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A B S T R A C T

Introduction and Objectives: Metabolic dysfunction-associated steatotic liver disease (MASLD) is one of the

primary causes of chronic liver disease and may lead to liver cirrhosis and hepatocellular carcinoma. Recent

reports suggested that DEAD-box RNA helicase (DDX3) acts as a sensor of free fat accumulation and may

modulate the pathogenesis via miRNAs. Hence, we hypothesized that DDX3 might modulate MASLD progres-

sion via miRNA-141-mediated inhibition of Sirt-1 and autophagy.

Materials and Methods: RNA and total protein were isolated from free fatty acid-treated HepG2 cells or CDAA-

fed C57BL/6 mice (6 mice per group) for 6, 18, 32, or 54 weeks. The cells were transfected with DDX3 or miR-

141 or siRNA to DDX3, andWestern blots for autophagy markers were performed.

Results: The FFAs induced the DDX3 and miRNA-141 expression, while downregulating Sirt-1, beclin-1, Atg7,

and LC3-II. Overexpression of DDX3 resulted in increased miRNA-141. Overexpression of DDX3 or miRNA-

141 downregulated Sirt-1 expression and autophagy marker proteins, while these effects were reversed

with siRNA to DDX3. The expression of both DDX3 and miRNA-141 was significantly increased, while

autophagy markers were downregulated in CDAA-fed mice.

Conclusions: These results confirmed that FFA-induced DDX3 induced the expression of miRNA-141, which in

turn targeted Sirt-1 and decreased autophagy.

© 2024 Fundación Clínica Médica Sur, A.C. Published by Elsevier España, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD),

previously known as non-alcoholic fatty liver disease (NAFLD), has

emerged as a burgeoning public health concern, escalating to become

one of the prime contributors to chronic liver disease worldwide

[1,2]. Despite its rapidly increasing prevalence, the intricate molecu-

lar mechanisms underlying the progression of MASLD remain

unclear. Recent findings suggest that there is a pivotal role of DEAD-

box RNA helicase 3 (DDX3), a member of the RNA-binding protein

family, in serving as a sentinel for the accumulation of free fat within

the liver [3,4]. DDX3 has also been shown to modulate several

cellular functions such as cell cycle, apoptosis, viral replication and

tumorigenesis [3]. DDX3 protein also could interact with various

human and viral proteins and binds with RNA [5,6]. It was shown to

have an oncogenic role in tumorigenesis by promoting transforma-

tion, invasion and cell growth [7−9]. Several studies also have tried

to use this protein as a therapeutic target for the development of

anticancer drugs due to its role in oncogene in various type of cancer

[7,10,11]. The functions of this gene as an oncogene or tumour sup-

pressor remain unclear. DDX3 translocates from the nucleus to the

cytoplasm and interacts with exportin 1, regulating HCV and HIV rep-

lication [12]. DDX3 interacts with influenza A virus NS1 and NP pro-

teins, regulating stress granule formation and IFN-b promoter

transcription [3,13]. Beyond this, it’s been found that DDX3 has role

in driving inflammasome activation [14]. However, the activation

mechanism of DDX3, such as protein modification, remains to be elu-

sive. DDX3, beyond its conventional functions, has been shown to be

involved in regulating microRNA (miRNA) biogenesis, facilitating the

transformation of pre-miRNAs into mature miRNAs [15−17].

Although DDX3 is expressed aberrantly in various types of cancers,

its interaction with cellular components also has a regulatory effect
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on the tumorigenic process [18]. But, it’s not clear whether DDX3

involves any miRNA in the pathogenesis of MASLD. microRNAs are

non-coding single-stranded RNAs of around 22 nucleotides that play

a variety of physiological roles, including cell proliferation, survival,

metabolism, differentiation, and invasion [19]. MicroRNAs are tran-

scribed by RNA polymerases II and III, which produce precursors that

are then cleaved to make mature microRNAs [20]. MicroRNAs down-

regulate gene expression at the post transcriptional level by targeting

and binding with 30 untranslated region (30UTR) of specific messen-

ger RNA [21]. miRNAs have epigenetic mechanisms that play a major

role in the progression of MASLD to its more severe stages [22]. A

recent study showed that miR-141 directly targets Sirtuin-1/AMP-

activated protein kinase pathways to control hepatic steatosis in hep-

atocytes [23]. On the other hand, DDX3 has a major role in biogenesis

and modulation of different deregulated hepatic microRNAs and may

modulate the progression of MASLD. But the exact mechanism is yet

to be revealed. It might be possible that DDX3 may exert a significant

influence on the progression of MASLD by orchestrating miRNA-

mediated regulatory pathways, particularly those targeting autoph-

agy, a cellular process known to be vital in the maintenance of liver

health [15,24]. In this study, we showed that DDX3 is involved in

inhibiting autophagy via miRNA-141-mediated Sirt-1 downregula-

tion in CDAA-induced MASLD mice model system.

2. Materials and Methods

2.1. Cell culture and free fatty acid (FFA) treatment

Human hepatic HepG2 cells were cultured and maintained in

complete DMEM media (HiMedia Laboratories, Mumbai, India, Cat

No AL007G) with the addition of 10 % FBS (HiMedia Laboratories) and

1 % penicillin-streptomycin antibiotic (Gibco, Thermo Fisher Scien-

tific, MA, USA) at 37 °c in the presence of 5 % CO2. The cells (2 £ 105

cells per well) were plated in 6 well plates and after 24 h, 650 mM

each of oleic acid (OA; Calbiochem, Cat. No 4954), palmitic acid (PA;

Calbiochem, Cat No 506,345) or linoleic acid (LA; Calbiochem, Cat No

436,305) were added to the cells and incubated for 48 h and 72 h to

isolate RNA or protein, respectively.

2.2. Transfection experiments

HepG2 cells were transfected with miR-141 premiRs (Sigma-

Aldrich, St. Louis, MO, USA), siDDX3 siRNAs (Thermo Scientific, Carls-

bad, USA; Cat No 145,804), non-specific miRNA (NS; Sigma-Aldrich

(St. Louis, MO, USA) or DDX3 expression plasmid. The transfection

was done using siPORTTM NeoFXTM transfection reagent (Thermo

Fisher, Carlsbad, CA, USA), following the manufacturer’s protocol.

Forward transfection was done with lipofectamin 2000, as described

by us earlier [15]. After the transfection, the cells were incubated in

complete media for up to 48 h or 72 h, and the cells were collected

for the isolation of RNA or protein, respectively.

2.3. CDAA-induced MASLD mice model system

Animal Ethics Committee of South Asian University, New Delhi,

India, approved all the in vivo experiments used in this study. Three

groups of 5−6 weeks old male C57BL/6 mice (6 mice per group) were

fed with normal chow diet (sham-operated control), choline suffi-

cient L-amino acid defined diet (CSAA; Dyets Inc. Cat. No 518,754) or

choline-deficient L-amino acid defined diet (CDAA; Dyets Inc. Cat. No

518,753) for 6, 18, 32, and 54 weeks with free access of diet and

water. At the end of feeding, the mice were euthanized, and the livers

were carefully dissected. The liver tissues were then sliced into

smaller pieces and promptly frozen by snap-freezing method after

quick washing with PBS (phosphate-buffered saline). Later, they

were stored at �80 °C until use. They were utilized to isolate total

RNA and total protein. The establishment of the MASLD mice model

was confirmed by histological analysis of liver tissue measurement of

TG and HbA1c, which was described in our previous study [25].

2.4. Total RNA isolation, cDNA synthesis and RT PCR

The total RNA from HepG2 cells or from the homogenized mice

liver tissue was prepared using Trizol reagent following the manufac-

turer’s instructions (Thermo Fisher, Cat. No 15,596,026). cDNA was

prepared from these RNA through reverse transcription using the

miRCURY LNATM RT Kit (Qiagen, Maryland, USA, Cat No 339,340).

Real-time PCR was done to analyze the expression levels of miR-141

or 5S rRNA using the SYBR green master mix (Qiagen). The PCR was

done using the ViiA 7 Real-Time PCR system (Applied Biosystems,

Thermo Fisher Scientific). The 2-DDCT was calculated for each experi-

ment and then the relative expression was plotted by keeping control

as 1-fold.

2.5. Western blotting experiments

Mammalian protein extraction reagent, MPER (Thermo Fisher, Cat

No 78,501), was used to extract proteins from HepG2 cells. To pre-

vent protein degradation, a protease inhibitor (PI) cocktail (Thermo

Fisher, Cat No 78,430) was added to the MPER reagent in a 100:1

ratio. The mixture was then added to six-well plates containing the

HepG2 cells and allowed to incubate for 10 min on ice. The lysed cells

were sonicated at a low temperature to avoid protein degradation.

After centrifugation, the protein was collected for further experi-

ments. Protein from frozen mice liver tissues was also isolated fol-

lowing same technique after crushing the tissues properly using

mechanical method. For western blot analysis, 40−80 mg of protein

was loaded on 8−15 % SDS-polyacrylamide gel electrophoresis

depending on protein size, transferred to PVDF membranes and

blocked using 5 % non-fat dry milk. The membranes were incubated

with primary antibodies to DDX3, Sirt-1, ATG7, beclin-1, LC3-II and

b-actin. In all the Western blot results, b-actin was used as a loading

control, and the relative expression was calculated by dividing the

gene of interest by b-actin expression. After washing with PBS-T, the

blots were further incubated with specific HRP conjugated secondary

antibodies. The membranes were washed and developed using Clari-

tyTM Western ECL Substrate (Bio-Rad, Cat. No 170−5061). The band

intensities were quantified using ImageJ software (NIH, USA).

2.6. Statistical analysis

All the in vitro experiments were conducted three times in dupli-

cates. All in vivo data (6 mice per group) was collected, analyzed and

plotted. As a loading control b-actin was used in all the Western blot

experiments and 5S rRNA was used as internal control in all the real

time PCR experiments. The Western blot results were quantified

using Image J software and the mean § SD was calculated. The rela-

tive expression was calculated by dividing gene of interest with

b-actin. To determine the significant differences between the two

groups, an unpaired Student’s t-test was performed and one-way

ANOVA was performed to compare more than two groups. A differ-

ence was considered statistically significant only when the p-value

was less than or equal to 0.05.

2.7. Ethical statement

The in vivo mice work was approved by the Institutional Animal

Ethics Committee, South Asian University, New Delhi.This placement

ensures consistency with standard formatting practices and clarity

for readers.
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3. Results

3.1. FFAs induce DDX3 expression and miR-141 in hepatic cells

DDX3 is shown to be modulating cellular functions in various cell

types. To study the effect of free fatty acids on the expression of

DDX3, HepG2 cells were incubated with OA, PA, and LA (650 mM

each) for 72 h and found that there was a significant increase in the

expression of DDX3 (Fig. 1A). The band intensities were quantified

using Image J software, and a two-fold increase in the DDX3 expres-

sion was found (Fig. 1B). Next, total RNA was isolated from the FFA-

treated cells and the real time PCR results showed that there was a

significant increase in the expression of miR-141 in FFA-treated

HepG2 cells (Fig. 1C) and the normalization data showed that there

was a 3-fold increase in the expression of miR-141 (Fig. 1C).

3.2. DDX3 induces the expression of miR-141 in HepG2 cells

Previous studies have shown that DDX3 plays an important role in

miRNA biogenesis. Previously, we had shown that a novel role of

DDX3 in upregulating miR-34 [15]. To study the effect of DDX3 on

the expression of miR-141, DDX3 was overexpressed in HepG2 cells,

and the real time PCR showed that there was a 3-fold increase in the

expression of miR-141, compared to the control or empty vector-

transfected cells (Fig. 2A) (n = 3; *p < 0.05). Next, the DDX3 was inhib-

ited using siRNAs to DDX3 and the expression of miR-141 was deter-

mined in HepG2 cells. The results showed that there was a significant

60 % inhibition in the expression of miR-141 in the siRNA to DDX3-

transfected cells (Fig. 2B) (n = 3; *p < 0.05).

3.3. miR-141 targets Sirt-1 expression in HepG2 cells

Using bioinformatic approach, the target for miR-141 was deter-

mined and found Sirt-1 was its primary target. Previous studies also

showed that Sirt-1 is the target for miR-141 [23]. Hence, premiR-141

was transfected in HepG2 cells, and the expression of miR-141 was

determined. It was found that there was a 3.5-fold increase in miR-

141 expression (Fig. 3A). Next, the total cellular protein was isolated

from the control, non-specific miRNA- and miR-141 premiRs-trans-

fected HepG2 cells and Sirt-1 expression was determined by Western

blots. It was found that there was a significant downregulation of

Sirt-1 (Fig. 3B) and the quantitation of the band intensities showed

that there was an 80 % decrease in the Sirt-1 expression (Fig. 3C).

3.4. DDX3 downregulates Sirt-1 expression and the autophagy in HepG2

cells

HepG2 cells were transfected with the DDX3 containing expres-

sion plasmids. After 72 h, the Western blots were performed for the

expression of DDX3, Sirt-1, Atg7, beclin-1, LC3-II and b-actin. The

expression of DDX3 was significantly increased in the cells overex-

pressing DDX3 compared to control or empty vector transfected cells.

On the other hand, expression of the autophagy marker proteins was

significantly decreased (Fig. 4A). The band intensities were quantified

using Image J software and found that there was a 3-fold increase in

the DDX3 expression, while the expression of autophagy marker pro-

tein was decreased by 50−60 % in comparison to control or empty

vector transfected cells (Fig. 4B). To confirm the findings, the cells

were incubated with siRNAs in DDX3, where non-specific RNAs were

used as a control. The results showed that there was a significant

inhibition of DDX3 expression, whereas the expression of autophagy

marker proteins was increased significantly (Fig. 4C). The band inten-

sities showed that there was a 50 % decrease in the expression of

DDX3, while the expression of autophagic proteins was increased by

at least 2−2.7-fold compared to control or NS-miRNA transfected

cells (Fig. 4D).

3.5. Expression of DDX3 was upregulated in CDAA-fed mice

The in vitro results were validated using diet-induced mice model

system. The C57BL/6 mice (6 mice per group) were fed with sham-

operated control, CSAA, or CDAA diet for 6, 18, 32 and 54 weeks. The

total protein or RNA was isolated from the liver after feeding the

mice for various time points. Western blot analysis revealed that

DDX3 expression was upregulated in the mice fed with CDAA diet

compared to CSAA or sham-operated control mice in all the time

points (Figs. 5A-5D). The band intensities were quantified and found

that there was a 1.5-fold, 4.5-fold, 1.5-fold and 2-fold increase in the

Fig. 1. FFAs induced DDX3 and miRNA-141 expression. HepG2 cells were incubated

with 650 mM each of OA, PA, LA. Cells were collected after 48 or 72 h for RNA or pro-

tein isolation, respectively. A. The Western blots were performed using total cellular

protein to determine the expression of DDX3 and b-actin. B. The band intensities were

quantified using Image J software and the fold change was calculated C. The cells were

incubated with FFAs for 48 h and the total RNA was isolated. cDNA was synthesized

and the real-time PCR for miRNA-141 was performed. The 2-DDCT was calculated and

then the relative expression was plotted by keeping control as 1-fold. The mean §SD

was calculated from 3 experiments in duplicates, and the Student’s t-test was per-

formed between the control and the FFA-treated cells (n = 3; *p < 0.05).
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expression of DDX3 in 6, 18, 32 and 54 weeks CDAA fed mice, respec-

tively (Fig. 5E).

3.6. Upregulation of miRNA-141 expression and downregulation of

autophagy marker proteins were observed in CDAA-fed mice

The total RNA isolated from the mice liver tissue was used for

cDNA synthesis, followed by the real time PCR for miRNA-141. The

results showed that there was a 3.3-fold, 2-fold, 7-fold, and 4.5-fold

increase in the expression of miRNA-141 observed in the mice fed

within 6, 18, 32 and 54 weeks CDAA fed mice, respectively (Fig. 6A-

6D).

Western blots were performed from the total protein isolated

from the mice liver from 6, 18, 32 and 54 weeks CDAA fed mice. The

results showed that there was a significant decrease in the expression

of autophagy marker proteins (Fig. 7A-7D). The band intensities

showed that the expression of Sirt-1 was downregulated by 90 %,

80 %, 80 % and 90 % in 6, 18, 32 and 54 weeks CDAA fed mice, respec-

tively (Fig. 7E-7H). Similarly, at least a 50 % to 70 % decrease in the

expression of Atg7, beclin1 and LC3-II was observed in 6, 18, 32 and

54 weeks CDAA fed mice, respectively (Fig. 7E-7H).

4. Discussion

MASLD is one of the primary reasons for the development of

hepatocellular carcinoma (HCC). MASLD progression to MASH and to

HCC is a complex process involving the alteration of several signaling

pathways. DDX3 performs many important functions in cellular pro-

cesses and acts as a tumour suppressor in HCC [26]. It also acts as a

double edged sword in various types of cancers [11]. So, as an onco-

genic protein, DDX3 is highly overexpressed in breast cancer cell

lines and promotes cell proliferation by inhibiting E-cadherin activity

[7]. It also initiates the b-catenin signaling pathways to induce cell

growth invasion of various cancers like colorectal cancer, gastric can-

cer and prostate cancer [27]. As a tumour suppressor protein,

decreased DDX3 is negatively correlated with tumour formation,

which results in poor progression of liver cancer in patients suffering

fromMASH, cirrhosis and liver related complications [17].

However, the exact role of DDX3 in MASLD is not fully under-

stood. In this study, we established a crucial role of DDX3 in MASLD

progression. DDX3 expression is significantly upregulated in Human

HCC, which is triggered by exposure to diosgenin [28]. Similar to the

previously published data, our study also showed that the expression

of DDX3 was upregulated when incubated with FFAs. These results

were confirmed in the diet induced MASLD mice model. DDX3 is

associated with tumorigenesis in HCC patients, where DDX3 reduc-

tion is directly promoted tumour formation in hepatic cells [17]. To

understand the mechanism by which DDX3 induces MASLD, the cells

Fig. 2. DDX3 upregulates the expression of miRNA-141. HepG2 cells were cultured and transfected with either plasmids containing DDX3 or empty vector (EV) (A) or siRNAs to

DDX3 or non-specific RNAs (NS) (B) for 48 h. After incubation, RNA was isolated and real-time PCR for miRNA-141 was performed. All the experiments were repeated 3 times in

duplicates. The mean §SD was calculated and the Student’s t-test was performed between the control and the transfected cells (n = 3; *p < 0.05).

Fig. 3. miRNA-141 targets Sirt-1. HepG2 cells were transfected with miRNA-141 pre-

miRs or NS for 48 or 72 h. A. After 48 h, expression of miRNA-141 and 5S rRNA was

determined (n = 3; *p < 0.05). B. After 72 h, Western blots for Sirt-1 and b-actin was

determined. C. The band intensities were quantified using Image J software. The mean

§ SD was calculated from 3 experiments in duplicates, and the Student’s t-test was

performed between the control and the transfected cells (n = 3; *p < 0.05).
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were incubated with the FFAs and the autophagy was determined

and found to inhibit autophagy in hepatic cells. Previously, we had

shown that DDX3 was inhibited by HBV, thereby inducing autophagy

[15]. Similarly, others also found that DDX3 was involved in modulat-

ing autophagy. Autophagy is a highly conserved nutrients-recycling

process where cells combat diverse stress including nutrient deple-

tion. As a prime novel regulator, DDX3 binds with 5ʹ-UTR of ATG1 to

resolve its secondary structure and eventually modulates autophagy

during nitrogen starvation relative to amino acids starvation [24].

This study also demonstrated that DDX3 positively regulates ULK1

expression at post transcriptional level to promote autophagy in

mammalian cells and knockdown of DDX3 leads to reduction of

autophagy. Thus, DDX3 has a direct interplay between autophagy

and its related pathways.

Previously, several studies have shown that DDX3 levels were

positively correlated with the expression of miRNAs like miR-200b,

miR-200c, miR-122, miR-145 [29]. As a RNA binding protein, DDX3

interacts with Drosha/DGCR8 complex (miRNA microprocessor),

promotes pri-miRNA processing activity and finally elevates mature

miRNA expression level [30]. Previously, it was shown that DDX3

could upregulate a subset of miRNAs, including miRNA-141, which

played important role in the cancer progression [30]. These authors

showed that though DDX3 interacted with Drosha/DGCR8 complex,

the DDX3’s KO/OE strategies seemed to affect a small part of miRNA

expression levels, including miRNA-141. miRNA-141 was shown to

target Sirt-1and inhibit autophagy to reduce HBV replication [31].

Hence, we determined the expression of miRNA-141 in FFA incu-

bated cells and found that there was an increase of miRNA-141 in

hepatic cells. To study whether this increase is due to the DDX3, the

cells were transfected with DDX3 expression plasmid and found a

positive correlation between DDX3 expression and miRNA-141

expression. Further, inhibition of DDX3 using siRNAs resulted in

decreased miRNA-141expression, confirming that DDX3 is directly

involved in regulating miRNA-141 expression. Using bioinformatics

approaches, such as Targetscan, it was found Sirt-1 was a target for

miRNA-141. Hence, miRNA-141 overexpression experiments showed

Fig. 4. DDX3 inhibits autophagy. HepG2 cells were transfected with plasmids containing DDX3, EV, siRNAs to DDX3 or NS for 72 h. Total cellular protein was isolated from HepG2

cells and Western blots were done for the autophagy marker proteins. A. Representative blots showing the expression of DDX3, Atg7, beclin-1, LC3-II and b-actin in DDX3 trans-

fected cells. B. The band intensities were quantified and the mean § SD was calculated from 3 experiments in duplicates, and the Student’s t-test was performed between the con-

trol and the transfected cells (n = 3; *p < 0.05). One-way ANOVA was performed to check the significant difference among these groups (n = 3; *p < 0.05). C. Representative blots

showing the expression of autophagy marker proteins in NS or DDX3 siRNAs transfected cells. D. The band intensities were quantified and the mean § SD was calculated from 3

experiments in duplicates, and the Student’s t-test was performed between the control and the transfected cells (n = 3; *p < 0.05). One-way ANOVA was performed to check the sig-

nificant difference among these groups (n = 3; *p < 0.05).
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Fig. 5. DDX3 upregulated in CDAA diet fed NAFLDmice. C57BL/6 mice were fed with chow diet (sham-operated control), CSAA (control diet) and CDAA diet for 6 (A), 18 (B), 32 (C)

and 54 (D) weeks. At the end of each time period, the total protein from the liver tissue was isolated and the expression of DDX3 and b-actin was determined. E. Densitometric anal-

ysis of the band intensities was determined by dividing the DDX3 expression with b-actin expression. The fold change was calculated taking control as 1, at each time point and the

change in the expression of DDX3 was plotted. (n = 6; *p < 0.05).

Fig. 6. miRNA-141 expression was upregulated in CDAA fed mice. C57BL/6 mice was fed with sham-operated control, CSAA and CDAA diet for 6 (A), 18 (B), 32 (C) and 54 (D)

weeks and at the end of each time period, the total RNA was isolated from the liver tissue and Real time PCR was performed to determine the expression of miRNA-141 and 5S

rRNA. The 2-DDCT was calculated and then the relative expression was plotted by keeping control as 1-fold. The mean § SD was calculated and the Student’s t-test was performed

(n = 6; *p < 0.05).
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Fig. 7. Autophagy is decreased in CDAA fed mice. C57BL/6 mice was fed with sham-operated control, CSAA and CDAA diet for 6 (A), 18 (B), 32 (C) and 54 (D) weeks and at the end

of each time period, the total protein was isolated from the liver tissue. Western blots were performed to determine the expression of Sirt-1, Atg7, beclin-1, and b-actin in the mice

liver tissues. The band intensities was determined and determined by dividing the expression of gene of interest with b-actin expression. The fold change was calculated taking con-

trol as 1, at each time point and the change in the expression of the gene was plotted. E, F, G and H show the expression in fold change from the mice liver tissue isolated from 6, 18,

32 and 54 weeks after feeding, respectively (n = 6; *p < 0.05).

M.M. Hossain, A.K. Mishra, A.K. Yadav et al. Annals of Hepatology 30 (2025) 101758

7



that there was a significant decrease in the expression of Sirt-1. Simi-

lar results were observed when DDX3 was overexpressed in HepG2

cells, whereas the expression of Sirt-1 was increased when DDX3

was inhibited using siRNAs to DDX3. This clearly established that

FFAs induced the DDX3, which in turn upregulated the expression of

miRNA-141. This was further confirmed by the expression of autoph-

agy marker protein; expression was inhibited when DDX3 was over-

expressed and autophagy was induced when DDX3 was inhibited.

Previously, two dead box RNA helicase family members, DDX5 and

DDX10, have been reported to modulate autophagy [32,33].

Studies showed that miR-141 inhibits Sirt-1 expression and pro-

motes cells proliferation and reduces apoptosis in colon cancer cells

[34]. Zhou et al. recently demonstrated that miR-141 targeted Sirt-1

and downregulated its expression to inhibit osteogenic differentia-

tion of bone marrow mesenchymal stem cells (BMSCs) [35]. All these

studies support our experiments that show that miR-141 has a direct

positive correlation with Sirt-1 expression.

5. Conclusions

For the first time, we showed that DDX3 inhibits autophagy via

miRNA-141 in MASLD. To confirm these in vitro findings, the CDAA

diet-induced mice model system was used. CDAA diet has high

sucrose (40 %) and fat (10 %), and the proteins are replaced with an

equivalent and corresponding mixture of L-amino acids [36]. In hepa-

tocytes, this diet inhibits fatty acid oxidation while it increases lipid

synthesis, oxidative stress, and inflammation, resulting in liver fibro-

sis [37], but the development of histological changes requires a lon-

ger time frame [36]. Hence, the mice were fed up to 54-week time

period. Mice on the CDAA diet neither display hepatic insulin resis-

tance [38] nor gain weight. The establishment and the confirmation

of the MASLD mice model using histological analysis of liver tissue

measurement of TG and HbA1c were performed and found that the

disease progression was increasing with the feeding interval of CDAA

diet, and all these results had already been published by our group

[25]. As MASLD pathogenesis progressed, the expression of both

DDX3 and miRNA-141 increased. Autophagy was also inhibited in

mice fed with CDAA diets. Autophagy is a self-eating process to main-

tain cellular quality control and acts as a source of energy during star-

vation, which also acts as a protective mechanism for the progression

of cancers[39,40]. Autophagy also degrades lipid droplets through

lipophagy in the liver as well as various cell types in yeast, worms,

and fungal structures [41]. Thus, considering the importance of

autophagy in cells, we developed a novel therapeutic target of MASLD

progression towards MASH and HCC by targeting Sirt-1/autophagy

axis through miR-141. Our findings identified a novel mechanistic

framework in which the upregulation of DDX3 expression in MASLD

enhanced miR-141 levels, which in turn downregulated Sirt-1 and

consequently, a reduction in autophagic activity was observed.

Author contributions

The corresponding author planned the study and corrected the

manuscript. Md. Musa Hossain and the corresponding author

designed all the experiments. Md. Musa Hossain performed all the

experiments, analysed the data and wrote the manuscript. Amit K.

Mishra helped in designing the experiments and performed some of

the transfection and western blot experiments and also helped in

preparing manuscripts. Ajay K. Yadav and Md. Musa Hossain estab-

lished NAFLD mice model system & Sata Teja Naveen, Md. Ismail,

Amrendra K. Sah assisted in mice tissue collection, few cell culture

and Western blot experiments. Arnab Banik and Gopal Sharma per-

formed some of the western blots experiments related to autophagy.

All the authors have read the manuscript and declared no potential

conflict of interest regarding this research.

Declaration of interests

None.

Acknowledgments

We would like to thank Mr. Nitin Sharma and Mr. Milind Donger-

dive for the technical help provided. We also thank lab assistant Mr.

Jagdish Yadav and Mr. Tarun Sardar. We thank the Department of Sci-

ence and Technology, Government of India, and South Asian Univer-

sity, New Delhi, India, for providing the research grant, EMR/2015/

001304, to Dr. Senthil Kumar Venugopal.

Data availability statement

Data and materials will be available from corresponding author on

request.

References

[1] Maurice J, Manousou P. Non-alcoholic fatty liver disease. Clin Med 2018;18:245–
50. https://doi.org/10.7861/clinmedicine.18-3-245.

[2] Mitra S, De A, Chowdhury A. Epidemiology of non-alcoholic and alcoholic fatty
liver diseases. Transl Gastroenterol Hepatol 2020;5:16. https://doi.org/10.21037/
tgh.2019.09.08.

[3] Kukhanova MK, Karpenko IL, Ivanov AV. DEAD-box RNA helicase DDX3: func-
tional properties and development of DDX3 inhibitors as antiviral and anticancer
drugs. Molecules 2020;25:1015. https://doi.org/10.3390/molecules25041015.

[4] Mo J, Liang H, Su C, Li P, Chen J, Zhang B. DDX3X: structure, physiologic functions
and cancer. Mol Cancer 2021;20:38. https://doi.org/10.1186/s12943-021-01325-
7.

[5] Yedavalli VSRK, Neuveut C, Chi Y-H, Kleiman L, Jeang K-T. Requirement of DDX3
DEAD box RNA helicase for HIV-1 Rev-RRE export function. Cell 2004;119:381–
92. https://doi.org/10.1016/j.cell.2004.09.029.

[6] Garbelli A, Beermann S, Di Cicco G, Dietrich U, Maga G. A motif unique to the
human DEAD-box protein DDX3 is important for nucleic acid binding, ATP hydro-
lysis, RNA/DNA unwinding and HIV-1 replication. PLoS ONE 2011;6:e19810.
https://doi.org/10.1371/journal.pone.0019810.

[7] Botlagunta M, Vesuna F, Mironchik Y, Raman A, Lisok A, Winnard P, et al. Onco-
genic role of DDX3 in breast cancer biogenesis. Oncogene 2008;27:3912–22.
https://doi.org/10.1038/onc.2008.33.

[8] Meacham CE, Morrison SJ. Tumour heterogeneity and cancer cell plasticity.
Nature 2013;501:328–37. https://doi.org/10.1038/nature12624.

[9] van Voss MRH, Vesuna F, Trumpi K, Brilliant J, Berlinicke C, de Leng W, et al. Iden-
tification of the DEAD box RNA helicase DDX3 as a therapeutic target in colorectal
cancer. Oncotarget 2015;6:28312–26.

[10] Tantravedi S, Vesuna F, Winnard PT, Martin A, LimM, Eberhart CG, et al. Targeting
DDX3 in medulloblastoma using the small molecule inhibitor RK-33. Transl Oncol
2019;12:96–105. https://doi.org/10.1016/j.tranon.2018.09.002.

[11] Zhao L, Mao Y, Zhou J, Zhao Y, Cao Y, Chen X. Multifunctional DDX3: dual roles in
various cancer development and its related signaling pathways. Am J Cancer Res
2016;6:387–402.

[12] He X, Li T, Qin K, Luo S, Li Z, Ji Q, et al. Demalonylation of DDX3 by Sirtuin 5 pro-
motes antiviral innate immune responses. Theranostics 2021;11:7235–46.
https://doi.org/10.7150/thno.52934.

[13] Chen G-Y, Chen X, King S, Cavassani KA, Cheng J, Zheng X, et al. Amelioration of
sepsis by inhibiting sialidase-mediated disruption of the CD24-SiglecG interac-
tion. Nat Biotechnol 2011;29:428–35. https://doi.org/10.1038/nbt.1846.

[14] Samir P, Kesavardhana S, Patmore DM, Gingras S, Malireddi RKS, Karki R, et al.
DDX3X acts as a live-or-die checkpoint in stressed cells by regulating NLRP3
inflammasome. Nature 2019;573:590–4. https://doi.org/10.1038/s41586-019-
1551-2.

[15] Mishra AK, Hossain MM, Umar M, Sata TN, Yadav AK, Sah AK, et al. DDX3-medi-
ated miR-34 expression inhibits autophagy and HBV replication in hepatic cells. J
Viral Hepat 2023;30:327–34. https://doi.org/10.1111/jvh.13799.

[16] Lo P-K, Huang Y-C, Poulton JS, Leake N, Palmer WH, Vera D, et al. RNA helicase
Belle/DDX3 regulates transgene expression in Drosophila. Dev Biol 2016;412:57–
70. https://doi.org/10.1016/j.ydbio.2016.02.014.

[17] Li H-K, Mai R-T, Huang H-D, Chou C-H, Chang Y-A, Chang Y-W, et al. DDX3
represses stemness by epigenetically modulating tumor-suppressive miRNAs in
hepatocellular carcinoma. Sci Rep 2016;6:28637. https://doi.org/10.1038/
srep28637.

[18] Schr€oder M. Human DEAD-box protein 3 has multiple functions in gene regula-
tion and cell cycle control and is a prime target for viral manipulation. Biochem
Pharmacol 2010;79:297–306. https://doi.org/10.1016/j.bcp.2009.08.032.

[19] Lin S, Gregory RI. MicroRNA biogenesis pathways in cancer. Nat Rev Cancer
2015;15:321–33. https://doi.org/10.1038/nrc3932.

[20] MacFarlane L-A, Murphy PR. MicroRNA: biogenesis, function and role in Cancer.
Curr Genomics 2010;11:537–61. https://doi.org/10.2174/138920210793175895.

M.M. Hossain, A.K. Mishra, A.K. Yadav et al. Annals of Hepatology 30 (2025) 101758

8

https://doi.org/10.13039/501100004751
https://doi.org/10.13039/501100004751
https://doi.org/10.7861/clinmedicine.18-3-245
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.21037/tgh.2019.09.08
https://doi.org/10.3390/molecules25041015
https://doi.org/10.1186/s12943-021-01325-7
https://doi.org/10.1186/s12943-021-01325-7
https://doi.org/10.1016/j.cell.2004.09.029
https://doi.org/10.1371/journal.pone.0019810
https://doi.org/10.1038/onc.2008.33
https://doi.org/10.1038/nature12624
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0009
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0009
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0009
https://doi.org/10.1016/j.tranon.2018.09.002
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0011
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0011
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0011
https://doi.org/10.7150/thno.52934
https://doi.org/10.1038/nbt.1846
https://doi.org/10.1038/s41586-019-1551-2
https://doi.org/10.1038/s41586-019-1551-2
https://doi.org/10.1111/jvh.13799
https://doi.org/10.1016/j.ydbio.2016.02.014
https://doi.org/10.1038/srep28637
https://doi.org/10.1038/srep28637
https://doi.org/10.1016/j.bcp.2009.08.032
https://doi.org/10.1038/nrc3932
https://doi.org/10.2174/138920210793175895


[21] Ling H, Fabbri M, Calin GA. MicroRNAs and other non-coding RNAs as targets for
anticancer drug development. Nat Rev Drug Discov 2013;12:847–65. https://doi.
org/10.1038/nrd4140.

[22] Gjorgjieva M, Sobolewski C, Dolicka D, Correia de Sousa M, Foti M. miRNAs and
NAFLD: from pathophysiology to therapy. Gut 2019;68:2065–79. https://doi.org/
10.1136/gutjnl-2018-318146.

[23] Yousefi Z, Nourbakhsh M, Abdolvahabi Z, Ghorbanhosseini S-S, Hesari Z, Yarah-
madi S, et al. microRNA-141 is associated with hepatic steatosis by downregulat-
ing the sirtuin1/AMP-activated protein kinase pathway in hepatocytes. J Cell
Physiol 2020;235:880–90. https://doi.org/10.1002/jcp.29002.

[24] Lahiri V, Metur SP, Hu Z, Song X, Mari M, Hawkins WD, et al. Post-transcriptional
regulation of ATG1 is a critical node that modulates autophagy during distinct
nutrient stresses. Autophagy 2022;18:1694–714. https://doi.org/10.1080/
15548627.2021.1997305.

[25] Yadav AK, Sata TN, Verma D, Sah AK, Mishra AK, Mrinalini, et al., et al. Free fatty
acid-induced miR-22 inhibits gluconeogenesis via SIRT-1-mediated PGC-1a
expression in nonalcoholic fatty liver disease. iLIVER 2023;2:1–9. https://doi.org/
10.1016/j.iliver.2023.01.002.

[26] Su Y-Y, Chao C-H, Hsu H-Y, Li H-K, Wang Y-L, Wu Lee Y-H, et al. DDX3 suppresses
hepatocellular carcinoma progression through modulating the secretion and
composition of exosome. Am J Cancer Res 2023;13:1744–65.

[27] Yang F, Fang E, Mei H, Chen Y, Li H, Li D, et al. Cis-Acting circ-CTNNB1 promotes
b-Catenin signaling and cancer progression via DDX3-mediated transactivation
of YY1. Cancer Res 2019;79:557–71. https://doi.org/10.1158/0008-5472.CAN-18-
1559.

[28] Yu H, Liu Y, Niu C, Cheng Y. Diosgenin increased DDX3 expression in hepatocellu-
lar carcinoma. Am J Transl Res 2018;10:3590–9.

[29] Li H-K, Mai R-T, Huang H-D, Chou C-H, Chang Y-A, Chang Y-W, et al. DDX3
represses stemness by epigenetically modulating tumor-suppressive miRNAs in
hepatocellular carcinoma. Sci Rep 2016;6:28637. https://doi.org/10.1038/
srep28637.

[30] Zhao L, Mao Y, Zhao Y, He Y. DDX3X promotes the biogenesis of a subset of miR-
NAs and the potential roles they played in cancer development. Sci Rep
2016;6:32739. https://doi.org/10.1038/srep32739.

[31] Yang Y, Liu Y, Xue J, Yang Z, Shi Y, Shi Y, et al. MicroRNA-141 targets Sirt1 and
inhibits autophagy to reduce HBV replication. Cell Physiol Biochem Int J Exp Cell
Physiol Biochem Pharmacol 2017;41:310–22. https://doi.org/10.1159/000456162.

[32] Zhang H, Zhang Y, Zhu X, Chen C, Zhang C, Xia Y, et al. DEAD box protein 5
inhibits liver tumorigenesis by stimulating autophagy via interaction with
p62/SQSTM1. Hepatol Baltim Md 2019;69:1046–63. https://doi.org/10.1002/
hep.30300.

[33] Li J, Zhou Y, Zhao W, Liu J, Ullah R, Fang P, et al. Porcine reproductive and respira-
tory syndrome virus degrades DDX10 via SQSTM1/p62-dependent selective
autophagy to antagonize its antiviral activity. Autophagy 2023;19:2257–74.
https://doi.org/10.1080/15548627.2023.2179844.

[34] Li Y, Gu F, Lin X. The role of miR-141/Sirt1 in colon cancer. J BUON Off J Balk Union
Oncol 2020;25:2665–71.

[35] Zhou S, Zhang G, Wang K, Yang Z, Tan Y. miR-141-3p targeted SIRT1 to inhibit
osteogenic differentiation of bone marrow mesenchymal stem cells. Stem Cells
Int 2023;2023:9094092. https://doi.org/10.1155/2023/9094092.

[36] Nakae D, Mizumoto Y, Andoh N, Tamura K, Horiguchi K, Endoh T, et al. Compara-
tive changes in the liver of female Fischer-344 rats after short-term feeding of a
semipurified or a semisynthetic L-amino acid-defined choline-deficient diet. Tox-
icol Pathol 1995;23:583–90. https://doi.org/10.1177/019262339502300504.

[37] Kodama Y, Kisseleva T, Iwaisako K, Miura K, Taura K, De Minicis S, et al. c-Jun N-
terminal kinase-1 from hematopoietic cells mediates progression from hepatic
steatosis to steatohepatitis and fibrosis in mice. Gastroenterology
2009;137:1467–77 e5. https://doi.org/10.1053/j.gastro.2009.06.045.

[38] Hebbard L, George J. Animal models of nonalcoholic fatty liver disease. Nat Rev
Gastroenterol Hepatol 2011;8:35–44. https://doi.org/10.1038/nrgastro.2010.191.

[39] He C, Klionsky DJ. Regulation mechanisms and signaling pathways of autophagy.
Annu Rev Genet 2009;43:67–93. https://doi.org/10.1146/annurev-genet-102808-
114910.

[40] Murrow L, Debnath J. Autophagy as a stress-response and quality-control mecha-
nism: implications for cell injury and human disease. Annu Rev Pathol
2013;8:105–37. https://doi.org/10.1146/annurev-pathol-020712-163918.

[41] Autophagy and Lipid Droplets in the Liver - PMC n.d. https://www.ncbi.nlm.nih.
gov/pmc/articles/PMC7909712/(accessed November 20, 2023).

M.M. Hossain, A.K. Mishra, A.K. Yadav et al. Annals of Hepatology 30 (2025) 101758

9

https://doi.org/10.1038/nrd4140
https://doi.org/10.1038/nrd4140
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.1136/gutjnl-2018-318146
https://doi.org/10.1002/jcp.29002
https://doi.org/10.1080/15548627.2021.1997305
https://doi.org/10.1080/15548627.2021.1997305
https://doi.org/10.1016/j.iliver.2023.01.002
https://doi.org/10.1016/j.iliver.2023.01.002
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0026
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0026
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0026
https://doi.org/10.1158/0008-5472.CAN-18-1559
https://doi.org/10.1158/0008-5472.CAN-18-1559
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0028
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0028
https://doi.org/10.1038/srep28637
https://doi.org/10.1038/srep28637
https://doi.org/10.1038/srep32739
https://doi.org/10.1159/000456162
https://doi.org/10.1002/hep.30300
https://doi.org/10.1002/hep.30300
https://doi.org/10.1080/15548627.2023.2179844
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0034
http://refhub.elsevier.com/S1665-2681(24)00541-6/sbref0034
https://doi.org/10.1155/2023/9094092
https://doi.org/10.1177/019262339502300504
https://doi.org/10.1053/j.gastro.2009.06.045
https://doi.org/10.1038/nrgastro.2010.191
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-pathol-020712-163918
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7909712/(accessed
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7909712/(accessed

	Free fatty acid-induced DDX3 inhibits autophagy via miR-141 upregulation in diet-induced MASLD mice model system
	1. Introduction
	2. Materials and Methods
	2.1. Cell culture and free fatty acid (FFA) treatment
	2.2. Transfection experiments
	2.3. CDAA-induced MASLD mice model system
	2.4. Total RNA isolation, cDNA synthesis and RT PCR
	2.5. Western blotting experiments
	2.6. Statistical analysis
	2.7. Ethical statement

	3. Results
	3.1. FFAs induce DDX3 expression and miR-141 in hepatic cells
	3.2. DDX3 induces the expression of miR-141 in HepG2 cells
	3.3. miR-141 targets Sirt-1 expression in HepG2 cells
	3.4. DDX3 downregulates Sirt-1 expression and the autophagy in HepG2 cells
	3.5. Expression of DDX3 was upregulated in CDAA-fed mice
	3.6. Upregulation of miRNA-141 expression and downregulation of autophagy marker proteins were observed in CDAA-fed mice

	4. Discussion
	5. Conclusions
	Author contributions
	Declaration of interests
	Acknowledgments
	Data availability statement

	References


