

Effects of FLD induction on inflammatory genes in mice

FLD induction also modified the expression of the studied inflammatory genes in the
mouse livers (Figure 4). HFD+E significantly up-regulated expression of Nf-kb, Tnf-a, and
Mcp-1 compared to controls. Nf-kb expression was induced by HFD alone, while Mcp-1
expression was elevated by both E and HFD alone. HFD+E induced mRNA expression of the
studied inflammatory genes by more than either E or HFD alone.
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Figure 4. Effects of FLD induction on inflammatory genes in mice. E, ethanol; HFD,
high fat diet; HFD+E, high fat diet and ethanol. **P <0.001 VS Control;
##p <0.001 VS HFD+E using one-way ANOVA with Tukey post hoc test.

DISCUSSION

Sex, diet, and period of induction are all considered key impact factors for FLD
induction (Salvoza et al., 2020). A previous study demonstrated that FLD affects women
more than men (Summart et al., 2017). Hence, female ICR mice were chosen as the model
animal in this study. Administration of E, HFD, or HFD+E consecutively for 60 days induced
FLD in female ICR mice in the current study. Several mouse or rat models employ ethanol,
a high fat diet, or a combined ethanol and high fat diet to induce FLD (Coker et al., 2018;
Licholai et al., 2018; Khazen et al., 2019). For example, the widely used Lieber-DeCarli
liquid diet method is a chronic ethanol and HFD-induced alcoholic liver disease mouse model
that represents chronic alcohol dependence (Dastidar et al., 2018). This study used three
diets to induce FLD in mice: E, HFD containing 60% fat, and the combination of E+HFD. A
normal high fat rodent diet ranges from 45 to 60% fat content. A 45% fat diet can induce
obesity but a 60% fat diet hastens the development of FLD (Speakman, 2019). The
commercial 60% HFD used in the current study consists of 60 g fat, 20 g carbohydrate,
and 20 g protein per 100 g total food; whereas a regular diet consists of 4.5 g fat, 71.5 g
carbohydrate, and 24 g protein per 100 g total food. The main ingredient of the commercial
HFD is 31.6 g lard per 100 g total food, which is equivalent to 15 g palm oil or 7.9 g palmitic
acid, two of the main causes of FLD in humans (Kanuri et al., 2016). The ethanol
concentration of 0.5 g/kg/day employed in the current study represented chronic alcohol
dependence and was equivalent to the average daily consumption of alcohol in alcohol
dependent women, which ranges from 0.3 to 0.6 g/kg/day (Wackernah et al., 2014).

Among the treatment groups in the current study, HFD+E was shown to increase
bodyweight, body mass, liver size, and induce histological and morphological changes to
the liver by significantly more than the E and HFD alone groups, which correlates to a
previous study (Coker et al., 2018). Hepatic TG levels were enhanced by E, HFD, and
HFD+E, suggesting that excessive fat accumulation might cause critical liver injury due to
overproduction of reactive oxygen species (ROS) (Cui et al., 2011). Over production of ROS
causes oxidative stress which is associated with metabolic syndromes and TG and visceral
fat accumulation (Madan et al., 2006). In the current model, E, HFD, and HFD+E all
suppressed hepatic antioxidant enzyme activity and gene expression, except for GSSG.
This imbalance in cellular redox status ultimately results in hepatic oxidative stress.
Prolonged oxidative stress then results in inflammation and cellular injury (Reuter et al.,
2010). Inflammatory cytokines are important in the development and stimulation of FLD
progression (Braunersreuther, 2012). For example, Nf-kb, a master regulator of
inflammation and cell death, plays an important role in the development of hepatocellular
injury (Luedde and Schwabe, 2011). Treatment with either HFD or HFD+E extends INK
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activation, which is induced by over production of ROS via Sod2 suppression. Prolonged
JNK activation accelerates IkB kinase (IKK) activity and generates Nf-kb (Gonzalez et al.,
2011). Nf-kb is also known as up-stream activator of multiple chemokines and cytokines,
including Mcp-1 and Tnf-a. Mcp-1 is a macrophage recruitment chemokine that is induced
during adipose tissue inflammation (Cranford et al., 2016). Furthermore, various rodent
models of FLD have demonstrated up regulation of Tnf-a in both liver and adipose tissues,
which correlates with the current study (Hotamisligil et al., 1993). In addition, obese mice
lacking Tnf-a show potential for progression of insulin sensitivity (Uysal et al., 1997). The
criteria for diagnosis of steatohepatitis includes the presence of more than 5%
macrovesicular steatosis, inflammation, and liver cell ballooning, typically with a
centrilobular distribution (Dumitrascu and Neuman, 2018). We did not determine the
macrovesicular steatosis level in the current study, so we did not infer that steatohepatitis
was induced in the HFD+E group. Various studies have mentioned that increased body
weight and BMI are associated with increased BAAT (the weighted sum of four variables:
body mass index, age at liver biopsy, alanine aminotransferase level, and serum
triglyceride level) and BARD (the weighted sum of three variables: body mass index,
aspartate aminotransferase/alanine aminotransferase ratio, and diabetes) FLD assessment
scores, and some studies have suggested that HFD+E does not affect body weight but
causes visceral fat accumulation (Stelmach-Mardas et al., 2014). An incremental increase
in inflammatory cytokine levels could affect metabolic mechanisms in terms of lipid
metabolism and insulin sensitivity. Metabolic mechanisms include lipogenesis and
glycogenesis, and both of these pathways are implicated in FLD. PPARa is involved in free
fatty acid (FFA) storage and B-oxidation (Temelkova-Kurktschiev et al., 2004; Varga,
Czimmerer, and Nagy, 2011). PPARa forms a heterodimer with the retinol X receptor (RXR)
or the pregnane X receptor (PXR) and translocates to the nucleus to bind at the PPAR
response element (PPRE) and oxidize FFA. This results in a reduction in the expression of
Ppar-a (Varga, Czimmerer, and Nagy, 2011), which correlates with HFD+E down-regulating
expression of Ppar-a in the current model. Inhibition of PPARa was reported as
inflammatory agonist’s property through activation of Nf-kb (Zuo et al., 2015). Another
mediator regulated through the PPRE is CD-36, which is as an FFA and cholesterol
withdrawal mediator that plays an important role in the transfer FFA to the liver. Thus, an
increase in CD-36 has been shown to lead to both the onset and progression of FLD
(Shirpoor et al., 2018). HFD and heavy alcohol-fed mice or hepatic CD-36 knockout-animals
both show reduced inflammation, insulin resistance, and FLD (Fabbrini et al., 2010). From
the observations in the present study, it appears that all FLD induction groups attenuated
the antioxidant system. HFD+E provoked FLD by more than either HFD or E alone by
increasing induction of Ppar-y, Srebp-1, Tnf-a, and Mcp-1. Thus, HFD+E facilitated
lipogenesis through up-regulation of Srebp-1 and induction of Acc. In the cytosol, acetyl-
CoA is transformed by ACC to malonyl-CoA and then to palmitate by FAS to form TG
precursors (Nassir and Ibdah, 2015). Hence, the suppression of Ppar-a and the induction
of Ppar-y, Cd-36, Srebp-1, Acc, and Fas metabolic genes and Tnf-a and Mcp-1 inflammatory
cytokines serve as crucial markers of FLD.

CONCLUSION

E and HFD slightly induced FLD by increasing hepatic TG levels and Acc, Fas, Cd-36,
and Mcp-1 expression while simultaneously attenuating the antioxidant system. HFD+E-
loaded mouse livers showed increased hepatic TG level with up-regulation of metabolic and
inflammatory genes and attenuation of antioxidant features. These results confirm that
HFD+E is a potentially useful regimen for a mouse model of FLD induction.
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