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Abstract
Nonalcoholic steatohepatitis (NASH) is a liver disease characterized by fat accumulation and chronic
in�ammation in the liver. Although dynein light chain of 8 kDa (LC8) was identi�ed previously as an
inhibitor of nuclear factor kappa B (NF-κB), a key regulator of in�ammation, its role in NASH remains
unknown. In this study, we investigated whether LC8 can alleviate NASH using a mouse model of
methionine and choline-de�cient (MCD) diet–induced NASH and examined the underlying mechanism.
LC8 transgenic (Tg) mice showed lower hepatic steatosis and less progression of NASH, including
in�ammation, oxidative stress, and hepatic �brosis, compared to wild-type (WT) mice after consuming an
MCD diet. The hepatic expression of lipogenic genes was lower, while that of lipolytic and mitochondrial
genes was greater in LC8 Tg mice than WT mice, which might be associated with resistance of LC8 Tg
mice to hepatic steatosis. Consumption of an MCD diet enhanced IκBα phosphorylation and subsequent
p65 liberation from IκBα and nuclear translocation, resulting in induction of NF-κB targets, including pro-
in�ammatory cytokines and chemokines. However, these effects of MCD diet were reduced by LC8
overexpression. Taken together, these results suggest that LC8 alleviates MCD diet–induced NASH by
inhibiting NF-κB through binding to IκBα to interfere with IκBα phosphorylation.

Introduction
Nonalcoholic fatty liver disease (NAFLD) encompasses a wide range of liver diseases, from simple
steatosis, characterized by fat accumulation in the liver, to nonalcoholic steatohepatitis (NASH) and
cirrhosis, which can lead to hepatocellular carcinoma and liver failure [1]. The molecular mechanism
underlying the transition from steatosis to NASH and progressive disease remains incomplete, and no
pharmacological therapy has been established to treat NAFLD. Thus, a better understanding of
progression and pathogenesis of NAFLD/NASH is crucial for the development of novel therapeutics.

NASH is characterized by steatosis, oxidative stress, in�ammation, and variable degree of �brosis [2].
Persistent liver steatosis causes lipotoxicity, mitochondrial dysfunction, and oxidative stress, which lead
to activation of immune cells and chronic in�ammation, resulting in progression of steatosis to NASH [3–
5]. In�ammatory monocytes and liver resident macrophages (known as Kupffer cells) play a pivotal role
in response to in�ammation and oxidative stress via secretion of pro-in�ammatory cytokines and
chemokines such as tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and monocyte
chemoattractant protein-1 (MCP-1) [6–10]. The levels of TNF-α and MCP-1 are elevated in patients with
NASH/NAFLD and in a diet-induced NASH model. MCP-1 contributes to macrophage in�ltration into
hepatic steatosis in a diet-induced NASH model [11, 12]. These prior �ndings indicate that hepatic
in�ammation plays a key role in the progression of NASH.

Dynein light chain of 8 kDa (LC8) is necessary for intracellular motile processes as an essential
component of microtubule-based motor dynein [13, 14] and binds to various proteins to regulate their
biological functions [15–17]. We previously reported LC8 to be a novel nuclear factor κB (NF-κB) inhibitor
that attenuates IκBα phosphorylation by IκBα kinase (IKK) through binding to IκBα [18, 19]. Accumulated
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evidence suggests that NF-κB plays a key role in the progression of NASH. In murine models of NASH,
enhanced NF-κB activity was associated with the development of steatosis and in�ammation, while NF-
κB inhibition ameliorates steatosis and in�ammation [20, 21]. Also, activation of NF-κB was observed in
the livers of nonalcoholic and alcoholic steatohepatitis patients [22]. Thus, in the present study, we
sought to investigate whether LC8 can alleviate hepatic steatosis and NASH progression and evaluated
the underlying mechanism using a mouse model of methionine and choline-de�cient (MCD) diet–induced
NASH. LC8 transgenic (Tg) mice were resistant to MCD diet–induced NASH and exhibited weak activation
of NF-κB with decreased IκBα phosphorylation compared to wild-type (WT) mice. Understanding of the
protective role and mechanism of LC8 in MCD diet–induced NASH might provide the molecular basis of a
new strategy for treating NAFLD/NASH.

Materials And Methods
Antibodies

Rabbit monoclonal antibodies against NAD(P)H dehydrogenase (quinone) 1 (NQO1) (ab80588) and LC8
(ab51603); a rat monoclonal antibody against F4/80, a surface marker of mouse
monocytes/macrophages (ab6640); and rabbit polyclonal antibodies against 4-hydroxynonenal (4-HNE)
(ab46545), histone H3 (ab1791), and α–smooth muscle actin (α-SMA) (ab5694) were purchased from
Abcam (Cambridge, MA, USA). Mouse monoclonal antibodies against MCP-1 (CSB-MA058641A0m) and
Sirt3 (CSB-PA882102ESR2HU) were purchased from CUSABIO (Houston, TX, USA). A rabbit polyclonal
antibody against IκBα (sc-371); a goat polyclonal antibody against cyclooxygenase 2 (COX-2) (sc-1745);
and mouse monoclonal antibodies against IL-1β (sc-32294), inducible nitric oxide synthase (iNOS) (sc-
7271), p65 (sc-8008), and α-tubulin (sc-5286) were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA). A rabbit polyclonal antibody against phosphorylated (p)-IκBα (#2859) and a rabbit monoclonal
antibody against p-p65 (#3033s) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Rabbit polyclonal antibodies against TNF-α and sul�redoxin (Srx) were generated by AbClone (Seoul,
Korea) as described previously [23]. Horseradish peroxidase (HRP)-conjugated goat polyclonal anti-
mouse (A90-116p) and anti-rabbit (A120-101p) and rabbit polyclonal anti-goat (A50-100p) secondary
antibodies were purchased from Bethyl Laboratories, Inc. (Montgomery, TX, USA). Finally, HRP-
conjugated rabbit polyclonal anti-rat (ADI-SAB-200-J) secondary antibody was purchased from Enzo Life
Sciences, Inc. (Farmingdale, NY, USA).

Animals and diets

C57BL/6 LC8 Tg mice were established as previously described [24]. All animal experiments were
approved and performed in accordance with the guidelines of the Institutional Animal Care and Use
Committee of the Ewha Laboratory Animal Center. Ten-week-old male WT and LC8 Tg mice were fed
either control (CON) or MCD diet (Dyets Inc., Bethlehem, PA, USA) for eight weeks and then sacri�ced for
collection of serum and liver samples.

Biochemical assays
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The levels of hepatic triglycerides and serum alanine aminotransferase (ALT) were determined using
triglyceride quanti�cation (K622) and ALT activity (K752) colorimetric/�uorometric assay kits (Biovison,
Milpitas, CA, USA), respectively. The amount of serum TNF-α was measured by enzyme-linked
immunosorbent assay (#MTA00B, R&D Systems, Minneapolis, MN, USA). To quantify malondialdehyde
(MDA), thiobarbituric acid–reactive substances (TBARS) were measured using an OxiSelect™ TBARS
assay kit (STA-330; Cell Biolabs, San Diego, CA, USA) according to the manufacturer's instructions.

Histological and immunohistochemical analyses

Liver tissues were collected after perfusion with phosphate-buffered saline. Liver lobes were �xed in
phosphate-buffered saline containing 10% formalin and embedded in para�n for hematoxylin and eosin
(H&E) or Sirius red staining and immunohistochemistry. The lobes were embedded in optimum cutting
temperature compound for frozen sectioning prior to oil red O staining. Para�n sections (5 µm) were
subjected to H&E and Sirius red staining according to standard procedures. Cryo-sections (8 µm) were
stained with oil red O to visualize hepatic lipids. Quantitative analyses of collagen and lipid droplet areas
were performed using ImageJ software (https://imagej.nih.gov) (National Institutes of Health, Bethesda,
MD, USA). For immunohistochemical analysis, depara�nized sections were heated in sodium citrate
buffer (pH 6.0) using a microwave for antigen retrieval and treated with 3% hydrogen peroxide to block
endogenous peroxidase activity. The sections were incubated with an individual primary antibody,
followed by an HRP-conjugated secondary antibody. Antigens were detected by incubating with 3,3’-
diaminobenzidine (SK-4100; Vector Laboratories, Burlingame, CA, USA) and counterstaining with
hematoxylin. Alexa Fluor 546–conjugated goat polyclonal anti-mouse secondary antibody and 4′,6-
diamidino-2-phenyl-indole (DAPI) (Thermo Fisher Scienti�c, Waltham, MA, USA) were used for
immuno�uorescent staining and nuclei visualization.

Immunoblotting analysis

Immunoblotting was performed as described previously. Brie�y, liver tissues were homogenized in lysis
buffer containing a proteinase inhibitor cocktail, and the homogenates were clari�ed by centrifugation.
Hepatic proteins were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. The membranes were blocked with 5% bovine serum albumin or
skim milk and incubated with the primary antibody speci�c for individual protein, followed by HRP-
conjugated secondary antibody. Protein bands were detected using the WEST-SAVE Up™ luminol-based
ECL reagent (AbFrontier, Seoul, Korea).

Quantitative real-time polymerase chain reaction (PCR) analysis

Total RNA was isolated using TRIzol reagent (Thermo Fisher Scienti�c) according to the manufacturer’s
instructions. Complementary DNA was obtained from 2 µg of total RNA using M-MLV reverse
transcriptase (Promega, Madison, WI, USA), and quantitative real-time PCR was carried out using a
StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, USA) as previously described
[24]. The primer sequences used in PCR are shown in Table S1. Melting curve analysis or agarose gel
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electrophoresis was performed to ensure a single PCR product of the correct amplicon length. Each
messenger RNA (mRNA) level was normalized to that of Gapdh as an internal control gene.

Determination of reactive oxygen species

Frozen liver sections were incubated with 5 µM 5-(and-6-)chloromethyl-2’,7’-dihydrodichloro�uorescein
diacetate (CM-H2DCFDA) (C6827; Thermo Fisher Scienti�c) for 10 minutes, and the DCF �uorescence
was visualized with a �uorescence microscope (ECLIPSE Ts2R; Nikon, Melville, NY, USA) at Ewha
Fluorescence Core Imaging Center.

Nuclear and cytosolic fractionation

Nuclear and cytosolic fractions were isolated using a ProteoExtract® subcellular proteome extraction kit
(#539790; Merck, Kenilworth, NJ, USA) according to the manufacturer’s instructions.

Statistical analysis

Data are presented as mean ± standard deviation. Statistical signi�cance was determined by analysis of
variance or paired Student’s t-test using Prism version 5.0 (GraphPad, San Diego, CA, USA). P-values less
than 0.05 were considered statistically signi�cant.

Results
LC8 ameliorates MCD diet–induced hepatic steatosis

To investigate whether LC8 regulates hepatic steatosis and NASH development, LC8 Tg and C57BL/6 WT
mice were fed the MCD diet for eight weeks. Hemagglutinin-tagged LC8 was expressed at a higher level
compared to endogenous LC8 in the liver tissues of LC8 Tg mice (Fig. 1A). After mice consumed the MCD
diet, their body weight and liver size were decreased, and their livers became yellow and pale (Figs. 1B
and 1C). Although no signi�cant difference in percentage of body weight change between WT and LC8 Tg
mice was observed (Fig. 1B), the livers of LC8 Tg mice appeared less yellow and pale compared to those
of WT mice (Fig. 1C). Consumption of the MCD diet also signi�cantly increased the ratio of liver weight to
body weight in WT mice, while the elevation was not signi�cant in LC8 Tg mice (Fig. 1D). In addition,
histological analysis of liver tissues stained with H&E or oil red O revealed that MCD diet–induced lipid
accumulation was lower in the livers of LC8 Tg mice than in those of WT mice (Figs. 1E–1G). Consistent
with these results, the increase in the hepatic triglyceride level of LC8 Tg mice was less than that in WT
mice after feeding them the MCD diet (Fig. 1H). Together, these results indicate that LC8 overexpression
attenuated MCD diet–induced hepatic steatosis.

LC8 reduces hepatic steatosis by inhibiting lipogenesis and promoting β-oxidation

To explain why LC8 overexpression led to less lipid accumulation in the liver, we assessed the hepatic
expression levels of lipogenic regulators and genes liver X receptor α (Lxra), sterol regulatory element–
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binding protein 1 (Srebp1), stearoyl–coenzyme A (CoA) desaturase (Scd), fatty acid synthase (Fasn), and
acetyl-CoA carboxylase (Acc), as well as hepatic fatty acid oxidation–related regulators and genes
peroxisome proliferator-activated receptor α (Ppara), carnitine palmitoyltransferase 1 (Cpt1a), long-chain
acyl-coA dehydrogenase (Lcad), acyl-coA oxidase 1 (Acox1), and uncoupling protein 2 (Ucp2). Compared
to WT mice, LC8 Tg mice exhibited lower expression of lipogenic genes (Lxra, Srebp1, Scd, Fasn, and Acc)
and higher expression of lipolytic genes (Ppara, Cpt1a, Lcad, Acox1, and Ucp2) in both the CON and MCD
diet–fed groups (Figs. 2A and 2B). Up-regulation of peroxisome proliferator-activated receptor-γ
coactivator 1β (PGC-1β) has been reported to improve MCD diet–induced hepatic steatosis [25]. As fatty
acid β-oxidation occurs in mitochondria and PGC-1β regulates mitochondrial biogenesis, we also
assessed the hepatic expression of PGC-1β (Ppargc1b) and its downstream target genes of
mitochondrially encoded cytochrome c oxidase subunit 1 (Mt-co1), cytochrome c oxidase subunit 3 (Mt-
co3), NADH dehydrogenase subunit 4 (Mt-nd4), and cytochrome b (Mt-cyb). Consistent with the
expression of lipolytic genes, hepatic expression levels of PGC-1β and its target genes were higher in LC8
Tg mice than WT mice in both the CON and MCD diet–fed conditions (Fig. 2C). These results indicate
that LC8 reduces hepatic steatosis by inhibiting lipogenesis and promoting fatty acid β-oxidation.

LC8 attenuates MCD diet–induced macrophage in�ltration and in�ammation

The progression of simple steatosis to NASH is accompanied by penetration of macrophages into the
fatty liver and release of in�ammatory chemokines and cytokines, such as MCP-1 and TNF-α [26, 27].
Immunohistochemical analysis of liver tissues labeled with antibodies speci�c for F4/80 and MCP-1
revealed that the number of Kupffer cells/macrophages in�ltrated into the fatty liver is lower in LC8 Tg
mice than WT mice (Figs. 3A and 3B). Consistent with immunohistochemical results, hepatic expression
levels of F4/80 (Adgre1) and MCP-1 were enhanced strongly by the MCD diet, but this elevation was
much less in LC8 Tg mice than WT mice (Fig. 3C). In addition, LC8 Tg mice exhibited lower hepatic levels
of the mRNA and protein of TNF-α than did WT mice while on an MCD diet (Figs. 3D and 3E).
Consistently, the serum level of TNF-α was lower in LC8 Tg mice than WT mice (Fig. 3F). These results
suggest that LC8 reduces MCD diet–induced macrophage in�ltration and in�ammation with decreased
TNF-α and MCP-1 expression.

LC8 attenuates MCD diet–induced oxidative stress and liver injury

The MCD diet induces oxidative stress and consequent lipid peroxidation, contributing to progression of
NASH and liver injury [28]. We next examined the effects of LC8 overexpression on MCD diet–induced
oxidative stress and lipid peroxidation. Both 4-HNE and malondialdehyde (MDA) are reactive and toxic
products of reactions between reactive oxygen species (ROS) and polyunsaturated lipids and generally
are used as biomarkers to quantify lipid peroxidation [29]. Hepatic levels of ROS were less increased with
MCD diet consumption in LC8 Tg mice than in WT mice (Figs. 4A and 4B). Consequently, LC8 Tg mice
showed lower lipid peroxidation than WT mice, as revealed by 4-HNE immunostaining and TBARS assay
(Figs. 4C and 4D). Oxidative stress induces the activation of nuclear factor erythroid 2–related factor 2
(Nrf2), a transcription factor that regulates the expression of antioxidant genes such as Nqo1, Srx, and
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heme oxygenase 1 (Ho1). The hepatic expression of Nrf2 and its targets was less elevated by the MCD
diet in LC8 Tg mice than in WT mice (Figs. 4E and 4F). In addition, MCD diet consumption resulted in a
marked increase in serum ALT in WT mice, but the elevation was considerably smaller in LC8 Tg mice
(Fig. 4G). These results suggest that LC8 attenuates MCD diet–induced oxidative stress and liver
damage.

LC8 inhibits MCD diet–induced hepatic �brosis

In�ammation and oxidative stress contribute to the pathogenesis of NASH to �brosis/cirrhosis. To
evaluate the role of LC8 in liver �brosis, liver tissues were stained with Sirius red for detecting collagen
�bers, and mRNA levels of collagen type I, alpha 1 (Col1α1), a marker of �brosis, and transforming
growth factor-1β (TGF-1β), the master regulator of �brosis, were measured after MCD diet consumption.
The Sirius red–positive area and hepatic mRNA levels of Col1α1 and TGF-1β were less increased by the
MCD diet in LC8 Tg mice than in WT mice (Fig. 5A–5C). α-SMA is a reliable marker of hepatic stellate cell
activation to myo�broblast-like cell, which precedes �brous tissue deposition [30]. Immunohistochemistry,
quantitative real-time PCR, and immunoblotting analyses showed that the expression of hepatic α-SMA
(Acta2) was less increased by the MCD diet in LC8 Tg mice than in WT mice (Figs. 5D–5F). Sirt3 is
downregulated in NAFLD patients and regulates the expression of α-SMA in hepatic stellate cells [31, 32].
The hepatic expression of Sirt3 was higher in LC8 Tg mice than in WT mice in both the CON and MCD diet
groups (Figs. 5D–5F). These results indicate that LC8 inhibits MCD diet–induced liver �brosis.

LC8 inhibits NF-κB by attenuating IκBα phosphorylation and consequent release of p65 from IκBα

We previously showed that LC8 inhibits the activation of NF-κB by TNF-α, IL-1β, and lipopolysaccharides
and proposed the underlying mechanism in which LC8 prevents phosphorylation of IκBα by IKK through
interacting with it to attenuate p65 nuclear translocation [18, 19]. In Figs. 3D through 3F, it is noted that
LC8 overexpression attenuated the hepatic expression of TNF-α, an NF-κB target, by MCD diet
consumption. Thus, we evaluated how LC8 regulates MCD diet–induced NF-κB activation. The hepatic
expression levels of other NF-κB targets, such as COX-2, IL-1β, and iNOS, were less increased by the MCD
diet in LC8 Tg mice than in WT mice (Figs. 6A and 6B). Also, MCD diet–induced p65 nuclear translocation
was lower in the liver tissue of LC8 Tg mice than in that of WT mice as revealed by nuclear fractionation
analysis and immuno�uorescence staining (Figs. 6C and 6D). In addition, hepatic levels of IκBα and p65
phosphorylation were lower in LC8 Tg mice than WT mice (Fig. 6E). Immunoprecipitation using an
antibody speci�c for IκBα showed that dissociation of p65 from IκBα is suppressed by LC8
overexpression (Fig. 6F). These results support the previously proposed model in which LC8 binds to IκBα
and prevents IκBα phosphorylation by IKK, resulting in inhibition of release, phosphorylation, and nuclear
translocation of p65.

Discussion
Our LC8 Tg mice showed signi�cantly alleviated steatohepatitis compared to WT mice when they were
fed an MCD diet, as revealed by decreased hepatic triglyceride content, improved liver histology, and lower
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serum ALT level. LC8 overexpression decreased the expression of lipogenic genes and increased that of β-
oxidation–related genes. LC8 overexpression also reduced hepatic oxidative stress, as indicated by
decreased ROS and lipid peroxidation, which were associated with decline of macrophage in�ltration into
the liver and hepatic in�ammation. Moreover, LC8 overexpression considerably protected the liver from
�brosis. Our �ndings suggest that LC8 can ameliorate MCD diet–induced NASH by regulating lipid
metabolism and reducing lipotoxicity, oxidative stress, in�ammation, and �brosis.

LC8 has been identi�ed as a novel NF-κB inhibitor that blocks IκBα phosphorylation by IKK through a
redox-dependent interaction with IκBα [18, 19]. NF-κB is a key regulator of in�ammation and plays an
essential role in the development and progression of steatohepatitis [20, 33]. In the current study, LC8 was
found to protect MCD diet–induced steatohepatitis by inhibiting NF-κB. LC8 overexpression e�ciently
reduced MCD diet–induced hepatic expression of NF-κB targets such as TNF-α, IL-1β, COX-2, iNOS, and
MCP-1. In addition, LC8 overexpression attenuated the phosphorylation of IκBα and p65 and subsequent
p65 nuclear translocation. Moreover, immunoprecipitation using the antibody against IκBα showed that
LC8 overexpression inhibits the release of p65 from IκBα. These results suggest the underlying
mechanism in which LC8 interferes with IκBα phosphorylation by binding to it, attenuating the liberation
of p65 from IκBα and leading to NF-κB inhibition.

TNF-α is a key in�ammatory cytokine involved in the development of NASH in human patients [34] and
murine models [27, 35]. TNF-α is a potent NF-κB activator as well as an NF-κB target and can amplify NF-
κB signaling. Therefore, TNF-α can enhance the expression of IL-1β, COX-2, iNOS, and MCP-1. During the
development of steatohepatitis, COX-2 plays a role as a pro-in�ammatory mediator; IL-1β, together with
TNF-α, activates local immune cells and induces MCP-1, which attracts macrophages to the liver, leading
to sustained hepatic in�ammation [11, 36, 37]. Also, other research indicates that iNOS de�ciency
attenuates hepatic in�ammation in mice with fructose-induced steatosis [38].

Hepatic triglyceride accumulation in steatosis is caused by increased uptake or synthesis of fatty acids
and reduced fatty acid oxidation. In our steatohepatitis model, LC8 overexpression signi�cantly reduced
hepatic triglyceride content and steatosis. This reduction was associated with lower expression of LXR-α,
SREBP-1, SCD, FASN, and ACC, which are involved in fatty acid synthesis, and higher expression of PPAR-
α, CPT1-α, LCAD, ACOX1, and UCP2, which are related to fatty acid oxidation. LXR-α is a major
transcription factor that regulates the expression of lipogenic regulators, SREBP-1, and lipogenic genes
(Scd, Fasn and Acc) [39, 40]. PPAR-α is a key regulator of the transcription of lipolytic genes (Cpt1a, Lcad,
Acox1, and Ucp2) [41]. Also, mitochondria is a primary site for fatty acid oxidation. LC8 overexpression
also increased the hepatic expression of a key regulator of mitochondrial biogenesis, PGC-1β, and its
target genes (Mt-co1, Mt-co3, Mt-nd4, and Mt-cyb). TNF-α induces hepatic steatosis by enhancing SREBP-
1 expression [42] and by inhibiting both PPAR-α and PGC-1β expression [43].

Fat accumulation in the liver causes in�ammation and mitochondrial dysfunction, leading to an increase
in oxidative stress and consequently liver damage [44–46]. Increased ROS might exacerbate
mitochondrial dysfunction by generation of mitochondrial DNA mutation and highly reactive aldehydes
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(4-HNE and MDA) produced through lipid peroxidation. LC8 overexpression attenuated MCD diet–induced
oxidative stress and liver injury as indicated by the reductions in hepatic ROS, lipid peroxidation, Nrf2
activation, and serum ALT level observed in LC8 Tg mice fed the MCD diet. ROS mediate NF-κB activation,
which in turn induces TNF-α expression, leading to in�ammation and oxidative stress by increasing ROS
[47, 48]. LC8 is a redox-sensitive molecule that is oxidized by TNF-α as well as ROS and forms an
intermolecular disul�de bond [19]. Such oxidation allows LC8 to dissociate from IκBα, leading to IκBα
phosphorylation and degradation, followed by NF-κB activation [19]. This implies that LC8 not only
inhibits NF-κB, but also scavenges ROS.

Sustained liver in�ammation leads to liver �brosis. The pathogenesis of hepatic �brosis is achieved
through interplay of various hepatic cells, including hepatocytes, Kupffer cells, and hepatic stellate cells
[49]. Hepatic stellate cells are activated to myo�broblasts by periostin derived from hepatocytes. Immune
cell–derived cytokines/chemokines such as TNF-α and MCP-1 promote the survival of hepatic stellate
cells and accelerate liver �brosis [50]. TNF-α provokes hepatocytes to produce periostin, which can induce
the expression of α-SMA, TGF-β, and collagen in hepatic stellate cells [51, 52].

The MCD diet is a widely adopted dietary model to study NASH. It can induce steatohepatitis with
in�ammation, oxidative stress, apoptosis, and �brosis [53]; thus, it has been used as one of the useful
models for studying the onset and progression of NASH, which is associated with in�ammation,
oxidative stress, and �brosis [54–56]. However, it does not fully match all characteristics of human
patients with NASH; notably, mice fed an MCD diet lose weight rather than become obese [56]. To con�rm
our �ndings, a high-fat and high-fructose dietary model that can lead to an obese mouse with severe
steatosis, in�ammation, oxidative stress, and insulin resistance needs to be analyzed [57].

In conclusion, our observations and prior studies demonstrate that LC8 could alleviate MCD diet–induced
steatohepatitis by attenuating hepatic fat accumulation, in�ammation, oxidative stress, and liver �brosis
through downregulation of NF-κB, ROS, and TNF-α, which in�uence each other (Fig. 7). Thus, increasing
intracellular LC8 could be a potential therapeutic strategy for patients with NASH and NAFLD.
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Table 1
Sequences of real-time PCR primers and amplicon size of PCR product.

Gene Primer
(sense & antisence)

Amplicon length
(bp)

Acc 5'-AGTTGAAGGCGCAGTGAAGG-3'
5'-AGTTGCTTCTCCAGCCACTC-3'

72

Acox1 5'-GGAAGACTTCCAATCATGCGATAG-3'
5'-GACAACAAAGGCATGTAACCCG-3'

80

Acta2 5'-AAACAGGAATACGACGAAG-3'
5'-CAGGAATGATTTGGAAAGGA-3'

135

Adgre1 5'-CTTTGGCTATGGGCTTCCAGTC-3'
5'-GCAAGGAGGACAGAGTTTATCGTG-3'

165

Col1α1 5'-GCCAAGAAGACATCCCTGAAG-3'
5'-TGTGGCAGATACAGATCAAGC-3'

102

Cox2 5'-GATCATAAGCGAGGACCTG-3'
5'-GTCTGTCCAGAGTTTCACC-3'

85

Cpt1a 5'-ACAGCTTCCAGACGTCTCTGC-3'
5'-ATCAGTGGCCTCACAGACTCC-3'

88

Fasn 5'-GCACCTTTGATGACATCGTG-3'
5'-TCAGGTTTCAGTCCCACAGA-3'

94

Gapdh 5'-GAAGGTCGGTGTGAACGG − 3'
5'-GTAGTTGAGGTCAATGAAGG-3'

115

Ho1 5'-AAGCCGAGAATGCTGAGTTCA-3'
5'-GCCGTGTAGATATGGTACAAGGA-3'

100

Il1b 5'-CTGGTGTGTGACGTTCCCATTA-3'
5'-CCGACAGCACGAGGCTTT-3'

76

Inos 5'-CGAAACGCTTCACTTCCAA-3'
5'-TGAGCCTATATTGCTGTGGCT-3'

51

Lcad 5'-CAGAGAAACATGGCGGCA-3'
5'-AGCCAGCGCGTGTGCAATT-3'

90

Acc, acetyl-coA carboxylase; Acox1, acyl-coA oxidase 1; Acta2, actin α 2, smooth muscle (α-SMA);
Adgre1, adhesion G protein-coupled receptor E1 (F4/80); Col1α1, collagen type I alpha 1; Cox2,
cyclooxygenase 2; Cpt1a, carnitine palmitoyltransferase 1; Fasn, fatty acid synthase; Gapdh,
glyceraldehyde 3-phosphate dehydrogenase; Ho1, heme oxygenase-1; Il1b, interleukin 1β; Inos,
inducible nitric oxide synthase; Lcad, long chain acyl-coA dehydrogenase; Lxra, liver x receptor α;
Mcp1, monocyte chemoattractant protein-1; Mt-co1, mitochondrially encoded cytochrome c oxidase
subunit 1; Mt-co3, cytochrome c oxidase subunit 3; Mt-cyb, mitochondrially encoded cytochrome b;
Mt-nd4, mitochondrially encoded NADH dehydrogenase subunit 4; Nrf2, nuclear factor erythroid 2-
related factor 2; Nqo1, NAD(P)H quinone dehydrogenas 1; Ppara, peroxisome proliferator-activated
receptor-α; Ppargc1b, peroxisome proliferator-activated receptor-γ coactivator 1β; Scd, stearoyl-coA
desaturase; Sirt3, sirtuin 3; Srebp1, sterol regulatory element-binding protein 1; Srx, sul�redoxin; Tgfb1,
transforming growth factor-β1; Tnf, tumor necrosis factor-α; Ucp2, uncoupling protein 2.
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Gene Primer
(sense & antisence)

Amplicon length
(bp)

Lxra 5'-TCAGCATCTTCTCTGCAGACCGG-3'
5'-TCATTAGCATCCGTGGGAACA-3'

144

Mcp1 5'-CCAGCACCAGCACCAGCCAA-3'
5'-TGGGGCGTTAACTGCATCTGGC-3'

149

Mt-co1 5'-TTTTCAGGCTTCACCCTAGATGA-3'
5'-GAAGAATGTTATGTTTACTCCTACGAATATG-3'

81

Mt-co3 5'-CGGAAGTATTTTTCTTTGCAGGAT-3'
5'-CAGCAGCCTCCTAGATCATGTG-3'

82

Mt-cyb 5'-GCCACCTTGACCCGATTCT-3'
5'-TTGCTAGGGCCGCGATAAT-3'

64

Mt-nd4 5'-CATCACTCCTATTCTGCCTAGCAA-3'
5'-TCCTCGGGCCATGATTATAGTAC-3'

74

Nrf2 5'-TCTCCTCGCTGGAAAAAGAA-3'
5'-AATGTGCTGGCTGTGCTTTA-3'

498

Nqo1 5'-TTCTCTGGCCGATTCAGAG-3'
5'-GGCTGCTTGGAGCAAAATAG-3'

180

Ppara 5'-AGAGCCCCATCTGTCCTCTC-3'
5'-ACTGGTAGTCTGCAAAACCAAA-3'

153

Ppargc1b 5'- CTCCAGGCAGGTTCAACCC-3'
5'-GGGCCAGAAGTTCCCTTAGG-3'

83

Scd 5’-GTACCGCTGGCACATCAACTT-3’
5’-GGCTAAGACAGTAGCCTTAG-3’

103

Sirt3 5′-ATCCCGGACTTCAGATCCCC-3′
5′-CAACATGAAAAAGGGCTTGGG-3′

126

Srebp1 5’-GGCACTAAGTGCCCTCAACCT-3’
5’-GCCACATAGATCTCTGCCAGTGT-3’

78

Srx 5'-AGCCTGGTGGACACGATC-3'
5'-AGGAATAGTAGTAGTCGCCA-3'

97

Acc, acetyl-coA carboxylase; Acox1, acyl-coA oxidase 1; Acta2, actin α 2, smooth muscle (α-SMA);
Adgre1, adhesion G protein-coupled receptor E1 (F4/80); Col1α1, collagen type I alpha 1; Cox2,
cyclooxygenase 2; Cpt1a, carnitine palmitoyltransferase 1; Fasn, fatty acid synthase; Gapdh,
glyceraldehyde 3-phosphate dehydrogenase; Ho1, heme oxygenase-1; Il1b, interleukin 1β; Inos,
inducible nitric oxide synthase; Lcad, long chain acyl-coA dehydrogenase; Lxra, liver x receptor α;
Mcp1, monocyte chemoattractant protein-1; Mt-co1, mitochondrially encoded cytochrome c oxidase
subunit 1; Mt-co3, cytochrome c oxidase subunit 3; Mt-cyb, mitochondrially encoded cytochrome b;
Mt-nd4, mitochondrially encoded NADH dehydrogenase subunit 4; Nrf2, nuclear factor erythroid 2-
related factor 2; Nqo1, NAD(P)H quinone dehydrogenas 1; Ppara, peroxisome proliferator-activated
receptor-α; Ppargc1b, peroxisome proliferator-activated receptor-γ coactivator 1β; Scd, stearoyl-coA
desaturase; Sirt3, sirtuin 3; Srebp1, sterol regulatory element-binding protein 1; Srx, sul�redoxin; Tgfb1,
transforming growth factor-β1; Tnf, tumor necrosis factor-α; Ucp2, uncoupling protein 2.
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Gene Primer
(sense & antisence)

Amplicon length
(bp)

Tgfb1 5-TTGCCCTCTACAACCAACACAA-3'
5'-GGCTTGCGACCCACGTAGTA-3'

103

Tnf 5'-CCCTCACACTCAGATCATCTTCT-3'
5'-GCTACGACGTGGGCTACAG-3'

61

Ucp2 5'-ACTGTGCCCTTACCATGCTCC-3'
5'-ATTGGTAGGCAGCCATTAGGG-3'

147

Acc, acetyl-coA carboxylase; Acox1, acyl-coA oxidase 1; Acta2, actin α 2, smooth muscle (α-SMA);
Adgre1, adhesion G protein-coupled receptor E1 (F4/80); Col1α1, collagen type I alpha 1; Cox2,
cyclooxygenase 2; Cpt1a, carnitine palmitoyltransferase 1; Fasn, fatty acid synthase; Gapdh,
glyceraldehyde 3-phosphate dehydrogenase; Ho1, heme oxygenase-1; Il1b, interleukin 1β; Inos,
inducible nitric oxide synthase; Lcad, long chain acyl-coA dehydrogenase; Lxra, liver x receptor α;
Mcp1, monocyte chemoattractant protein-1; Mt-co1, mitochondrially encoded cytochrome c oxidase
subunit 1; Mt-co3, cytochrome c oxidase subunit 3; Mt-cyb, mitochondrially encoded cytochrome b;
Mt-nd4, mitochondrially encoded NADH dehydrogenase subunit 4; Nrf2, nuclear factor erythroid 2-
related factor 2; Nqo1, NAD(P)H quinone dehydrogenas 1; Ppara, peroxisome proliferator-activated
receptor-α; Ppargc1b, peroxisome proliferator-activated receptor-γ coactivator 1β; Scd, stearoyl-coA
desaturase; Sirt3, sirtuin 3; Srebp1, sterol regulatory element-binding protein 1; Srx, sul�redoxin; Tgfb1,
transforming growth factor-β1; Tnf, tumor necrosis factor-α; Ucp2, uncoupling protein 2.
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Figure 1

Alleviation of MCD diet–induced hepatic steatosis by LC8. (A) Immunoblotting analysis of LC8
expression in the livers of wild-type (WT) and LC8 transgenic (Tg) mice fed either the control (CON) or
MCD diet. (C, E, and F) Gross (C), hematoxylin and eosin (E)-, and oil red O (F)-stained sections of
representative livers; scale bars, 5 mm (C) and 200 μm (E and F). (B, D, and G) Percentages of body
weight change (B), ratio of liver weight to body weight (D), and the oil red O–stained areas (G). n = 3 for
CON groups, n = 4 for MCD groups (B and D); n = 7 (G). (H) Hepatic triglyceride (TG) levels. n = 3 for CON
groups, n = 4 for MCD groups. **P < 0.01; ***P < 0.001 between the indicated groups.
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Figure 2

Regulation of hepatic expression of genes involved in fatty acid metabolism by LC8. The mRNA levels of
lipogenic (A), lipolytic (B), and mitochondrial (C) genes were quanti�ed by real-time PCR. Relative levels of
individual mRNA were normalized to that of Gapdh mRNA and presented as fold induction. n = 3. *P <
0.05; **P < 0.01; ***P < 0.001 between the indicated groups. ns, not signi�cant.
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Figure 3

Inhibition of MCD diet–induced macrophage in�ltration and in�ammation by LC8. (A and B)
Representative images of immunohistochemistry for F4/80 (A) and MCP-1 (B) expression in liver
sections; scale bars, 200 μm. (C and D) Hepatic levels of Adgre1 (F4/80), Mcp1, and Tnf mRNA were
determined by quantitative real-time PCR. n = 3 for CON groups, n = 4 for MCD groups. (E and F) Protein
levels of TNF-α in the livers (E) and serum (F) of WT and LC8 Tg mice fed either CON or MCD diet. n = 4.
**P < 0.001; ***P < 0.0001 between the indicated groups.
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Figure 4

Reduction of MCD diet–induced oxidative stress, lipid peroxidation, and liver damage by LC8. (A and B)
The liver sections were incubated with 5 μM of CM-H2DCFDA and analyzed by �uorescence microscopy;
scale bars, 50 μm (A). The relative levels of DCF �uorescence are presented as fold differences; n = 9 (B).
(C) Representative images of immunohistochemistry for 4-HNE in liver sections; scale bars, 200 μm. (D)
Lipid peroxidation was measured using TBARS level in liver tissues. (E and F) The expression of Nrf2 and
its target genes was analyzed by quantitative real-time PCR (E) and immunoblotting (F). (G) Serum levels
of ALT. n = 3 for CON groups, n = 4 for MCD groups. **P < 0.01; ***P < 0.001 between the indicated
groups. ns, not signi�cant.
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Figure 5

Suppression of MCD diet–induced liver �brosis by LC8. (A and B) Collagen �bers in the liver sections
were stained with Sirius red (A), and Sirius red–positive areas were quanti�ed (B); scale bars, 200 μm; n =
9. (C and E) Hepatic expression levels of individual genes were determined by quantitative real-time PCR.
(D) Representative images of immunohistochemistry for α-SMA expression in liver sections; scale bars,
200 μm. (F) Protein levels of α-SMA and Sirt3 were determined by immunoblotting. n = 3 for CON groups,
n = 4 for MCD groups. * P < 0.05; **P < 0.001; ***P < 0.0001 between the indicated groups.
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Figure 6

Inhibition of IκBα phosphorylation and p65 liberation by LC8. (A and B) Hepatic mRNA and protein levels
of NF-κB target genes were determined by quantitative real-time PCR (A) and immunoblotting (B). (C) The
cytoplasmic and nuclear fractions of liver tissues were subjected to immunoblotting. (D) Liver tissues
were stained with p65 antibody and DAPI and then photographed under a �uorescence microscope; scale
bars, 15 μm. (E) Phosphorylation levels of IκBα and p65 in liver tissues were determined by
immunoblotting. (F) Liver tissue lysates were immunoprecipitated with IκBα antibody and then subjected
to immunoblotting. n = 3 for CON groups, n = 4 for MCD groups. *P < 0.05; **P < 0.01; ***P < 0.001
between the indicated groups.
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Figure 7

Schematic diagram for the mechanism in which LC8 alleviates NASH.


