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Abstract
The activation of innate immune system is essential for the pathogenesis of nonalcoholic steatohepatitis
(NASH). Among pattern recognition receptors, it is well-characterized that toll-like receptors (TLRs) are
deeply involved in the development of NASH to re�ect exposure of the liver to gut-driven endotoxins. In
contrast, it has not been elucidated whether retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) are
similarly implicated in the disease progression. In the present study, we examined the expression of
melanoma differentiation-associated antigen 5 (MDA5), known to be a member of RLRs, in a diet-induced
murine model of NASH using western blotting and immunohistochemistry (IHC). The results of western
blotting showed that hepatic expression of MDA5 was signi�cantly increased 6 weeks after choline-
de�cient L-amino acid-de�ned high-fat diet (CDAHFD). In IHC, MDA5-positive cells co-express F4/80 and
CD11b, indicating they were activated macrophages, and these cells began to appear at 1 week after
CDAHFD. Additionally, we performed IHC using liver biopsy specimens collected from eight patients with
nonalcoholic fatty liver diseases (NAFLD), and found that MDA5 was expressed in CD11b-positive
macrophages in six out of eight patients. The lobular in�ammation score of NAFLD activity score tended
to be higher in MDA5-positive cases than in MDA5-negative cases. Our �ndings suggest that MDA5 may
be involved in the in�ammation of NASH.

Introduction
Nonalcoholic fatty liver disease (NAFLD) is one of the most common liver diseases characterized by
hepatic damage due to the excessive fat accumulation. NAFLD consists of nonalcoholic fatty liver
(NAFL) and nonalcoholic steatohepatitis (NASH), and the latter is a more severe condition that can be a
cause of liver cirrhosis and hepatocellular carcinoma (HCC). The multiple parallel hit theory is widely
accepted as a mechanism of disease progression (1). Thus, hepatic in�ammation appears at the same
time or prior to steatosis, based on increased adipokines and gut dysbiosis. Adipokines such as tumor
necrosis factor (TNF)-α, interleukin (IL)-6, and leptin released from hypertrophied adipocytes are involved
not only in systemic microin�ammation, but also in the development of insulin resistance. Additionally,
intestinal barrier dysfunction and dysbiosis cause exposure of the liver to gut-driven endotoxins via the
portal vein (2). These molecular mechanisms are thought to result in the onset and progression of NASH
(3).

Hepatic macrophages are indispensable for the removal of exogenous antigens and activation of the
immune system. They comprise of different subsets of cells, including resident macrophages, Kupffer
cells (KCs), and monocyte-derived macrophages (MDMφ). KCs originate from yolk sac-derived progenitor
cells, while MDMφ are derived from the bone marrow and differentiate from monocytes (4). KCs are
characterized by CD11blow, F4/80high and Clec4F+, whereas MDMφ are characterized by CD11b+,
F4/80int, Ly6C+ and CSF1R+ in mice (4). Following liver injury, CD11b+ F4/80+ MDMφ are massively
recruited into the liver (5).
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Pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) play a key role in the activation of
macrophages. KCs promote TLR4-mediated TNF-α production in response to lipopolysaccharide (LPS)
derived from the gut microbiota (6). In�ltrated macrophages are signi�cantly decreased in the liver of
TLR4-de�cient mice (7). Therefore, TLR4 signaling is thought to be critical for NASH pathogenesis (6). In
contrast, the involvement of retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) in NASH remains
unknown. Melanoma differentiation-associated gene 5 (MDA5) is a member of the DExH RNA helicase
family of proteins as well as RIG-I, and functions as a cytoplasmic sensor of double-stranded RNA (8).
MDA5 is also known to be an interferon (IFN)-stimulated gene (ISG) and has been implicated in chronic
in�ammation besides viral infection. We have previously reported that MDA5 is expressed in the gastric
mucosa infected with Helicobacter pylori (9). Moreover, the increased expression of MDA5 was detected
in the renal tissues in lupus nephritis and IgA nephropathy (10). Recently, growing evidence suggests an
association of MDA5 with autoimmune diseases via upregulation of type I IFN signaling (11). These
results indicate that MDA5 is implicated in a wide range of in�ammation, including sterile in�ammation.
Although MDA5 may be associated with metabolic in�ammation, including NASH, there have been no
reports regarding the expression of MDA5 in NAFLD. Herein, we examined MDA5 expression in a diet-
induced murine model of NASH and in eight patients with NAFLD, and found that MDA5 was expressed in
activated macrophages in the liver of NASH patients.

Materials And Methods

Materials
A rabbit polyclonal anti-MDA5 antibody (#29020) and a rabbit polyclonal anti-GAPDH antibody (#2118)
were purchased from Immuno-Biological Laboratories (Fujioka, Gunma, Japan) and Cell Signaling
Technologies (Danvers, MA, USA), respectively. A rat polyclonal anti-F4/80 antibody (#MCA497GA) and a
rat polyclonal anti-CD11b antibody (#GTX32495) were purchased from Bio-Rad Laboratories (Hercules,
CA, USA) and GeneTex (Irvine, CA, USA), respectively. Alexa Fluor 488 anti-rabbit IgG antibody (A11008),
Alexa Fluor 594 anti-rat IgG antibody (A21471), and 4’6’-diamidino-2-phenylindole (DAPI) were from
Thermo Fisher Scienti�c (Rockford, IL, USA). Recombinant human TNF-α was purchased from Roche
Diagnostics (Manheim, Germany). Lipopolysaccharide (LPS) from Escherichia coli was obtained from
Sigma Aldrich (St. Louis, MO, USA). NucleoSpin RNA kit was purchased from Macherey-Nagel GmbH &
Co. KG (Düren, Germany). M-MLV reverse transcriptase and oligo(dT)12−18 were from Invitrogen (Federick,
MD, USA). THUNDERBIRD Next SYBR qPCR mix was purchased from Toyobo (Osaka, Japan).
Polyvinylidene �uoride (PVDF) membranes and Luminata Crescendo Western HRP substrate were from
Merck Millipore (Burlington, MA, USA).

Animal Study
Male C57BL/6J mice (8 weeks old) were obtained from CLEA Japan (Tokyo, Japan). All mice were
maintained on a 12-hours light/dark cycle at 22°C in a speci�c pathogen-free environment. After 1 week
of acclimation, the mice were divided into a normal chow (NC) group and a choline-de�cient, L-amino
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acid-de�ned high-fat diet (CDAHFD) (#A06071302, Research Diets Inc., New Brunswick, NJ, USA) group
(12). After 1 or 6 weeks, mice were sacri�ced and livers were harvested for histological and biochemical
analyses. All animal experiments were conducted in accordance with the Guidelines for Animal
Experimentation of the Hirosaki University (Permit number: M20016).

Cell Culture
THP-1, a human monocytic leukemia cell line, was cultured in Roswell Park Memorial Institute
(RPMI)1640 medium supplemented with Glutamax™ (Thermo Fisher Scienti�c, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS), 100 mg/mL penicillin, and 100 mg/mL streptomycin under 5%
CO2 at 37°C. To differentiate into macrophage-like cells, THP-1 cells were treated with 10 ng/mL of
phorbol 12-myristate 13-acetate (PMA) for 48 h. After another 24 h of incubation without PMA, the cells
were stimulated with LPS or TNF-α for 24 h.

RNA Isolation and real-time quantitative PCR (qPCR)
Total RNA was extracted from THP-1 cells and murine liver tissues using a NucleoSpin RNA kit according
to the manufacturer’s instructions, and cDNA was synthesized using the oligo(dT)12− 18 primer and M-
MLV reverse transcriptase. A qPCR was performed using a Bio-Rad CFX real-time PCR thermocycler with
THUNDERBIRD™ Next SYBR® qPCR mix. The sequences of primers used are listed in Table 1. Each
sample was run in triplicate.

Western Blotting
THP-1 cells and murine liver tissues were lysed with RIPA buffer containing 0.2% proteinase inhibitors,
and the lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The supernatants were collected, and
after determination of the protein concentration using BCA Protein Assay Reagent, equal amounts of the
protein were loaded on a 10–20% sodium dodecyl sulfate (SDS) polyacrylamide gel for electrophoresis.
The separated proteins were transferred onto a PVDF membrane. After the membranes were blocked with
Tris-buffered saline with Tween 20 (TBS-T, pH7.4) containing 5% nonfat dry milk, they were incubated
overnight at 4°C with a primary antibody against MDA5 (1:1000) or GAPDH (1:2000). The membranes
were then incubated with an HRP-conjugated secondary antibody for 1 h at room temperature.
Immunodetection was carried out using Luminata Crescendo substrate. The density of each band was
measured using the ImageJ software (13).

Histological Analysis
Liver samples were obtained from eight patients (mean age 49.0 ± 10.3) who had undergone ultrasound-
guided liver biopsy for the diagnosis of NASH at the Hirosaki University Hospital. The biopsy specimens
were �xed in 10% formalin and embedded in para�n. The sections were subjected to conventional
hematoxylin and eosin (H&E) staining and the NAFLD activity score (NAS) was evaluated based on
Kleiner’s criteria (14). The mean NAS of the eight patients was 4.4 ± 0.2 (steatosis 2.0 ± 0, lobular
in�ammation 1.5 ± 0.2, ballooning 0.9 ± 0.1). In addition, two patients who underwent liver biopsy for
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metastatic liver tumors without any existing liver diseases were included in this study, and the uninvolved
area in the specimen was regarded as a normal control.

This study was approved by the Ethics Committee of the Hirosaki University Graduate School of Medicine
(Permit number: 2018 − 152).

Immunohistochemistry (IHC)
After heat-induced antigen retrieval followed by blocking of endogenous peroxidase with 3% hydrogen
peroxide, the tissue sections were blocked with 5% normal goat serum and 5% BSA in TBS-T for 1 h.
Sections were then incubated with a rabbit anti-MDA5 (1:250) and either a rat anti-F4/80 (1:250) or a rat
anti-CD11b (1:250) antibodies overnight at 4°C. After washing, the cells were stained with Alexa Fluor
488-conjugated anti-rabbit IgG antibody (1:250) and Alexa Fluor 594-congugated anti-rat IgG antibody
(1:250) for 1 h at room temperature. After staining the nuclei with DAPI, the sections were visualized
using confocal laser scanning microscopy (C1si; Nikon, Tokyo, Japan).

Statistical Analysis
All data are presented as the mean ± SEM. Statistical differences were analyzed using Welch’s t-test, one-
way analysis of variance (ANOVA) or chi-squared test. Statistical signi�cance was set at p < 0.05.

Results

Increased expression of MDA5 in the liver of CDAHFD-fed
mice
First, we analyzed MDA5 expression in the livers of CDAHFD-fed mice at 6 weeks. As shown in Fig. 1a,
MDA5 expression was signi�cantly higher in CDAHFD mice than in NC mice. In IHC, the immunoreactivity
of MDA5 was not detected in the liver of NC mice, whereas patchy aggregation of MDA5-positive cells
was detected in the liver of CDAHFD mice (Fig. 1b). Notably, we con�rmed that MDA5-positive cells
accumulated around the large lipid droplets (Fig. 1c). In the liver of NASH, the distinguishing histological
feature is the presence of activated macrophages aggregated arround hepatocytes with fat degeneration
known as “hepatic crown-like structure” (15). To investigate whether these MDA5-positive cells were
macrophages or not, we performed double staining with antibodies against MDA5 and macrophage
markers. As shown in Fig. 2, F4/80 and CD11b were co-expressed with MDA5, indicating that MDA5 was
expressed in the activated macrophages.

Next, we examined whether MDA5 was induced in the early phase of NASH at 1 week. In western blotting,
there was no difference in the expression of MDA5 between NC mice and CDAHFD mice (Fig. 3a),
whereas in IHC, MDA5-positive cells began to appear even at 1 week after CDAHFD (Fig. 3b). We �rst
con�rmed that these cells were CD11b+ (data not shown). qPCR results revealed that MDA5 mRNA was
signi�cantly upregulated at 1 week (Fig. 3c), whereas mRNA expression of proin�ammatory cytokines,
TNF-α, IL-6, and IL-12p40, remained almost unchanged (Fig. 3d, e, f).



Page 7/17

Stimulation with LPS or TNF-α induces the expression of
MDA5 in THP-1 cells
We have previously reported that MDA5 expression is upregulated upon stimulation with LPS or TNF-α in
some cell types (16, 17, 18). To further elucidate the mechanisms mediating MDA5 expression in
macrophages, we used cultured THP-1 cells. As shown in Fig. 4a and 4b, the expression of MDA5 mRNA
was increased in THP-1 cells upon stimulation with either LPS or TNF-α in a concentration-dependent
manner. The expression of MDA5 mRNA reached the maximal level at 4 h after LPS stimulation, and then
decreased gradually, whereas the expression was increased bimodally after TNF-α stimulation (Fig. 4c, d).
Consistently, MDA5 protein level was augmented in a concentration-dependent manner with either
stimulus (Fig. 4e). In contrast, stimulation with saturated fatty acid palmitate (C16:0) failed to induce
MDA5 expression (Supplement. Figure 1a, b). As there was a possibility that some bioactive factors
released from damaged hepatocytes may induce MDA5 expression in macrophages, we co-cultured THP-
1 with HuH-7. However, stimulation of HuH-7 with palmitate did not lead to the increased expression of
MDA5 in THP-1 (Supplement. Figure 1c, d).

Hepatic macrophages express MDA5 in human NAFLD
Finally, we performed IHC with human liver tissues from eight patients with NAFLD and two control
cases. Immunoreactivity of MDA5 was almost undetectable in the controls, whereas MDA5-positive cells
were detected in six out of the eight cases with NAFLD (Fig. 5). These cells co-expressed MDA5 and
CD11b as noted in the examinations in mice, suggesting that the in�ltrating macrophages expressed
MDA5 in human NAFLD also. As MDA5 expression was modest in two of the patients with NAFLD, these
cases were considered as MDA5-negative cases, and we analyzed the histological differences between
MDA5-positive and negative cases (Fig. 6a). There was no difference in NAS, steatosis score, and
ballooning score between the two groups, whereas the lobular in�ammation score tended to be higher in
MDA5-positive cases than in MDA5-negative cases (p = 0.103, chi-squared test) (Fig. 6b, c, d, e). Cases
with NAS ≥ 5, who were considered as de�nite NASH, were all MDA5-positive cases (Fig. 6b).

Discussion
Hepatic macrophages play a key role in maintaining homeostasis and in the disease development in
NAFLD (19). In the present study, we demonstrated that F4/80+ hepatic macrophages express MDA5 in
CDAHFD-fed mice. F4/80+ macrophages are thought to be a heterogeneous cell population. F4/80+

CD11b− CD68+ cells have potent phagocytic activity, whereas F4/80+ CD11b+ CD68+ cells highly produce
proin�ammatory cytokines such as TNF-α and IL-12 in response to LPS (20). Interestingly, resident KCs
undergo apoptosis during the NASH diet, and the loss of KCs is compensated by in�ltrating MDMφ (21).
As MDMφ are known to be CD11b+ (4), it is thought that this subpopulation is in�ltrated MDMφ in NASH
liver. CD11b+ macrophages are involved in high-fat diet-induced insulin resistance (22). Moreover,
depletion of CD11b+ macrophages by exposure to irradiation leads to marked inhibition of liver
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in�ammation regardless of steatosis (23), suggesting that CD11b+ macrophages promote the
in�ammation in NASH. Therefore, it is important to understand the pathogenesis of NASH to elucidate
the precise functions of these subsets of cells. It should be noted that MDA5 was expressed in CD11b+

macrophages and detected at 1 week after CDAHFD, that is, in the early phase of murine NASH. We
con�rmed that the area with steatosis was less than one-third of the liver on average, and that the mRNA
expression of proin�ammatory cytokines had not yet been upregulated at 1 week after CDAHFD. Although
it has not been clari�ed when MDA5 is induced in the macrophages, MDA5 may have an in�uence on the
immunological function of the cells.

MDA5-positive macrophages were detected in the livers of human NAFLD. The immunoreactivity of
MDA5 was positive in more than 70% of human NAFLD cases, and the lobular in�ammation score of
NAS tended to be higher in MDA5-positive cases than in the negative cases, although the difference was
not statistically signi�cant. It can be speculated that the small sample size may have affected the
statistical interpretations. However, there was no difference in the steatosis score, suggesting that
whether MDA5 was expressed in the liver or not was determined by the magnitude of in�ammation, not
the severity of steatosis. In an in vitro study, we showed that LPS and TNF-α could upregulate the MDA5
expression, whereas saturated fatty acid palmitate failed to induce MDA5 in THP-1 cells. These �ndings
are consistent with the results obtained from the analysis of human samples as describe above. As
MDA5 expression may be associated with the phase or degree of in�ammation in human NAFLD, this
molecule represents a potentially useful marker to differentiate NASH from NAFL.

The mechanism through which MDA5 modulates the in�ammation remains to be elucidated. Activated
macrophages secrete a variety of chemokines that in�ltrate immune cells in in�amed sites. We have
previously shown that LPS-induced C-X-C motif chemokine ligand 10 (CXCL10) production is signi�cantly
suppressed by knockdown of MDA5 in human mesangial cells and U373MG human astrocytoma cells
(16, 17). Moreover, MDA5 knockdown resulted in a signi�cant decrease in TNF-α-induced CXCL10
expression in HuH-7 and HLE human HCC cells (18). These results suggest that MDA5 may positively
modulate TLR4 signaling and TNF-α-mediated immune responses. We speculate that MDA5-expressing
MDMφ may exacerbate TLR4- or TNF-α-mediated in�ammation in the liver via MDA5. The functional role
of MDA5 in the pathogenesis of NASH should be further investigated in future studies.

Conclusion
In CDAHFD-fed mice, MDA5 was upregulated in the early phase of NASH. CD11b+ macrophages express
MDA5 in the liver of human NAFLD patients. MDA5 may contribute not only to viral infection but also to
metabolic in�ammation in the liver.
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Tables
Due to technical limitations, table 1 is only available as a download in the Supplemental Files section.

Figures

Figure 1

Expression of MDA5 in the liver of a diet-induced murine model of NASH. (a) Protein levels of MDA5 were
signi�cantly increased 6 weeks after choline-de�cient L-amino acid-de�ned high-fat diet (CDAHFD).
Results are presented as the mean ± SEM of six mice in each group. **p < 0.01 vs. normal chow (NC)-fed
mice. (b, c) Hematoxylin and eosin (H&E) staining and immunohistochemical staining of MDA5 in the
liver sections of NC and CDAHFD mice. Patchy accumulation of MDA5-positive cells was detected in
CDAHFD mice. Original magni�cation: x100. (c) Yellow arrowhead indicates MDA5-positive cells
aggregated around large lipid droplets. Original magni�cation: x200.



Page 13/17

Figure 2

MDA5 is co-expressedwith F4/80 (a), or CD11b (b). Liver sections of CDAHFD mice were subjected to
immunohistochemical staining for MDA5 (green), and either F4/80 (red) or CD11b (red). Cell nuclei were
stained with DAPI (blue). Representative images are shown. Original magni�cation: x200.
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Figure 3

(a) MDA5 protein level remained unchanged at 1 week of CDAHFD. Results are presented as mean ± SEM
of �ve mice in each group. (b) Hematoxylin and eosin (H&E) staining and immunohistochemical staining
for MDA5 in the liver sections of NC and CDAHFD mice. MDA5-positive cells began to appear in CDAHFD
mice at 1 week (yellow arrowhead). Original magni�cation: x100. mRNA expression of MDA5 (c), TNF-α
(d), IL-6 (e), and IL12p40 (f) was analyzed by qPCR. MDA5 mRNA was signi�cantly upregulated in the
liver of CDAHFD mice. Results are presented as mean ± SEM of three mice in each group. **p < 0.01 vs.
NC.
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Figure 4

Stimulation with LPS or TNF-α induced the expression of MDA5 in THP-1 cells. PMA-differentiated THP-1
cells were stimulated with various concentration of LPS (a), or TNF-α (b) for 4 h, and total RNA was
extracted from the cells. Expression of MDA5 mRNA was analyzed by qPCR. Cells were treated with 1
μg/mL of LPS (c), or 10 ng/mL of TNF-α (d) for upto 24 h, and the MDA5 mRNA expression was analyzed
by qPCR. Cells were incubated with various concentration of LPS or TNF-α for 24 h, and the cell lysates
were subjected to western blotting for MDA5 and GAPDH (e).



Page 16/17

Figure 5

MDA5 was expressed in CD11b+ macrophages in human NAFLD. Liver biopsy specimens were obtained
from eight patients with NAFLD and two cases without any existing liver diseases (control), and the
sections were subjected to IHC and H&E staining. Immunostaining was performed using anti-MDA5
(green) and anti-CD11b (red) antibodies. Cell nuclei were stained with DAPI (blue). Representative images
of two cases with NAFLD and a control are shown. Original magni�cation: x200.
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Figure 6

Eight NAFLD cases were classi�ed based on MDA5 expression. As MDA5 expression was very low in two
cases, they were regarded as MDA5-negative cases. Representative images of MDA5-positive cases and
MDA5-negative cases are shown (a). Original magni�cation: x200. Liver biopsy specimens were
subjected to H&E staining to evaluate NAFLD activity score (NAS). NAS (b), steatosis (c), lobular
in�ammation (d), and ballooning (e) scores are presented in each group.
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