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Persistent hepatic cellular metabolic stress and liver inflammatory stimuli are key signatures of nonalcoholic
steatohepatitis (NASH). DDX3X is a vital molecule involved in cell fate decisions in both pro-survival stress
granule (SG) and pro-death NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome
assembly in response to stress signals. However, the role of DDX3X in NASH remains unclear. We characterized
the cell type-specific roles of DDX3X in NASH. Human liver tissues from NASH patients and normal control
subjects were collected to assess DDX3X expression and distribution. Nutritional steatohepatitis models
were constructed by feeding macrophage-specific DDX3X knockout (DDX3X*?), hepatocyte-specific
DDX3X knockout (DDX3X2"?), and wild-type control (DDX3X™™ mice a high-fat and high-cholesterol
(HFHC) diet, a methionine- and choline-deficient (MCD) diet, and a high-fat/high-iron/high-fructose/
high-cholesterol, low-methionine, and choline-deficient (HFHIHFHC-MCD) diet. The study demonstrated
that DDX3X was predominantly expressed in macrophages and hepatocytes in control liver tissues, and
its expression was down-regulated in patients or mice with NASH. Compared to DDX3X™" littermates,
DDX3X“M® mice showed improved liver histology in nutritional steatohepatitis models. Loss of macrophage
DDX3X inhibited NLRP3 inflammasome-mediated pyroptosis, causing anti-inflammatory M2 polarization
and alleviating hepatocyte steatohepatitic changes. DDX3X“"™P mice developed marked steatohepatitis in
multiple nutritional steatohepatitis models compared to DDX3X™" littermates. DDX3X-deleted hepatocytes
showed impaired SG assembly, leading to increased sensitivity and intolerance to metabolic stimulation
and resultant steatohepatitis. In conclusion, DDX3X plays opposite roles in different cell types during the
progression of NASH. A better understanding of the cell-specific differences in the crosstalk between SG
formation and NLRP3 activation is crucial for developing prospective targeted DDX3X inhibitors for the
treatment of NASH.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) comprises a multi-
step clinicopathological spectrum of chronic liver disorders.
Nonalcoholic steatohepatitis (NASH) is a more severe form of
NAFLD marked by necro-inflammation and hepatocyte bal-
looning [1,2]. Continuous hepatic cellular metabolic stress and
prolonged liver inflammatory insults are believed to be the key
signatures of steatohepatitis, which perpetuates hepatocellular
injury and enables cells to perish, thus promoting liver fibrosis
[3-5]. However, the exact pathogenic network that interprets
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stress signals in the initiation and propagation of steatohepatitis
remains incompletely elucidated.

DEAD-box helicase 3, X-linked (Ddx3x), a member of the
DEAD-box family, has been reported to regulate lipid homeo-
stasis during hepatitis C virus (HCV)-induced steatosis [6].
Recent study reported that hepatic DDX3X relieved high-fat diet
(HFD)-induced lipid metabolism disorder and liver steatosis [7].
However, mice fed an HFD develop NAFLD but rarely NASH.
Approximately 25% of NAFLD cases progress to NASH, and
NASH-related complications are the major factors affecting dis-
ease outcomes in NAFLD patients [8]. It is important to illustrate
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the pathogenesis of steatosis-to-NASH progression. Our group
was one of the first to document that gasdermin D (GSDMD)-
driven pyroptosis, a downstream executor of several inflamma-
somes, is the key inflammatory link between NAFLD and NASH
[9]. DDX3X has been identified as a central decision molecule
in stress granules (SGs) and NOD-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome assembly in
response to cellular stress signals in bone marrow-derived mac-
rophages (BMDMs) [10,11]. Both SGs and NLRP3 inflamma-
somes are intracellular complexes that assemble under cell stress
stimuli, but they cause opposite cellular fates [11]. SG formation
helps cells survive under cellular stress [12,13]. However, activa-
tion of inflammasomes is a powerful trigger of inflammation,
which leads to execution of pyroptosis and induces interleukin-1f3
(IL-1p) and IL-18 secretion [14-16]. Pyroptosis is an important
inflammatory mediator, and uncontrolled pyroptosis may cause
cell death and disease progression [17-19]. Pyroptosis has been
reported to be involved in the pathomechanism of liver warm
ischemia-reperfusion injury (IRI), alcoholic liver disease (ALD),
NASH, and liver fibrosis [9,20-22]. However, the function of
DDX3X on the inflammatory response and cell death in NASH
progression remains unknown. In addition, the role of DDX3X
in different liver cells has never been reported.

Herein, we used conditional macrophage DDX3X knockout
(DDX3X*M?) mice and conditional hepatocyte DDX3X knockout
(DDX3X2MP) mice to explore the cell-specific roles of DDX3X
in nutritional steatohepatitis. Our data illustrate that macrophage
DDX3X loss inhibits NLRP3-mediated pyroptosis and improves
liver histology in nutritional steatohepatitis. Hepatocyte DDX3X
deficiency mainly affects the capacity of SG assembly, leading to
increased sensitivity and intolerance to metabolic stimulation and
resultant steatohepatitis. Thus, a better understanding of the cell-
specific differences in the crosstalk between SG formation and
NLRP3 activation is essential for developing promising targeted
DDX3X drugs for the treatment of NASH.

Results

DDX3X expression is decreased in the livers of

humans and mice with NASH
A previous study demonstrated that the protein level of DDX3X
was decreased in NAFLD patients [7]. We further analyzed the
Gene Expression Omnibus (GEO) database with a larger sample
size of 151 NAFLD/NASH patients and 28 controls (GSE213621)
and reached the same conclusion that DDX3X expression was
decreased in NASH patients (Fig. S1A). However, the specific cell
distribution of DDX3X in the liver remains unclear. Therefore,
we performed multiplexed immunofluorescence (MIF) and
revealed that DDX3X was down-regulated in human NASH tis-
sues compared to normal control (NC) liver tissues (Fig. 1A).
More importantly, DDX3X was mainly expressed in macrophages
and hepatocytes but not in CD8" T cells of livers from NC sub-
jects (Fig. 1A and Fig. S1B). Down-regulation of DDX3X mRNA
and protein expression was found in multiple nutritional mouse
models of steatohepatitis (Fig. 1B and Fig. S1C). The expression
and distribution of DDX3X was further validated in primary
hepatocytes and BMDMs. Both hepatocytes and BMDMs showed
DDX3X distribution, but hepatocytes expressed higher DDX3X
mRNA and protein levels than BMDMs isolated from the same
mice (Fig. 1Cand D).

To further investigate the expression of DDX3X in vitro, we
treated primary hepatocytes and BMDMs with palmitic acid
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(PA), one of the most commonly used saturated fatty acid stimu-
lants in NAFLD cell models, to stimulate the steatohepatitis envi-
ronment. As shown in Fig. 1E and F, decreased DDX3X levels
were further confirmed in primary hepatocytes and BMDMs
treated with PA. All these results indicate that DDX3X is down-
regulated in the progression of NASH.

Macrophage DDX3X exacerbates

experimental steatohepatitis

NLRP3 in myeloid cells plays a vital role in experimental steato-
hepatitis [23]. A previous study demonstrated that DDX3X acted
as a building block for the assembly of SGs and the NLRP3 inflam-
masome in murine BMDMs [11]. Therefore, we explored the
effect of myeloid macrophage DDX3X on NASH. Macrophage
DDX3X mRNA and protein expression were both decreased in
BMDMs isolated from DDX3X*™? mice compared to BMDMs
isolated from DDX3X"" mice (Fig. $2A). Compared to DDX3X""
mice, DDX3X*M® mice fed the high-fat and high-cholesterol
(HFHC) diet showed markedly lower liver weights and liver-
to-body weight ratios after 12 weeks of induction (Fig. 2A).
Importantly, histological examination of liver sections revealed
that although DDX3X*™? mice showed more obvious steatosis
at early stages (0, 4, and 8 weeks) of HFHC diet induction, the
relatively late process of steatohePatitis was significantly inhibited
compared to that in DDX3X"" mice fed the HFHC diet for
12 weeks (Fig. 2B and C). Hepatic triglyceride (TG) content,
hepatic lipid peroxide levels, and serum alanine transaminase
(ALT) levels were all lower in DDX3X*M? mice fed the HFHC
diet for 12 weeks than in DDX3X™" mice (Fig. 2D), suggesting
that macrophage DDX3X exacerbated the development of NASH.
The improved liver histology of DDX3X*™® mice was further
confirmed in nutritional steatohepatitis models induced by
methionine- and choline-deficient (MCD) diet for 6 weeks (Fig.
2E) and high-fat/high-iron/high-fructose/high-cholesterol, low-
methionine, and choline-deficient (HFHIHFHC-MCD) diet for
6 weeks (Fig. 2F), suggesting that DDX3X deficiency in macro-
phages protected mice from steatohepatitis.

Loss of macrophage DDX3X inhibits NLRP3

inflammasome activation and pyroptosis

To characterize the mechanisms of macrophage DDX3X-associated
steatohepatitis, we evaluated the effect of DDX3X on governing the
regulation between pro-survival and pro-death cell fate pathways
in BMDMs. Coimmunoprecipitation (Co-IP) experiments showed
that DDX3X could interact with both G3BP1 and NLRP3 under
PA induction in BMDMs (Fig. S2B). Confocal microscopy imaging
demonstrated that SG assembly (indicated by G3BP1 staining, a
marker of SGs) was a relatively early event compared to NLRP3
inflammasome activation, indicated by apoptosis-associated speck-
like protein containing a CARD (ASC) staining, in BMDMs treated
with PA (Fig. 3A). In addition, MCC950, a specific inhibitor of the
NLRP3 inflammasome, significantly inhibited GSDMD cleavage,
IL-1p release, and lactate dehydrogenase (LDH) levels in DDX3X™"™
macrophages treated with PA for 24 h (Fig. S2C to E). Importantly,
both SG and NLRP3 inflammasome assembly were impaired in
DDX3X4M? macrophages compared to DDX3X™™ macrophages
(Fig. 3A). Evaluation of cell death by SYTOX Green dye staining
showed a significant reduction in cell death in DDX3X*"® macro-
phages after 24 h of PA induction, despite a slightly increased level
of cell death in DDX3X*"* macrophages at the early stages (Fig.
3B and C). Consistently, LDH, IL-1f expression, and GSDMD
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Fig.1. DDX3X expression is decreased in the liver tissues of humans and mice with NASH. (A) Representative MIF sections of DDX3X expression and distribution in human
liver tissues. Scale bars, 50 pm. (B) mRNA and protein expression of Ddx3x in multiple nutritional mouse models of steatohepatitis fed an HFHC, MCD, or HFHIHFHC-MCD
diet. (C and D) Expression and distribution of Ddx3x in primary hepatocytes and BMDMs. (E) mRNA and protein expression of Ddx3x in primary hepatocytes with or without
PA stimulation (0.4 mM, 24 h). (F) mRNA and protein expression of Ddx3x in BMDMSs with or without PA stimulation (0.4 mM, 24 h). n = 3 to 6 per group; data are indicated
as the mean + SD. *P < 0.05, **P < 0.01, *#*#*P < 0.001.
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Fig.2.Deficiency of macrophage DDX3X attenuates experimental steatohepatitis. (A) Liver weights and liver-to-body weight ratios of DDX3X™" and DDX3X"® mice exposed
to the NC diet or HFHC diet for 12 weeks. (B) Histological evaluation of liver sections from DDX3X™" and DDX3X"? mice fed the HFHC diet for 0, 4, 8, and 12 weeks. Scale
bars, 20 pm. (C) NAFLD activity score, steatosis score, and inflammation score of liver sections were assessed in DDX3X™" and DDX3X“M® mice fed an HFHC diet for 12 weeks.
(D) Hepatic TG content, liver lipid peroxidation, and serum ALT levels in DDX3X™ and DDX3X*"* mice fed an HFHC diet for 12 weeks. (E) Representative hematoxylin and
eosin (H&E)-stained liver sections and NAFLD activity score of DDX3X™" and DDX3X“M® mice fed an MCD diet for 6 weeks. Scale bars, 20 pm. (F) Representative H&E-stained
liver sections and NAFLD activity score of DDX3X™" and DDX3X*"* mice fed an HFHIHFHC-MCD diet for 6 weeks. Scale bars, 20 um. n = 6 per group; data are expressed
as the mean + SD. *P < 0.05, *#*P < 0.01, *#*P < 0.001.
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Fig. 3. Loss of macrophage DDX3X inhibits NLRP3 inflammasome activation and pyroptosis. (A) Representative immunofluorescence images of G3BP1 and ASC in BMDMs
isolated from DDX3X™" or DDX3X2M® mice with invitro stimulation of PA (0.4 mM) for 0, 4, 12, and 24 h, respectively. Scale bars, 10 pm. (B and C) SYTOX green staining of
BMDMs isolated from DDX3X™" or DDX3X*"* mice with invitro stimulation of PA (0.4 mM) for 0, 4,12, and 24 h, respectively. Scale bars, 25 pm. (D) Medium LDH levels and
(E) IL-1p mRNA of BMDMs isolated from DDX3X™" or DDX3X*M* mice with invitro stimulation of PA (0.4 mM) for 0, 4,12, and 24 h, respectively. (F) GSDMD-N and IL-1p levels
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of ASC, (H) GSDMD-N and IL-1p levels, (1) IL-1p release evaluated by enzyme-linked immunosorbent assay, and (J) medium LDH levels in BMDMs isolated from DDX3X"" or
DDX3X*"® mice primed with LPS for 4 h and then stimulated with the NLRP3 stimulus nigericin (Nig; 20 M) for 45 min. Scale bars, 10 um. n = 3 per group; data are expressed
as the mean + SD. *##P < 0.001.
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cleavage were all inhibited in DDX3X*"* macrophages compared
to DDX3X"" macrophages treated with PA for 24 h (Fig. 3D to F).
However, the NLRP3 inflammasome activator nigericin in
DDX3X*M® macrophages failed to induce NLRP3 inflammasome
activation-mediated pyroptosis (Fig. 3G to J). All these data sug-
gested that DDX3X was indispensable in macrophage NLRP3
inflammasome activation. Our previous study demonstrated that
GSDMD-driven pyroptosis acts as a critical inflammatory mediator
in steatohepatitis [9]. These data indicate that macrophage pyrop-
tosis is mainly dependent on DDX3X-mediated NLRP3 activation
in the pathogenesis of steatohepatitis.

Macrophage DDX3X promotes M1 macrophage
polarization, proinflammatory cytokines production,
and hepatocyte steatosis

Macrophages are crucial innate immune cells involved in the
regulation of hepatic pyroptosis and cell damage during the pro-
gression of NASH [9,24]. To explain the alleviated inflammatory
response in the livers of DDX3X*M® mice, we assessed hepatic
macrophage infiltration. F4/80 staining of liver sections revealed
mitigated macrophage infiltration in DDX3X*"'* mice compared
to that in DDX3X"" mice (Fig. 4A). The NLRP3 signaling path-
way was reported to be involved in the polarization of M1/M2
macrophages [25]. Loss of macrophage DDX3X inhibits NLRP3
activation. Therefore, we isolated BMDMs from DDX3X" and
DDX3X*M? mice and stimulated them in vitro with lipopolysac-
charide (LPS) or IL-4 under conditions of PA induction to induce
M1 or M2 macrophages. The mRNA expression of M1 macro-
phage markers [tumor necrosis factor-o (TNF-ar), IL-1p, and
MCP-1] was decreased in the DDX3X*"® BMDM:s in compari-
son with the DDX3X"" BMDM:ss treated with PA + LPS (Fig. 4B).
However, the mRNA expression levels of the M2 macrophage
marker IL-10 were significantly increased in the DDX3X*M?
BMDM:s in comparison to the DDX3X" BMDMs treated with
PA + IL-4 (Fig. 4B). In addition, flow cytometry assays showed
that DDX3X deletion in macrophages inhibited M1 macrophage
polarization but promoted M2 macrophage polarization (Fig. 4C
and D). To determine whether the amelioration of steatohepatitic
changes found in DDX3X*™? mice was due to inhibiting NLRP3-
mediated pyroptosis and decreasing M1 polarization, we cocul-
tured DDX3X™"™ hepatocytes with DDX3X"" or DDX3X*M*
macrophages in PA + LPS medium (Fig. 4E and F). Compared
to DDX3X"" macrophages, DDX3X"*™? macrophages cocultured
with DDX3X"" hepatocytes showed significantly less lipid accu-
mulation (Fig. 4F and Fig. S3).

Hepatocyte DDX3X deletion exacerbates
steatohepatitis in mice

Then, we explored the effect of hepatocyte DDX3X on the initia-
tion and propagation of NASH by feeding DDX3X*"? mice
and DDX3X™" control mice an HFHC diet for different dura-
tions (0, 4, 8, and 12 weeks). DDX3X was readily expressed in
hepatocytes isolated from DDX3X"" mice but not in hepato-
cytes isolated from DDX3X"P mice (Fig. S4A). DDX3X4hP
mice showed higher liver weights and liver-to-body weight
ratios than DDX3X"™ mice fed the HFHC diet for 12 weeks
(Fig. 5A). Importantly, histological examination of liver sections
with different time courses of HFHC diet induction showed
earlier and more notable lipid accumulation and inflammatory
cell infiltration in DDX3X*"P mice than in DDX3X"" mice
(Fig. 5B and C). Consistently, hepatic TG content, hepatic lipid
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peroxide levels, and serum ALT levels were all increased in
DDX3X*"P mice compared to DDX3X"" mice fed the HFHC
diet for 12 weeks (Fig. 5D), suggesting that hepatocyte DDX3X
deletion promoted the progression of NASH. The effect of
hepatocyte DDX3X on steatohepatitis was validated in two
additional mouse models of steatohepatitis induced by MCD
and HFHIHFHC-MCD diets. Similarly, DDX3X*"? mice
showed more pronounced steatohepatitis in both models than
DDX3X"™ mice fed the same diet (Fig. 5E and F). Collectively,
these data indicate that hepatocyte DDX3X deletion exacer-
bates steatohepatitis in mice.

Hepatocyte DDX3X deletion impedes SG assembly

in steatohepatitis

DDX3X is a central regulator between pro-survival SGs and the
pyroptotic NLRP3 inflammasome under stress [10]. We then
examined the role of DDX3X in hepatocyte SG assembly and
NLRP3 activation in NASH. Interestingly, both hepatocytes and
BMDMs showed G3BP1 distribution after PA induction, but
hepatocytes exhibited higher G3BP1 protein levels than BMDMs
isolated from the same mice (Fig. S4B). The expression of NLRP3
inflammasome components was significantly higher in macro-
phages than in hepatocytes after PA induction (Fig. S4B). Co-IP
experiments showed that DDX3X could interact with both G3BP1
and NLRP3 under PA induction in primary hepatocytes (Fig.
$4C). Confocal microscopy imaging of G3BP1 in DDX3X""
hepatocytes showed obvious assembly of numerous SGs as early
as 4 h after PA induction (Fig. 6A). The number of assembled SGs
peaked for approximately 12 h after PA induction, and disassem-
bly gradually occurred over time (Fig. 6A). However, compared

to DDX3X"" hepatocytes, DDX3X*"P hepatocytes exhibited
impaired SG assembly (Fig. 6A), indicating that severe steato-
hepatitis caused by hepatocyte DDX3X deletion may at least
partly result from the inhibition of pro-survival SG formation,
thus impairing the ability of hepatocytes to respond to changes
in homeostatic flux. To further address the role of SGs in steato-
hepatitis, we knocked down hepatocyte G3BP1 in mice by inject-
ing AAV8-miG3BP1 containing the hepatocyte-specific promoter
TBG, and the mice were fed an HFHC diet for 12 weeks. G3BP1
was specifically knocked down in hepatocytes (Fig. S5A to C).
Mice lacking G3BP1 in hepatocytes had more severe steatosis and
a more aggravated steatohepatitis phenotype than control mice
(Fig. S5D and E), further validating that hepatocyte SGs protected
mice from steatohepatitis.

Hepatocyte DDX3X deletion suppresses NLRP3
inflammasome activation but fails to protect against
NLRC4-mediated hepatocyte pyroptosis

Then, we evaluated NLRP3 inflammasome activation in hepato-
cytes. Similar to macrophages, the appearance of pyroptotic ASC
specks was a relatively late event during PA treatment compared
to the formation of $Gs. DDX3X™" hepatocytes showed pyrop-
totic ASC specks after approximately 12 h of PA treatment and
were progressively enhanced with PA insult thereafter (Fig. 6A).
Pyroptotic ASC specks were relatively decreased in hepatocytes
isolated from DDX3X*"P mice (Fig. 6A). However, monitoring
of cell death by SYTOX Green dye staining demonstrated that
DDX3X" hepatocytes were more sensitive to the pro-death
phenotype after PA treatment than DDX3X™" hepatocytes (Fig.
6B and C). More importantly, both LDH and IL-1f production
were substantially enhanced in DDX3X*"® hepatocytes compared
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with DDX3X"™" hepatocytes (Fig. 6D to F). Consistently,
DDX3X“"P hepatocytes showed more obvious GSDMD cleavage
than DDX3X"" hepatocytes with PA induction (Fig. 6F), indicat-
ing that hepatocyte pyroptosis was not completely dependent on
DDX3X-mediated NLRP3 activation. These results are consistent
with a previous study demonstrating that in contrast to NLRP3-
dominant macrophage pyroptosis, NLRC4-mediated caspase-1
activation, but not NLRP3, is indispensable for hepatocyte pyrop-
tosis in HFHC diet-fed steatohepatitis [26]. Consistently, examina-
tion of the expression and distribution of NLRC4 in primary
hepatocytes and BMDMs also confirmed that NLRC4 was pre-
dominantly expressed in primary hepatocytes under PA condi-
tions (Fig. $4B). Significant up-regulation of NLRC4 expression
in DDX3X"" liver tissues and primary hepatocytes in steatohepa-
titis was further confirmed both in vivo and in vitro (Fig. 6G). In
order to further verify the role of DDX3X in the SGs, NLRP3, and
NLRC4 inflammasome in hepatocytes, we applied the specific
activators of these protein machines in DDX3X*"® hepatocytes.
As shown in Fig. S6A, applying arsenite, an inducer of SGs, failed
to induce the assembly of SGs in DDX3X“"® hepatocytes, indicat-
ing that DDX3X was essential in hepatocyte SG formation. In
addition, compared with pDx3xM hepatocytes, using the NLRP3
inflammasome activator nigericin in DDX3X""P hepatocytes
failed to induce NLRP3 inflammasome activation (Fig. S6B to E),
while adding the NLRC4 inflammasome activator flagellin signifi-
cantly induced pyroptosis of DDX3X"“"® hepatocytes (Fig. S6F to
H), suggesting that hepatocyte NLRP3 inflammasome activation
was DDX3X dependent, while hepatocyte NLRC4 inflammasome
activation was DDX3X independent, consistent with a previous
study in BMDMs [10]. Moreover, knocking down NLRP3 did not
inhibit PA-induced DDX3X""® hepatocyte pyroptosis, while
silencing NLRC4 significantly alleviated pyroptosis in PA-induced
DDX3X " hepatocytes, further proving that PA-induced pyrop-
tosis in DDX3X*"® hepatocytes was mainly caused by NLRC4
inflammasome activation rather than the NLRP3 inflammasome
(Fig. 6H to J). All the findings indicate that loss of SG protection
caused by hepatocyte DDX3X deficiency, as well as pro-pyroptotic
NLRCH4 activation, coordinately accelerate steatohepatitis.

Loss of DDX3X in hepatocytes promotes
macrophage infiltration and M1

macrophage polarization

To explain the marked inflammatory response in the livers of
DDX3X*"P mice, we performed F4/80 immunostaining to
evaluate macrophage infiltration. Immunohistochemical (IHC)
staining of liver sections revealed more macrophage infiltration
in DDX3X*"P mice than in DDX3X"" mice exposed to an
HFHC diet or an MCD diet (Fig. 7A). In an in vitro coculture
model, macrophages isolated from DDX3X" mice cocultured
with DDX3X"*" hepatocytes also showed enhanced infiltration
ability compared to those cocultured with DDX3X™" hepato-
cytes (Fig. S6I). Subsequently, we analyzed pyroptosis-related
proinflammatory cytokines mRNA expression levels in the liver
tissues of DDX3X"" and DDX3X*"® mice. Hepatic TNEF-a,
IL-1B, and MCP-1 mRNA expression was increased in the liver
tissues of DDX3X*"P mice compared to those of DDX3X"!
mice fed the HFHC diet (Fig. 7B), suggesting that loss of
DDX3X in hepatocytes promoted proinflammatory cytokines
production. Given that up-regulation of these proinflammatory
cytokines was tightly associated with M1 macrophage polariza-
tion, we analyzed M1/M2 macrophage phenotypes. Indeed,

Yang et al. 2023 | https://doi.org/10.34133/research.0275

after PA + LPS induction, DDX3X"" macrophages cocultured
with DDX3X*" hepatocytes showed enhanced M1 macrophage
polarization compared to DDX3X"" macrophages cocultured
with DDX3X"" hepatocytes in vitro (Fig. 7C to E). Consistently,
the mRNA expression levels of M1 macrophage markers were
considerably higher in DDX3X"" macrophages cocultured
with DDX3X*"® hepatocytes. However, IL-10 (M2 macrophage
marker) mRNA expression was not changed significantly in
DDX3X" macrophages cocultured with DDX3X“"® hepatocytes
(Fig. 7F). These data suggest that loss of DDX3X in hepatocytes
induces macrophage infiltration and M1 macrophage polarization,
thus facilitating inflammatory responses in steatohepatitis.

Discussion

The study reveals that DDX3X plays a vital role in the progres-
sion of NASH (Fig. 8). DDX3X was found to be predominantly
expressed in macrophages and hepatocytes in the liver tissues
of humans and mice, and DDX3X expression was decreased with
NASH. In hepatocytes and macrophages, DDX3X played oppos-
ing roles in the progression of NASH. Macrophage DDX3X dele-
tion inhibited NLRP3-mediated pyroptosis and improved liver
histology in nutritional steatohepatitis. Hepatocyte DDX3X
deletion impaired SG assembly, leading to increased sensitivity
and intolerance to metabolic stimulation and NLRC4 inflam-
masome activation, coordinately exacerbating steatohepatitis
and resultant steatohepatitis.

DDX3X is a central decision marker governing the crosstalk
between pro-survival SGs or pro-pyroptotic NLRP3 inflamma-
somes formed in stressed cells, thus controlling whether cells live
or die [10,11]. Our previous work demonstrated that GSDMD-
driven pyroptosis acted as a critical inflammatory mediator in
NASH [9]. Persistent hepatic cellular metabolic stress and liver
inflammatory stimuli are key signatures of NASH, suggesting that
DDX3X may play a crucial role in NASH progression. Previous
investigation has shown that DDX3X reduces steatosis during
NAFLD progression [7]. However, the role of DDX3X in inflam-
mation is not fully explored, and the function of DDX3X in NASH
remains unclear. In particular, the cell-specific function of DDX3X
and underlying mechanisms are still unknown. Therefore, we
explored the function of hepatocyte and macrophage DDX3X in
the progression of NASH. Given that NLRP3 in myeloid cells
exerts a crucial function in experimental steatohepatitis [23] and
that decreased DDX3X expression was also found in macrophages
in steatohepatitis, we evaluated the role of DDX3X in governing
the crosstalk between pro-survival and pro-death cell fate path-
ways in BMDMs and found that macrophage DDX3X deletion
improved liver histology in multiple nutritional steatohepatitis
(Fig. 2). Both SG assembly and NLRP3 activation were impaired
in DDX3X“™® macrophages compared to DDX3X™"" macrophages
treated with PA (Fig. 3). Mechanistically, the involvement of
macrophage DDX3X is mainly dependent on DDX3X-mediated
NLRP3 activation and M1 macrophage polarization, that is, cross-
talk with hepatocytes to induce hepatocyte steatohepatitic changes
and steatohepatitis development. In contrast, DDX3X"" mice
displayed more severe steatohepatitis with pronounced liver injury,
lipid accumulation, and inflammatory cell infiltration than
DDX3X"" mice in multiple nutritional steatohepatitis models (Fig.
5). Further investigation revealed that although SG assembly and
NLRP3 activation coexisted in steatohepatitis, SG formation was
a relatively early event in the development of steatohepatitis, and
hepatocyte DDX3X deletion significantly inhibited SG assembly,
thus failing to allow the cell to persist. Consequently, earlier and
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Fig.7.Hepatocyte DDX3X deficiency induces macrophage infiltration and M1 macrophage polarization. (A) Representative F4/80-stained sections in liver tissues of nutritional
steatohepatitis. Scale bars, 20 um. (B) Hepatic TNF-c, IL-1p, and MCP-1 mRNA expression levels in liver tissues of DDX3X™™ or DDX3X2" mice. (C) Schematic diagram of
DDX3X"" macrophages cocultured with DDX3X™ " or DDX3X"" hepatocytes. (D and E) F4/80*CD11b*MHCII* M1 macrophages and F4/80*CD11b*CD206* M2 macrophages
in BMDMs isolated from DDX3X"" mice and then cocultured with primary hepatocytes isolated from DDX3X™" or DDX3X2"? mice treated with PA + LPS or PA + IL-4 by flow

cytometry. (F) mRNA expression of TNF-a, IL-18, and MCP-1 (M1 macrophage markers) and IL-10 (M2 macrophage marker) in DDX3

Xfl/ﬂ

macrophages when cocultured with

DDX3X™" or DDX3X2"? hepatocytes under PA conditions. n = 3 to 6 per group; data are expressed as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 8. Schematic diagram of the role of DDX3X in nonalcoholic steatohepatitis.
Macrophage DDX3X deletion inhibits NLRP3-mediated pyroptosis and improves
liver histology in nutritional steatohepatitis. This action is mainly due to the decisive
role of NLRP3 in controlling inflammation and pyroptosis in macrophages. However,
DDX3X deletion in hepatocytes significantly exacerbates histological phenotypes
in multiple nutritional steatohepatitis models. Hepatocyte DDX3X deletion impairs
SG assembly, leading to increased sensitivity and intolerance to PA stimulation
and resultant steatohepatitis. Although hepatocyte DDX3X deletion inhibits NLRP3
inflammasome activation spontaneously, DDX3X does not affect the extensive
activation of NLRC4, the major inflammasome that induces hepatocyte pyroptosis
in steatohepatitis. Therefore, loss of SG protection caused by hepatocyte DDX3X
deficiency, as well as pro-pyroptotic NLRC4 activation, coordinately accelerates
steatohepatitis.

more notable pyroptotic cell death was found in hepatocytes of
DDX3X*" mice compared to DDX3X"" mice with PA induc-
tion. NLRP3 inflammasome activation was a relatively late event
in the development of steatohepatitis compared to SG assembly.
After long-term PA induction, pyroptotic ASC specks were also
defectlve in hepatocytes that were deficient in DDX3X. However,
DDX3X*"P hepatocytes were stlll more sensitive to the pro-
death phenotype than DDX3X" hepatocytes indicating that
hepatocyte pyroptosis was not completely dependent on DDX3X-
mediated NLRP3 activation. A previous study demonstrated that
NLRC4-dependent pyroptosis in hepatocytes was required for
the development of NASH [26]. We wondered whether the pro-
pyroptotic phenotype found in DDX3X*"® hepatocytes was
partly due to NLRC4 inflammasome activation. To confirm this
speculation, we analyzed the expression of NLRC4, NLRP3, and
the adaptor protein ASC and their distribution in hepatocytes
and BMDMs. The different distribution of NLRP3 and NLRC4
in BMDMs and hepatocytes may be one factor contributing to
the determination of the dominant activated inflammasome
type. All these findings demonstrated that hepatocytes inevitably
succumbed to pyroptosis due to NLRC4 inflammasome activa-
tion, even when NLRP3 inflammasome activation was blocked
by DDX3X deletion. Hepatic pyroptosis controls IL-1f produc-
tion, which has been reported to promote the production of other
proinflammatory cytokines (such as TNF-a and MCP-1) and
aggravate the inflammatory response in liver disease [9,27,28].
Consistently, hepatic IL-1f, TNF-a, and MCP-1 mRNA expres-
sion levels were all dramatically increased in the hver tissues
of DDX3X*"® mice in comparison with DDX3X"" mice with
nutritional steatohepatitis, suggesting that loss of DDX3X in
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hepatocytes promoted proinflammatory cytokine production.
Given that up-regulation of these proinflammatory cytokines is
tightly associated with M1 macrophage polarization, we analyzed
M1/M2 macrophage phenotypes. We found enhanced mac-
rophage 1nﬁltrat10n and M1 macrophage polarlzatlon when
DDX3X"™ macrophages were cocultured with DDX3X*"® hepa-
tocytes compared to DDX3X"" macrophages cocultured with
DDX3X"! hepatocytes. These results indicate that hepatocyte
DDX3X deficiency induces steatohepatitis, at least partly through
crosstalk with macrophages and the promotion of M1 macrophage
infiltration.

Collectively, this work identified a cell-specific role of DDX3X
in NASH progression. Macrophage DDX3X deletion inhibited
NLRP3-mediated pyroptosis and improved liver histology in
nutritional steatohepatitis. However, hepatocyte DDX3X dele-
tion mainly caused defects in SG assembly, leading to increased
sensitivity and intolerance to metabolic stimulation and NLRC4
inflammasome activation, exacerbating steatohepatitis. It would
be worthwhile to understand whether cell-specific differences
exist in the crosstalk between SG formation and NLRP3 inflam-
masome activation for future clinical trials and to develop tar-
geted DDX3X drugs for the treatment of NASH.

Materials and Methods

Human samples

Human NASH liver tissues (1 = 14) were obtained from patients
undergoing bariatric surgery without liver diseases resulting from
other etiologies from the Affiliated Jinling Hospital of Nanjing
University Medical School. Control liver samples (n = 10) origi-
nated from patients with hepatic hemangioma. Histological
assessments were performed in a double-blind manner by two
pathologists [29,30]. Written informed consent was obtained
from all patients, and all procedures were conducted under the
supervision of the Clinical Research Ethics Committee of Nanjing
University, which is in compliance with the ethical guidelines of
the 1975 Declaration of Helsinki.

Mice and treatments

The DDX3X floxed allele was generated in mice on a C57BL/6
background using CRISPR-Cas9 gene editing as previously
described [10]. The floxed allele was bred into homozygotes to
generate DDX3X m1ce DDX3X*"P mice were generated by
crossing DDX3X" mice with Alb-Cre mice (C57BL/6 straln)

DDX3X*M® mice were generated by crossing DDX3X™" mice
with Lyz2-Cre mice (C57BL/6 strain). DDX3X"" littermates
were used as respective wild-type controls.

Male DDX3X*"* mice, DDX3X*"'* mice, and DDX3X"" lit-
termates (8 weeks old, 6 per group) were randomly fed an NC diet
or a high-fat/high-cholesterol (HFHC) diet (fat: 40% kcal with
1.25% cholesterol) and sacrificed at 0, 4, 8, and 12 weeks after
induction. In a separate experlment male DDX3X*"™" mice,
DDX3X*™? mice, and DDX3X " littermates (8 weeks old, 6 mice
per group) were randomly fed an NC diet or an MCD diet and
sacrificed at 0, 2, 4, and 6 weeks after induction. In addition, male
DDX3X*"P mice, DDX3X*™ mice, and DDX3X"" littermates
(8 weeks old, 6 mice per group) were randomly fed an HFHIHFHC-
MCD diet with 40 kcal% fat, high iron (100 parts per million),
high fructose (25%), high cholesterol (1%), low methionine
(0.12%), and no added choline for 6 weeks to generate another
nutritional steatohepatitis model. Mice were fasted overnight
before sacrifice, and liver tissues and serum were collected for
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further evaluation as previously reported [2]. All animal experi-
ments met the standards of the Institutional Animal Use and
the Animal Experimentation Ethics Committee at the Northwest
University of China.
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