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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease and affects 

about 25% of the population globally. NAFLD has the potential to cause significant liver damage 

in many patients because it can progress to nonalcoholic steatohepatitis (NASH) and cirrhosis, 

which substantially increases disease morbidity and mortality. Despite the key role of innate 

immunity in the disease progression, the underlying molecular and pathogenic mechanisms remain 

to be elucidated. RNase L is a key enzyme in interferon (IFN) action against viral infection 

and displays pleiotropic biological functions such as control of cell proliferation, apoptosis and 

autophagy. Recent studies have demonstrated that RNase L is involved in innate immunity. In 

this study, we revealed that RNase L contributed to the development of NAFLD, which further 

progressed to NASH in a time-dependent fashion after RNase L wild type (WT) and knockout 

(KO) mice were fed with a high fat and high cholesterol diet (HFHCD). WT mice showed 

significantly more severe NASH, evidenced by widespread macro-vesicular steatosis, hepatocyte 

ballooning degeneration, inflammation, and fibrosis, although physiological and biochemical 

data indicated that both types of mice developed obesity, hyperglycemia, hypercholesterolemia, 

dysfunction of the liver, and systemic inflammation at different extents. Further investigation 

demonstrated that RNase L was responsible for the expression of some key genes in lipid 

metabolism, inflammation, and fibrosis signaling. Taken together, our results suggest that a novel 

therapeutic intervention for NAFLD may be developed based on regulating the expression and 

activity of RNase L.
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NAFLD is a widespread chronic liver disease, which can progress to NASH and cirrhosis, leading 

to liver damage. RNase L, a key enzyme in interferon function against viral infection and cell 

proliferation, contributes to NAFLD progression to NASH. RNase L wild type mice developed 

more severe NASH than RNase L knockout mice fed with a high fat and high cholesterol diet 

(HFHCD). Further investigation revealed that RNase L regulates the expression of the key genes in 

lipid metabolism, inflammation, and fibrosis. (Graphic abstract was created with BioRender.com)
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD), defined as the presence of 5% hepatic steatosis 

and the absence of secondary causes (e.g., excessive alcohol consumption, medications, or 

hereditary conditions), has become the leading chronic liver disease over the last decade, 

currently affecting about 25% of the population worldwide [1]. NAFLD prevalence is 

expected to increase steadily. In most cases, NAFLD development is closely associated with 

metabolic risk factors including obesity, dyslipidemia, type 2 diabetes, and hypertension 

[2]. NAFLD encompasses a spectrum of fatty liver diseases such as nonalcoholic fatty liver 

(NAFL), nonalcoholic steatohepatitis (NASH) and cirrhosis that indicates the impaired liver 

function caused by the formation of scar tissue. NASH is defined by steatosis along with 

hepatocyte damage (hepatocyte ballooning), lobular inflammation, and varying degrees of 

fibrosis [3]. Persistent NASH could progress to cirrhosis, hepatocellular carcinoma (HCC), 

and liver failure [4]. It is estimated more than 20% of patients with NASH will develop 

cirrhosis in their lifetime, which may be the major cause for liver transplants in the US 

within the next few years [5]. In addition to hepatic complications, NASH patients have 

a higher risk of developing extrahepatic diseases, for example cardiovascular disease and 

diabetes [6]. Despite its health threat and economic burden in the society, there is currently 

no effective therapy for NASH.

Chen et al. Page 2

FASEB J. Author manuscript; available in PMC 2024 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://biorender.com/


Innate immunity is a major contributor to NAFLD progression, in which macrophages are 

found as the primary mediators of inflammatory response in NASH. Besides, macrophages 

can promote or attenuate NASH fibrosis based on their polarization status between 

proinflammatory and reparative phenotypes [7]. Macrophage specific biomarkers and 

pharmacological agents show promise for the diagnosis and treatment of inflammation and 

fibrosis in NASH [8]. In NAFLD, macrophages are mainly activated by lipids and lipid 

metabolites, gut-derived endotoxins, and hepatocellular damage-associated molecules [7]. 

Lipid accumulation within the liver promotes the formation of certain lipotoxic species 

that results in cellular toxicity (ER stress and hepatocellular injury), a process termed as 

“lipotoxicity” that is proposed to be the central pathogenesis of NASH [9,10]. Importantly, 

lipotoxicity promotes inflammation and the fibrosis process, as these lipotoxic molecules 

could act on Kupfer Cells (KCs), liver residency microphages, and stellate cells, that are 

responsible for hepatic fibrosis and activation of the cell signal transduction pathways [10]. 

Cholesterol is a potential lipotoxic molecule and the addition of excessive cholesterol to 

a high-fat diet in mouse models causes increased disease severity of NASH [11,12]. Low-

density lipoproteins (LDL) are taken in by KCs through the LDL receptor (LDLR), while 

oxidized low-density lipoprotein (oxLDL) can be taken in by the scavenger receptors (CD36 

and SR-A) on the cells, resulting in lysosomal cholesterol accumulation and triggering 

inflammatory response [13]. Recent studies suggest that exposure of KCs to a high level 

of cholesterol causes activation of the NLRP3 inflammasome, leading to the production 

of proinflammatory cytokines and pyroptosis of hepatocytes [14]. Regarding cholesterol-

induced NASH, the specific molecular mechanisms involved in cholesterol metabolism, 

production of proinflammatory genes and activation of the signaling pathways remain to be 

elucidated.

Ribonuclease L (RNase L) is an interferon (IFN)-inducible enzyme, classically functioning 

in the 2'-5' linked oligoadenylates (2-5A)/RNase L system of IFN against viral infection 

and cell proliferation [15]. Upon activation by 2-5A, RNase L cleaves both viral and 

host RNAs, inducing cell apoptosis and blocking viral replication [16,17]; the small RNA 

fragments produced by cleavage of target RNAs also initiate signaling events that enhance 

the production of IFN, promoting innate immune responses [18]. It has been reported 

that RNase L in immune cells activates the NLRP3 inflammasome during viral infection, 

subsequently triggering self-cleavage of procaspase-1 and producing IL-1β [19]. Tissue 

distribution analysis revealed that RNase L is highly expressed in the spleen, thymus and 

immune cells such as macrophages, suggesting a role of RNase L in the immune system 

[20]. In our previous study, we have demonstrated that RNase L mediates macrophage 

function through regulating the expression of pro- and anti-inflammatory genes, such as 

IL-1β, IL-10, TGF-β, CCL2, and Cox-2 after stimulation with lipopolysaccharides (LPS) 

[21]. Furthermore, we have recently found that RNase L mediates LPS-induced immune 

responses independent of its nuclease activity, and RNase L deficiency attenuates the TLR4 

signaling pathway [22]. Studies have unraveled that RNase L plays an important role in 

various human diseases such as cancer [23], cardiac injury [24], acute lung injury [22] 

and diabetes [20] because of its functions in apoptosis, regulation of proinflammatory gene 

expression and immune responses. Previously, we have also reported that RNase L functions 

as an essential regulator of adipogenesis and controls terminal adipocyte differentiation and 
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lipid storage, suggesting that RNase L is involved in lipid metabolism-associated diseases 

[25].

In this study, we fed RNase L WT and KO mice with a high fat and high cholesterol diet 

(HFHCD) for different times and investigated the role of RNase L in the development of 

NAFLD. We monitored the body weight gain, analyzed the biochemical parameters and 

immune factors, performed complete blood count (CBC) and evaluated the histological 

alternations in the livers. The results show that RNase L WT mice exhibited significantly 

more severe NASH through regulating the expression of some key genes in lipid 

metabolism, inflammation, and fibrosis signaling, suggesting that RNase L may be a novel 

target for the design of therapeutic approaches to treat NAFLD.

2. Materials and Methods

2.1. Animal Treatment

Age-matched (9 and 11-months-old) male RNase L WT and KO mice (n = 8/each group) 

in the C57BL/6 background were fed with a High-Fat-High-Cholesterol Diet (HFHCD) 

(Envigo, TD160279, Protein 17.3%, carbohydrate 46.7%, Fat 21.2%, cholesterol 2%) either 

for 12 weeks (9, 11-months-old mice) or 22 weeks (9-months-old mice) to induce NAFLD 

and NASH. The mice were weighed every week. After the termination of the experiments, 

the mice were euthanized by CO2 inhalation and the blood was collected by a heart 

puncture. Then, a cardiac lavage with PBS (10 ml) was used to remove the remained blood 

in the tissues. The livers were dissected, and the right lateral lobes of liver tissues were cut 

and fixed in 10% neutral buffered formalin for at least 48 hours before histological analysis; 

the rest of the liver tissues were put on dry ice immediately and stored at −80°C for analysis 

later. This study was carried out in strict accordance with the recommendations in the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

protocol (21149-ZHO-AS) was approved on January 4th, 2021, by the Institutional Animal 

Care and Use Committee (IACUC) of Cleveland State University.

2.2. Mouse Liver Histology and immunohistostaining Analyses

After fixed in the 10% neutral buffered formalin for at least 48 hours, liver tissues 

with the same location and size were excised and subjected to gradient dehydration 

and paraffin embedding. The prepared wax blocks were mounted on a microtome and 

sectioned at 5μm thickness. The slices were affixed to the microscope slides and dried, 

then deparaffinized through two changes of xylene, followed by rehydration and staining 

with Hematoxylin & Eosin or Masson’s Trichrome staining (Cat#: ab245880 and ab150686, 

Abcam, Waltham, MA, USA) using standard methods. The stained liver sections were 

microscopically examined for infiltration of immune cells and morphological alternations. 

For immunohistostaining, the tissue sections were deparaffinized and rehydrated prior to 

heat-reduced antigen retrieval in a Barton Pressure Cooker with Sodium Citrate buffer 

containing 10mM Sodium Citrate, 0.05% Tween 20, pH 6.0 exactly according to the 

literature method (www.abcam.com/technical). Subsequently, slides were blocked in the 

blocking solution containing 1 x TBST with 5% Normal Goat Serum (Cat#: #5425, 

Cell Signaling, Danvers, MA, USA ) for one hour, and incubated with rabbit monoclonal 
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antibodies with a dilution of 1/200 against CD4, CD8, and F4/80 (Cat#: 25229S for 

CD4; 98941S for CD8 and 70076S for F4/80, Cell Signaling) respectively, followed by 

incubation with the SignalStain® Boost IHC Detection Reagent that contains a specific 

HRP-conjugated antibody for rabbit IgG (Cat#: 8114S, Cell Signaling). Color reaction was 

obtained by subsequent incubation with a diaminobenzidine (DAB) chromogen substrate 

(SignalStain® DAB Substrate Kit; Cat#:8059S, Cell Signaling). The images were examined 

with the magnifications at 10 x and 20 x under a Revolve microscope (ECHO, San Diego, 

CA, USA) at the Center for Gene Regulation in Health and Diseases (GRHD), Cleveland 

State University.

2.3. Liver Biochemistry Analysis

The whole blood from mice was drawn by a heart puncture using 23-gauge or larger size 

needles and centrifuged at 1,000 g for 10 minutes at 4°C, and the top plasma layer was 

collected without disturbing the buffy coat for liver biochemical tests, which were done 

within 2 hours. The levels of glucose, total cholesterol, triglyceride, alanine transaminase 

(ALT), and aspartate transaminase (AST) in plasma were analyzed using commercially 

available slides (Dri-Chem Slides, Heska, Loveland, CO, USA) by a Veterinary Chemistry 

Analyzer (Element DC5X, Heska) at GRHD.

2.4. Complete Blood Count (CBC)

The whole blood collected from mice was transferred into a purple-top collection tube 

containing the K salt of ethylenediaminetetraacetic acid (EDTA). The complete blood count 

was analyzed by the veterinary hematology analyzer (Element HT5, Heska) at GRHD.

2.5. Western Blot Analysis

The liver tissues were homogenized in the ice-cold Triton X-100 lysis buffer containing 

50mM Tris-HCl (pH 7.5), 150mM NaCl, 20mM NaF, 1% Triton X-100, 10mM β-glycerol 

phosphate, 10mM Vanadate and 1 μM protease inhibitors (Cat#:539131, Millipore Sigma, 

Burlington, MA, USA ) by using a tissue grind pestle, followed by sonication with a 

Branson Digital Sonifier at 0.5 Pulse on/off for 3 seconds on ice. The homogenates were 

centrifuged at 14,000 g for 20 minutes at 4°C. After centrifugation, the tissue extracts 

(100 μg per sample) were fractionated on 10% SDS-polyacrylamide gels and transferred 

to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 

5% nonfat milk in Tris-buffered saline with 0.2% (v/v) Tween- 20 (TBST), and incubated 

with different primary antibodies overnight at 4°C. These primary antibodies for NLRP3, 

Caspase-1, HMGCR, Notch-2, COL1A1 and α-SMA were purchased from Cell Signaling; 

and for MMP9 and GAPDH were from Abcam and Santa Cruz (Dallas, TX, USA). The 

membranes were then washed with TBST for 10 min/ 3 times and incubated with specific 

HRP-linked secondary antibodies (Cell Signaling) for 1 hour at room temperature. After 

washing, the proteins were detected by a chemiluminescent reagent (Cat#: PI80196, Pierce, 

Rockford, IL, USA) according to the manufacturer’s specification.
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2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

IL-1β, CCL2, TNF-α, TGF-β and IL-10 in the plasma and liver tissue extracts were 

measured by ELISA with commercially available kits (Invitrogen and Thermo Fisher 

Scientific, Waltham, MA, USA). According to the manufacturer’s instruction, flat bottom 

96-well ELISA plates were incubated with a capture antibody overnight at 4°C. After 

incubation, the plates were washed and incubated with the blocking buffer provided with 

the kit at room temperature (RT) for 1 hour, and then incubated with protein standards 

and samples overnight at 4°C. After washing, the specific biotin-conjugated detection 

antibody was added to each well and incubated at RT for 1 hour, followed by washing 

and incubating with avidin-HRP for 30 minutes. Then, substrates containing 3, 3’ 5, 5’-

tetramethylbenzidine (TMB) were added and incubated for 15 minutes. The reaction was 

terminated by adding 50 μl of a stop solution (2 N H2SO4) to each well. Plates were read in 

a SpectroMax iD3 microplate reader (Molecular Devices, San Jose, CA, USA) at 450 nm.

2.7. Statistical Analysis

GraphPad Prism Software Version 8.4.0 (GraphPad Software Inc., San Diego, CA, USA) 

was used for statistical analysis. For experiments involving 2 groups, paired nonparametric 

t-tests (two-tailed) were performed. For experiments involving 3 or more groups, data were 

evaluated using two-way ANOVA with multiple comparison tests. Unless otherwise stated, 

data are expressed as mean ± SEM. The number of animals or measurements in each 

group is indicated in the figure legends. The significance level was set at p<0.05 for all 

comparisons. IHC Images were compared using Image J to quantify the stained areas. Cells 

quantified in the immune-stained liver section images were presented as the percentage of 

F4/80+ (or CD4+, CD8+) cells per field (10× objective). For all analyses, we quantified 6 

randomly chosen fields per section per mouse. The same threshold settings were used for all 

analyses.

3. Results

3.1. RNase L deficency alleviated NAFLD in mice fed with HFHCD

To determine the effect of RNase L on the development of NAFLD, RNase L WT and 

KO mice were fed with HFHCD for 12 and 22 weeks (designated as 12w and 22w). We 

performed H&E staining of the liver tissue sections to characterize the histopathological 

changes (Figure 1). For the 12w-HFHCD group, both types of mice developed to NASH 

as evidenced by increased oil droplets in the livers. However, the outcomes in WT mice 

were obviously more severe. Liver tissues from WT mice showed significant widespread 

macro-vesicular steatosis, hepatocyte ballooning degeneration, and portal and intralobular 

inflammation. By contrast, in RNase L KO mice, steatosis is most intense around the 

periportal areas, and portal inflammation was clearly mild. For the 22w-HFHCD group, 

the degree of steatosis seemed to decrease because of less fatty droplets observed, but 

inflammation was widely spread in both RNase L WT and KO mice as reflected by 

infiltrated immune cells as indicated with arrows. Overtly, more infiltrates were present 

in RNase L WT mice than that in KO mice.
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To determine the identity of these infiltrated immune cells, immunohistochemistry (IHC) 

staining for macrophage/KCs maker F4/80 (Figure 2A) and T lymphocyte subtypes CD4+ 

and CD8+ (Figure 2B and 2C) were performed on the liver sections from the mice. Our 

data showed that the numbers of F4/80+ macrophage/KCs, CD4+ T cells (T helper cells) 

and CD8+ T cells (cytotoxic T cells) were decreased in the livers of RNase L KO mice 

in compared to WT mice in both 12w- and 22w-HFHCD groups. Relative quantification 

by using the image J software indicated that F4/80 positive cells were 13.7% and 13.9% 

in RNase L WT mice compared to 7.23% and 7.1% in RNase L KO mice after fed with 

HFHCD for 12 and 22 weeks (Figure 2D). Specifically, livers from RNase L WT mice 

showed more hepatic crown-like structures (hCLS), clusters of macrophages aggregated 

around the remnant lipid droplets of steatotic dead/dying hepatocytes including cholesterol 

crystals [26], which is a prominent histological feature of NASH [27]. Portal inflammation 

is strongly associated with progressed NASH [28]. The populations of CD4+ and CD8+ 

cells were significantly higher, which are 6.5% and 2.85%, in the livers of RNase L WT 

mice compared to 1.72% and 0.65% in RNase L KO mice with HFHCF for 12 weeks. 

Interestingly, the populations of CD4+ and CD8+ cells were dramatically down in both types 

of mice fed with HFHCD for 22 weeks (Figure 2D), in which CD4+ and CD8+ T-cells 

were 0.72% and 1.15% in RNase L WT mice compared to 0.35% and 0.59% in RNase 

L KO mice. Overtly, T-cell associated immune responses mainly occurs in the early stage 

of NAFLD. Taken together, our results demonstrated that CD4+ seemed to be the relative 

dominant cell types compared to CD8+ T cells in portal inflammatory infiltrates during 

NASH. These findings suggest an important role of RNase L in mediating immune cell 

recruitment and liver inflammation in NAFLD.

The trichrome staining of the liver tissue section is commonly used to determine fibrosis 

and the stage of the disorder. It helps in identifying morphological alternations in the 

collagenous tissue of liver cirrhosis [29]. As shown in Figure 3, both RNase L WT and KO 

mice fed with HFHCD for 12 weeks showed a certain degree of periportal fibrosis, although 

the fibrotic status was slightly severe in the liver of RNase L WT mice than that in KO 

mice. After fed with HFHCD for 22 weeks, periportal and perisinusoidal fibrosis was more 

evident in both RNase L WT and KO mice. Clearly, more profound perisinusoidal fibrosis 

was observed in RNase L WT mice, implicating that RNase L plays a role in promoting 

fibrosis.

3.2. RNase L KO mice fed with HFHCD gained more body weight

Impaired lipid metabolism is one of the causes in development of NAFLD and studies have 

revealed that obesity is closely associated with an increased risk of fibrosis progression. 

To determine if RNase L is involved in lipid metabolism, we determined the body weight 

(BW) changes for both types of mice under HFHCD and the liver weight at the endpoint of 

the experiments. RNase L deficient mice gained more body weight than WT mice (Figure 

4). However, there were no significant differences in the liver/BW ratios between WT and 

RL-KO mice, though WT slightly had higher liver/BW ratios at the endpoint. The complete 

statistical data of BW changes and the liver/BW ratios of mice are shown in Table 1. Bothe 

types of male mice (9-months-old) were fed with HFHCD for 22 weeks. At the end point, 

RNase L KO mice gained around 16.83 grams of BW which was equivalent to an increase 
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of 50.13% of their original BW compared to that WT mice gained around 11.86 grams of 

BW, which was equivalent to an increase of 28.94% of their original BW. To further confirm 

the result, we used a little older mouse to repeat the experiment. Bothe types of male mice 

(11-months-old) were fed with HFHCD for 12 weeks, RNase L KO mice gained around 

10.38 grams of BW, which was equivalent to an increase of 23.75% of their original BW, 

while WT mice gained around 6.00 grams of BW, which was equivalent to an increase of 

12.52% of their original BW. The data show that RNase L contributes to lipid metabolism 

and KO mice gain BW much faster, which is consistent with our previous observation [25].

3.3. RNase L deficiency altered liver biochemistry parameters

The liver biochemistry parameters in the blood are commonly evaluated clinically, which 

can be used to assess the liver functions. In this study, plasma glucose, total cholesterol, 

triglyceride, alanine transaminase (ALT), and aspartate transaminase (AST) were measured 

with a Veterinary Chemistry Analyzer (Table 2). Although glucose and total cholesterol 

levels in both types of mice from the 12w-HFHCD group remarkably increased, the level 

of total cholesterol was significantly higher in RNase L KO mice compared to that in WT 

mice (Figure 5 and Table 2). The levels of triglyceride in both types of mice were within 

the normal range. Interestingly, the levels of ALT and AST, two major enzymes clinically 

used to assess the function of the liver, in RNase L WT mice were significantly higher 

than in RNase L KO mice, indicating that hepatocyte damage was more severe in RNase L 

WT mice. However, in the 22w-HFHCD group, the levels of glucose and total cholesterol 

also increased in both genotypes of mice, though no significant difference was observed. 

Surprisingly, the levels of triglycerides were markedly reduced, possibly due to impairment 

in very low-density lipoprotein secretion from the livers [30]. Furthermore, the levels of ALT 

and AST in both types of mice were decreased, which might be associated with decreased 

hepatic steatosis and inflammation, and increased fibrosis. All suggest a broad and severe 

hepatocyte damage causes the loss of liver function and RNase L promotes the event.

3.4. RNase L deficiency affected complete blood count parameters

Complete blood count (CBC) is a blood test used to evaluate overall body health and detect 

a wide range of disorders. Studies have demonstrated that hematological parameters can 

provide useful information for monitoring NAFLD progression [31,32]. As shown in Table 

3, the total WBC counts in both RNase L WT and KO mice in the 12w-HFHCD group were 

elevated beyond the upper limit of the normal range. Though the monocyte counts in both 

types of mice fell in the normal range, the population of monocytes in the blood of RNase L 

WT mice was remarkably higher than that in RNase L KO mice. Interestingly, RNase L WT 

mice fed with HFHCD for 22 weeks had almost the same counts of monocytes, but there 

was a significant difference in the population of total WBC, in particular lymphocytes. The 

total white blood cells (WBC) and lymphocytes were 56% and 43% higher in RNase L WT 

mice than that in KO mice. Most surprisingly, the counts of platelet in RNase L KO mice 

in the 12w-HFHCD group were 21.2% higher than that in RNase L WT mice. However, 

the population of platelets in RNase L WT mice was 62.8% higher than that in RNase L 

KO mice, a complete opposite manifestation, after those mice were fed with HFHCD for 22 

weeks. The cause and biological significance need to be further investigated.
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3.5. RNase L regulated the expression of certain cytokines and chemokines

It has been well established that inflammation promotes the development of NAFLD. 

Cytokines and chemokines play a pivotal role in inflammatory responses. To determine the 

effect of RNase L on the expression of cytokines and growth factors in the development of 

NAFLD, we measured the plasma levels of some critical cytokines or chemokines involved 

in inflammation and fibrosis in both RNase L WT and KO mice after fed with HFHCD. 

As shown in Figure 6, the levels of pro-inflammatory cytokines IL-1β, and chemokines 

CCL2, were substantially higher in WT mice compared to that in RNase L KO mice in 

the 12w-HFHCD group. In particular, the level of CCL2 remained 4-fold higher in the 

plasma of RNase L WT mice than that in RNase L KO mice although its levels were 

remarkably increased in both type of mice after fed with HFHCD for 22 weeks, indicating 

that the excessive expression of CCL2 regulated by RNase L may be one of the target 

molecules contributing to the severity of HFHCD-induced fibrogenesis. Furthermore, the 

levels of TGF-β, a fibrogenic factor, were remarkably increased but significantly higher 

in RNase L WT mice than that in RNase L KO mice. Interestingly, significantly higher 

levels of anti-inflammatory IL-10 were also observed in RNase L WT mice, though the 

physiological role of the enhanced IL-10 production in the lipid-induced hepatic fibrosis is 

largely unknown.

3.6. RNase L regulated the expression of some key genes in lipid metabolism, 
inflammation, and fibrotic signaling

Several signal pathways and effectors are believed to be involved in liver fibrogenesis. To 

determine if RNase L affects the pathogenesis of liver fibrosis, we analyzed the expression 

of some key genes in lipid metabolism, inflammation, and the activation of the signaling 

pathways associated with fibrosis. Liver tissue extracts prepared from RNase L WT and KO 

mice after fed with HFHCD for 12 and 22 weeks were subjected to immune blot analyses 

with antibodies against the selected target molecules. As shown in Figure 7, the expression 

of HMGCR, NLRP3, Caspase-1, Notch2 and MMP9 were markedly upregulated in RNase L 

WT mice of both 12w- and 22w-HFHCD groups. Moreover, the expression of Col1a1 was 

significantly higher expressed in the livers of RNase L WT mice in the 22w-HFHCD group, 

implicating the overproduction of collagen occurred, which may explain the severe status of 

fibrosis.

4. Discussion

NAFLD is excessive fat build-up in the liver without another clear cause such as alcohol 

use. It can progress to NASH, which may eventually lead to complications such as cirrhosis, 

liver cancer and liver failure, recognized as a major cause of the end-stage liver disease 

[33]. However, the molecular mechanism underlying the progression from simple steatosis 

to NASH is not well elucidated. Disrupted lipid homeostasis is a major cause of NAFLD. 

Several NAFLD models based on varying dietary manipulations have been developed [34]. 

The most popular one is to use a high cholesterol diet to induce a pronounced NASH 

phenotype in animal models [35-37]. In this study, we fed RNase L WT and KO mice 

with a high-fat diet containing 2% cholesterol for 12 and 22 weeks. The pathophysiological 

alternations and the development of NAFLD were monitored and analyzed in these mice. 
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The histological results showed that RNase L WT mice exhibited significantly more 

severe NASH, evidenced by widespread macro-vesicular steatosis, hepatocyte ballooning 

degeneration, inflammatory infiltrates, and fibrosis, suggesting that RNase L may be a 

potential target for lipid induced NAFLD progression and treatment of this disorder.

RNase L KO mice gained more body weight with about a 20% higher total cholesterol 

level than that in WT mice after fed with HFHCD for 12 weeks. However, there was no 

significant difference in the total cholesterol level between the two types of mice fed with 

HFHCD for 22 weeks. Surprisingly, the expression of HMGCR was dramatically higher in 

the livers of RNase L WT mice than that in RNase L KO mice although the cholesterol 

level in the plasma of RNase L KO mice was slightly higher after fed with HFHCD for 

12 weeks. However, the physiological significance of the observation was largely unknown. 

It implicates that RNase L may be involved in suppressing the HMGCR degradation in 

the feedback regulation of cholesterol synthesis [38]. Interestingly, the levels of ALT and 

AST were remarkably increased in the mice fed with HFHCD, but they were significantly 

higher in RNase L WT mice than that in RNase L KO mice. The release of ALT and AST 

reflects the hepatic damage and inflammation, clinically used as one of the golden standards 

for assessing the function of the liver and indicating liver disease. The results suggest that 

feeding with HFHCD is able to induce liver damage and presence of RNase L can severe the 

event.

Inflammation in the absence of infection is as an important risk factor leading to liver 

injury in various acute and chronic liver disorders. During the pathogenesis of NAFLD, 

the activation of the NLRP3 inflammasome plays a vital role in the progression to NASH 

and cirrhosis [39]. The NLRP3 inflammasome activation promotes a wide range of immune 

responses including increased expression of proinflammatory cytokines and chemokines 

with the subsequent recruitment of immune cells and induction of cell death. Furthermore, 

studying the molecular mechanism underlying the contribution of NLRP3 to the progress 

of NASH reveals that assembly of NLRP3 with pro-Caspase-1 leads to cleavage of the 

latter into its active form, resulting in activation of some proinfmmatory cytokines such 

as IL-1β and triggering apoptosis [40]. It has been reported that viral infection-activated 

NLRP3 involves the 2-5A synthetase (OAS)/RNase L system, a component of the IFN-

induced antiviral response that senses double-stranded RNA and activates RNase L to 

cleave viral and cellular RNAs. Interestingly, the levels of NLRP3 and caspase-1 were 

significantly higher in the livers of RNase L WT mice than that in RNase L KO mice 

after fed with HFHCD. Furthermore, the remarkable higher level of IL-1β in the plasma 

of RNase L WT mice was consistent with the outcome [19,41]. CCL2 is associated with 

monocyte/macrophage infiltration in the livers of patients with NASH and murine models of 

steatohepatitis and fibrosis [42,43]. Previously, we have reported that RNase L is necessary 

for CCL2 production in macrophages upon induction with LPS [21]. In this study, the levels 

of CCL2 in the plasma of RNase L WT mice after fed with HFHCD for 12 and 22 weeks 

were 4 and 2.4-fold higher than that in RNase L KO mice under the same condition. IL-10 

displays the anti-fibrogenesis role in multiple organs including liver. However, the level of 

IL-10 was significantly higher in the plasma of RNase L WT mice fed with HFHCD. The 

role of IL-10 in this circumstance is largely unknown, which warrants further investigation. 

Taken together, our results suggest that RNase L contributes to the progressing of NASH, at 
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least in part, through upgradation of the NLRP3 inflammasome and other proinflammatory 

cytokines and chemokines, promoting inflammation in the liver.

NAFLD is a complex heterogeneous disease in which the histological features result from 

multiple nutritional and environmental exposures on a susceptible genetic background [44]. 

The observation that RNase L KO mice were more prone to accumulate fat than RNase L 

WT mice after fed with HFHCD seemed contradictory with the histological findings that 

WT mice developed more severe NASH. However, the correlation between weight gain 

and pathological phenotype in RNase L WT and KO mice fed with a high cholesterol 

diet is also unclear. Studies using different concentrations of a cholesterol diet show that 

mice fed a high-fat diet supplemented with 2% cholesterol have increased inflammation 

and fibrosis in the liver, while obesity, insulin resistance, and glucose intolerance are less 

pronounced compared to mice fed a chew diet [45]. Consistently, mice fed obesogenic 

diets with higher cholesterol levels, such as 1.5% and 2%, exhibited similar impairments 

in the liver [46,47]. It has well demonstrated that multiple factors and various signaling 

pathways such as TGF-1β, Col1a1, MMP9 and Notch2 are involved in the development of 

NAFLD, particularly progressing to NASH and fibrosis [48-52]. Our data show that TGF-1β 
is significantly higher in the plasma of RNase L WT mice than that in RNase L KO mice fed 

with HFHCD for 22 weeks. Furthermore, the expression of Col1a1, MMP9 and Notch2 in 

the livers of RNase L WT mice fed with HFHCD was markedly upregulated in compared to 

that in RNase L KO mice. All together suggest that RNase L, one of the key enzymes in the 

IFN functions against viral infection and cell proliferation, may play a pleiotropic role in the 

pathogenesis of NAFLD caused by abnormal nutrition and environment.

In summary, understanding the progression of NAFLD from simple hepatic steatosis to 

NASH has important physiological and clinical implications. Here we show evidence that 

RNase L may contribute to the progression of NASH by mediating metabolic activity, 

immune response, and tissue remodeling after liver injury. In contrast to the current dogma 

that RNase L mainly functions as a ribonuclease in the IFN action against viral infection, 

the results from the present study have advanced our knowledge about its diverse biological 

functions in human diseases. Currently, neither an efficient, accurate method can be used 

to evaluate and ensure a timely trial-inclusion, lifestyle prevention, and complications 

surveillance for these high-risk patients, nor pharmacological intervention therapy has been 

developed to treat NASH or related complications. Thus, our findings suggest that RNase L 

may be a novel target for NAFLD. Undoubtedly, more studies on the function of RNase L in 

the pathogenesis of NASH would provide promising solutions to the current problems.
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Figure 1. H&E staining of liver tissues from HFHCD-fed mice
Age-matched adult male RNase L WT and KO mice (n=8/group) were fed with HFHCD 

containing 2% cholesterol for either 12 or 22 weeks. Histological changes in the liver 

structures after fed with HFHCD are shown. Representative images of H&E stained sections 

of liver tissues are present at 10× and 20× magnifications. Black arrows indicate the 

infiltrated immune cells (blue).
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Figure 2. Infiltration of immune cells in the livers of mice fed with HFHCD
Immune cells were infiltrated into the livers of RNase L WT and KO mice fed with HFHCD 

containing 2% cholesterol for either 12 or 22 weeks. The cell types were identified by 

immunohistostaining with (A) F4/80, (B) CD4, and (C) CD8. Representative images are 

present at 10× and 20× magnifications. Black arrows indicate the infiltrated immune cells. 

(D) Quantification of positive cells per field (10X objective). Values are present as means ± 

SEM (****p < 0.0001).
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Figure 3. Trichrome staining of liver tissues from mice fed with HFHCD
Age-matched adult male RNase L WT and KO mice (n=8/group) were fed with HFHCD 

containing 2% cholesterol for either 12 or 22 weeks. The fibrotic status in the liver 

tissues after fed with HFHCD is shown (blue). Representative images of Trichrome staining 

processed sections of liver tissues are present at 10× and 20× magnifications.
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Figure 4. Bodyweight and liver/body weight ratio of mice fed with HFHCD
RNase L WT and KO mice (n= 8/group) were fed with HFHCD for either 12 (A-C) or 22 

(D-F) weeks, and the mice were weighed every week; values are means ± SEM (*p < 0.05, 

**p < 0.01, ***p < 0.001).
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Figure 5. Liver biochemistry parameters of mice fed with HFHCD
RNase L WT and KO mice (n=6/group) were fed with HFHCD for either 12 or 22 

weeks. Plasma biochemistry parameters for the liver function were analyzed by a veterinary 

chemistry analyzer; values are means ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001).
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Figure 6. Levels of certain cytokines and chemokines in the plasma of mice fed with HFHCD
RNase L WT and KO mice (n=7-8/group) were fed with HFHCD for either 12 or 22 weeks. 

Cytokines in plasma were analyzed by ELISA; values are means ± SEM (*p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001).
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Figure 7. Expression of key genes involved in cholesterol metabolism, inflammation, and fibrosis 
pathways in the livers of mice fed with HFHCD.
Tissue extracts (100 mg protein/ each sample) prepared from the livers of RNase L WT 

and KO mice fed with HFHCD for either 12 or 22 weeks were analyzed by Western blot 

with antibodies against HMGCR, NLRP3, Caspase-1, Notch 2, α-SMA and COL1A1 (Cell 

Signaling); MMP9 (Abcam). GAPDH (Santa Cruz) was used for protein normalization. The 

same control was used for MMP9/α-SMA or NLRP3/Caspase-1in each of the experiments.
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