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Abstract

Background and Aims: Hepatic fibrosis (HF) is a critical step
in the progression of hepatocellular carcinoma (HCC). Gene
associated with retinoid-IFN-induced mortality 19 (GRIM19),
an essential component of mitochondrial respiratory chain
complex I, is frequently attenuated in various human can-
cers, including HCC. Here, we aimed to investigate the poten-
tial relationship and underlying mechanism between GRIM19
loss and HF pathogenesis. Methods: GRIM19 expression
was evaluated in normal liver tissues, hepatitis, hepatic cir-
rhosis, and HCC using human liver disease spectrum tissue
microarrays. We studied hepatocyte-specific GRIM19 knock-
out mice and clustered regularly interspaced short palindro-
mic repeats (CRISPR)/CRISPR-associated protein-9 (Cas9)
lentivirus-mediated GRIM19 gene-editing in murine hepato-
cyte AML12 cells in vitro and in vivo. We performed flow cy-
tometry, immunofluorescence, immunohistochemistry, west-
ern blotting, and pharmacological intervention to uncover
the potential mechanisms underlying GRIM19 loss-induced
HF. Results: Mitochondrial GRIM19 was progressively down-
regulated in chronic liver disease tissues, including hepatitis,
cirrhosis, and HCC tissues. Hepatocyte-specific GRIM19 het-
erozygous deletion induced spontaneous hepatitis and sub-
sequent liver fibrogenesis in mice. In addition, GRIM19 loss
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caused chronic liver injury through reactive oxygen species
(ROS)-mediated oxidative stress, resulting in aberrant NF-kB
activation via an IKK/IkB partner in hepatocytes. Further-
more, GRIM19 loss activated NLRP3-mediated IL33 signaling
via the ROS/NF-kB pathway in hepatocytes. Intraperitoneal
administration of the NLRP3 inhibitor MCC950 dramatically
alleviated GRIM19 loss-driven HF in vivo. Conclusions: The
mitochondrial GRIM19 loss facilitates liver fibrosis through
NLRP3/IL33 activation via ROS/NF-kB signaling, providing
potential therapeutic approaches for earlier HF prevention.

Citation of this article: Xu X, Feng J, Wang X, Zeng X, Luo Y,
He X, et al. Mitochondrial GRIM19 Loss Induces Liver Fibrosis
through NLRP3/IL33 Activation via Reactive Oxygen Species/
NF-kB Signaling. J Clin Transl Hepatol 2024;12(6):539-550.
doi: 10.14218/3CTH.2023.00562.

Introduction

Liver cancer is widely prevalent and ranks as the leading
cause of cancer mortality in the digestive system world-
wide.! Hepatic fibrosis (HF), an essential pathological stage
in chronic liver disease, is critical to the progression of
hepatocellular carcinoma (HCC), developing from early in-
flammation to cirrhosis and then to liver cancer.2:3 Although
significant advancements have been made in understanding
the pathophysiological mechanism of liver fibrosis,*~7 there
is currently no effective strategy to reverse the end stage
of HF, apart from liver transplantation. Therefore, identifying
new therapeutic targets and understanding their underlying
mechanisms of action are critical to developing novel strate-
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gies to prevent or delay liver fibrogenesis.

Liver fibrosis is characterized by the activation and prolif-
eration of hepatic stellate cells (HSCs) and subsequent extra-
cellular matrix (ECM) accumulation due to persistent hepa-
tocellular injury and inflammatory stimulation.®8 Hepatocyte
damage induced by various stimuli forms the initial stage of
pathogenesis, contributing to inflammatory cell recruitment
and cytokine secretion,® activating the transition of HSCs into
myofibroblasts that produce collagen fibers, resulting in ex-
cessive ECM deposition.3:5° However, most previous reports
focus on the central role of HSCs and/or Kupffer cells in ex-
perimental HF models and human liver injuries.*57:10 Few
studies have examined hepatocytes, which are frequently
damaged in chronic liver injuries, although they are not typi-
cally regarded as the primary effector cells responsible for HF
progression.t12 Hence, it is extremely important to explore
the specific molecular interactions and underlying mecha-
nisms in damaged liver cells for early HF prevention.

Mitochondrial dysfunction is a hallmark of liver fibrosis
due to its frequent occurrence in various chronic liver dis-
eases.13:.14 Increasing evidence shows that mitochondrial dis-
orders are associated with HF development primarily through
oxidative stress damage to hepatocytes induced by exces-
sive ROS.6:11-13 This emphasizes the need to pay more atten-
tion to mitochondrial homeostasis in hepatocytes during HF
pathogenesis. However, there is limited characterization of
the mechanisms protecting hepatocytes from mitochondrial
damage in liver fibrogenesis.

The gene associated with retinoid-IFN-induced mortality
19 (GRIM19), also known as NDUFA13, a vital component
of the mitochondrial respiratory chain (MRC) complex I,>
has been reported to be inhibited in numerous human can-
cers, including gastric cancer and HCC,15-17 indicating its
potential role as a tumor suppressor. Our previous findings
revealed a progressive downregulation of GRIM19 in chronic
atrophic gastritis tissues, a precancerous lesion of gastric
cancer, suggesting a crucial role of GRIM19 loss in inflam-
matory diseases and their premalignant progression.16-18
However, whether GRIM19 loss is involved in liver fibrogen-
esis remains largely unknown. This study aimed to inves-
tigate the potential relationship between GRIM19 loss and
HF pathogenesis and to explore underlying mechanisms in
vitro and in vivo.

Methods

Human liver disease spectrum tissue microarrays
(TMA)

Liver TMA slides containing 104 samples, including nor-
mal liver tissues (n=16), hepatitis (n=24), hepatic cirrho-
sis (n=32), and HCC (n=32), were commercially purchased
from US Biomax, Inc (Cat. LV20812, corresponding clinical
information and ethical materials were included). All samples
were correctly labeled clinically and pathologically. The TMA
slide was stained using IHC staining and scored as previously
described.16-18

Cells, tissue culture, and reagents

Murine hepatocyte cells AML12 (Procell, Wuhan, China) were
maintained in DMEM/F12 medium supplemented with 10%
FBS (Gibco, Gaithersburg, MD, USA), 1x insulin-transferrin-
selenium media supplement (Procell, Wuhan, China), 40 ng/
mL dexamethasone (Procell, Wuhan, China), streptomycin
(100 ug/mL), and penicillin (100 U/mL) at 37°C in a hu-
midified 5% CO, atmosphere. The ROS scavenger N-acetyl-
cysteine (NAC), NF-kB inhibitor PDTC, and Caspasel inhibitor
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VX765 were obtained from AbMole Bioscience (Houston, TX,
USA). The NLRP3 inhibitor MCC950 was from MCE (Houston,
TX, USA). All chemical reagents were commercially obtained
from Sigma-Aldrich (St Louis, MO, USA) unless otherwise in-
dicated. All antibodies used in this study are provided in Sup-
plementary Table 1.

GRIM19 gene-editing mediated by CRISPR/Cas9
lentivirus

CRISPR/Cas9-mediated recombinant lentivirus carrying spe-
cific small-guide RNA targeting GRIM19 at position 11656
(sgRNA-56), 11657 (sgRNA-57), and 11658 (sgRNA-58), as
well as the corresponding negative control (NC), were com-
mercially constructed with a GFP reporter gene by Gene-
Chem Co (Shanghai, China). AML12 cells were infected by
CRISPR/Cas9 recombinant lentivirus with a multiplicity of in-
fection of 30-50, and GFP-positive cells were sorted by flow
cytometry (FACS Aria II, BD) to establish single-cell clones
following established protocols.l” Western blotting and im-
munofluorescence (IF) staining were performed to determine
GRIM19 expression.

Transgenic mice model and pharmacological inter-
vention in vivo

GRIM19 conditional knockout (CKO) mice GRIM19flox/flox
(GRIM19/fy with the exon 3 of GRIM19 flanked by loxP
(C57BL/6] X129/Sv background) were commercially ob-
tained from Cyagen Bio Inc (Suzhou, China) as previously
described.18-20  Alb-Cre transgenic mice [(B6.Cg-Tg(Alb-
cre)21Mgn/J, JAX-003574)] were purchased from the Shang-
hai Biomodel Organism Center (Shanghai, China). Hepat-
ocyte-specific GRIM19 knockout (KO) mice were acquired
by crossing GRIM19%fl and Alb-Cre transgenic mice. DNAs
from tail or liver tissues were subjected to PCR genotyping,
while GRIM19 expression was confirmed by Western blotting
and IF. GRIM19 heterozygous KO mice (GRIM19%/-/Alb-Cre,
named GRIM19%-) were used in this study, and GRIM19%/
flmice were littermate controls. For experimental interven-
tion in mice, GRIM19%~ mice (eight to nine months) were
randomly divided into two groups (n=8 mice/group) and ad-
ministrated with either PBS control or MCC950 (10 mg/kg in
PBS) via intraperitoneal (i.p.) injection three times per week
for four consecutive weeks. Animals were kept, housed, and
bred under specific pathogen-free conditions as previously
described.16-20 All procedures were reviewed and approved
by the Institutional Animal Care and Use Committee of Chong-
ging Medical University (CHCMU-IACUC20210114023).

Histology and Immunohistochemistry (IHC)

Histology and IHC staining were performed as previously de-
scribed.16-18 Ljver tissues were fixed in 10% buffered forma-
lin for 48 h, dehydrated in various ethanol concentrations,
and embedded in paraffin for preparing histopathological
analysis. Tissue sections (4 pm) underwent H&E staining and
Masson'’s trichrome staining (Solarbio, Beijing, China) in ac-
cordance with the manufacturer’s instructions. The fibrosis
stage in the liver was evaluated based on the Ishak score.
IHC staining was conducted utilizing Elivision plus Polymer
HRP IHC Kit (Maixin, Fujian, China) and DAB Kit (ZSGB-Bio,
Beijing, China). The number of positive cells and staining in-
tensity were evaluated to determine the IHC score, as previ-
ously specified.16-18

Immunofluorescence (IF) staining

IF staining was performed on paraffin-embedded tissue sec-
tions (4 um) or fresh frozen liver tissues (8 um) as described
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previously.17-20 Briefly, normal goat serum (Solarbio, Beijing,
China) was used to block tissue sections for 1 h at room
temperature. Primary antibodies were incubated overnight
at 4°C, followed by AF488, AF555, or AF647-conjugated
secondary antibody (Bioss, Beijing, China) according to the
manufacturer’s instructions at room temperature. 4’,6-di-
amidino-2-phenylindole (DAPI) was used to stain the nu-
clei. Images were acquired by the laser confocal microscope
(A1R, Nikon, Japan), and mean fluorescent intensity (MFI)
was quantified using NIS-Element 5.20 Software.

Intracellular ROS and mitochondrial ROS (mROS)
measurements

Intracellular ROS and mROS in cells or fresh frozen tissue
sections (8 pm) were measured using 10 uM Dihydroethidium
(DHE) (Sigma, USA) or 5 pM MitoSOX Red (Thermo Fisher
Scientific, Waltham, USA) by flow cytometry or IF staining as
described previously.17:18 Indicated cells were resuspended,
and MFI was measured by flow cytometry on a FACS Calibur
flow cytometer (BD Bioscience), with data analyzed using
FlowJo software (TreeStar, Ashland, OR). DAPI was used to
stain the nuclei. Images were obtained using the laser confo-
cal microscope (A1R, Nikon, Japan), and MFI was quantified
through NIS-Element 5.20 Software.

Intracellular adenosine triphosphate (ATP) level as-
say

Intracellular ATP levels were measured using an ATP Assay
Kit (Beyotime Biotech, Haimen, China) following the manu-
facturer’s instructions. AML12 cells (1.0x108) were homog-
enized and lysed in 200 pL of ice-cold lysis buffer, then cen-
trifuged at 12,000 g for 5 m at 4°C. Relative Light Units were
determined from the supernatant using a Synergy H1 micro-
plate reader (Bio Tek, USA).

Intracellular reduced glutathione (GSH)/oxidized
glutathione (GSSG) ratio and NADP+/NADPH ratio
analysis

The intracellular NADP*/NADPH ratio and GSH/GSSG ratio
were determined using the NADP*/NADPH Assay Kit (Beyo-
time, Haimen, China) and GSH/GSSG Ratio Detection Assay
Kit (Beyotime, Haimen, China), respectively. The oxidative
status in AML12 cells was assessed using a Synergy H1 mi-
croplate reader (Bio Tek, CA, USA) according to the manufac-
turer’s instructions as described previously.17.18

Western blotting

Protein extraction and western blotting were performed as
described previously.18-20 Ljver tissues or AML12 cells were
subjected to total protein extraction. Cellular components
were prepared using NE-PER nuclear and cytoplasmic ex-
traction reagents (Thermo Fisher Scientific, Waltham, USA).
Protein extracts were quantified using an enhanced BCA Pro-
tein Assay Kit (Beyotime, Haimen, China). Samples (20-30
HMg) were resolved by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (0.22 uM) (Roche, Mannheim,
Germany). QuickBlock™ Blocking Buffer (Beyotime, Haimen,
China) was applied to block the polyvinylidene fluoride mem-
branes, followed by incubation with the indicated primary an-
tibody overnight at 4°C. HRP-conjugated secondary antibod-
ies were then incubated for 1-2 h at room temperature after
washing with TBST buffer. Visualization was performed using
a WesternBright ECL kit (Advansta, Menlo Park, CA, USA) on
a ChemiDoc™Touch Imaging System (Bio-Rad, Hercules, CA,
USA). Total protein levels were normalized using B-actin as
a loading control.

Flow cytometry

Flow cytometry was performed on a FACS Calibur flow cy-
tometer (BD Bioscience), and the data were analyzed us-
ing FlowJo software (Tree Star, Ashland, OR) as described
previously.17.18 GFP-positive AML12 cells were sorted after
transfection.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.0 (GraphPad, San Diego, CA) as previously described.!7:18
All data were expressed as the mean+SD unless otherwise
specified. An unpaired Student’s t-test (two groups) or a
one-way analysis of variance (more than two groups) was
applied to analyze statistical differences. A p-value of p<0.05
was considered statistically significant.

Results

GRIM19 is downregulated in human chronic liver
fibrosis tissues

GRIM19 was identified as frequently reduced in various hu-
man cancers, including HCC.15-17.21 To investigate whether
GRIM19 loss is associated with liver fibrogenesis, we evaluat-
ed GRIM19 protein levels in tissues from patients with chronic
liver diseases using human liver disease spectrum TMAs con-
taining normal liver, hepatitis, cirrhosis, and HCC tissues. As
shown in Figure 1A, IHC staining revealed progressive down-
regulation of GRIM19 protein in hepatitis, cirrhosis, and HCC
tissues compared with normal liver tissues. Furthermore, we
observed that GRIM19 protein was predominantly distributed
in the cytoplasm of normal liver tissues with dense dot-like or
uniform patterns, whereas in hepatitis, cirrhosis, and HCC tis-
sues, GRIM19 was clearly present perinuclearly or even in the
nucleus with a dense dot distribution (Fig. 1B). These findings
suggest that the downregulation of GRIM19 may correlate
with the progression of chronic liver diseases.

Hepatocyte-specific GRIM19 heterozygous deletion
is sufficient to trigger spontaneous liver fibrogenesis
in mice

Given the downregulation of GRIM19 in chronic human liver
diseases, we investigated whether GRIM19 loss is respon-
sible for liver fibrogenesis. To this end, we generated a ge-
netic hepatocyte-specific GRIM19 KO mice model using the
Cre-loxP-based system by crossing transgenic GRIM19 CKO
and Alb-Cre mice to obtain hepatocyte-specific heterozygous
GRIM19 deletion mice (Supplementary Fig. 1). H&E staining
demonstrated that hepatocyte-specific GRIM19 loss caused
abnormal liver structure, sinusoidal destruction, and swol-
len hepatocytes compared with littermate controls (Fig. 2A).
Interestingly, we did not observe obvious accumulation of
extracellular collagen fibers in GRIM19-deleted liver tissues
from four-week-old mice, as demonstrated by Masson stain-
ing (Fig. 2B). However, we observed a significant infiltration
of CD45* and MPO™ cells and a slight increase in F4/80" cells
(Fig. 2C). Therefore, these findings suggest that hepatocyte-
specific GRIM19 ablation triggers spontaneous hepatitis at
an early stage.

To explore whether GRIM19 loss-induced hepatitis could
progress to HF, we extended our observation of hepatocytes-
specific GRIM19 deletion mice to a period of two years.
Similar to the results from four-week-old mice, H&E staining
showed the presence of abnormal liver structures and dam-
aged hepatocytes in two-year-old GRIM19-KO mice compared
with littermate controls (Fig. 2D). However, as demonstrated
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Fig. 1. GRIM19 (gene associated with retinoid-IFN-induced mortality 19) is downregulated in human chronic liver disease tissues. (A) GRIM19 expres-
sion was analyzed by immunohistochemistry (IHC) staining in liver disease spectrum tissue microarrays (TMAs) with normal liver, hepatitis, cirrhosis, and hepatocellular
carcinoma (HCC) tissues. (B) The distribution of GRIM19 protein between normal liver and chronic liver disease tissues. Representative images from three different
cases are shown. **p<0.01, ***p<0.001 between the indicated two groups determined by unpaired student’s t-test. Scale bars: 50 pm, Original magnification: x400.

in Figure 2E with Masson staining, we observed the accu-
mulation of extracellular collagen fibers in GRIM19-deficient
livers, indicating that liver fibrogenesis from hepatitis pro-
gressed with age. We also observed significant infiltrations
of CD45*, MPO*, and F4/80* cells (Fig. 2F). Tumor necrosis
factor-a (TNFa) (Supplementary Fig. 2A, B) and TGFB1 (Sup-
plementary Fig. 2C, D) were significantly increased and co-
localized with activated F4/80* cells in GRIM19-deleted liver
tissues, indicating that macrophage-derived TNFa and TGFB1
play a vital role in GRIM19 loss-induced liver fibrogenesis.
Therefore, our data suggest that heterozygous GRIM19 dele-
tion induces persistent hepatitis and consequent HF with age.

Next, we further investigated HSC activation and the
presence of fibrosis-associated proteins in liver tissues from
two-year-old GRIM19-deficient mice. As shown in Figure
2G, GRIM19 ablation significantly increased both a-SMA and
Desmin levels, indicating enhanced proliferation and activa-
tion of HSCs. Besides the fibrotic marker a-SMA, pro-fibrotic
proteins Collagen I and TIMP1 demonstrated a marked in-
crease (Fig. 2H, I), indicating an imbalance in ECM synthesis
and degradation in GRIM19-deleted liver tissues. Moreover,
we found that activated HSCs with normal GRIM19 expres-
sion (Supplementary Fig. 3A) were surrounded by higher
levels of TGFB1 and Collagen III (Supplementary Fig. 3B,
C), indicating that macrophage-derived TGFB1 may contrib-
ute to HSC activation. Together, these results suggest that
hepatocyte-specific GRIM19 deletion is sufficient to trigger
spontaneous liver fibrogenesis in mice.

GRIM19 loss induces chronic liver injury by oxidative
stress

To investigate the mechanism by which GRIM19 loss induces
liver fibrogenesis in vitro, we used CRISPR/Cas9 sgRNA-
mediated gene editing to knock down GRIM19 expression in
the murine hepatocyte AML12 cell line (Supplementary Fig.
4A, B). Among three sgRNA targets, CRISPR/Cas9-mediated
sgRNA-11658 (sgRNA-58) demonstrated the most effective
inhibition of GRIM19 expression (Supplementary Fig. 4C). We
then isolated stable GRIM19-deficient AML12 clones by FACS
sorting (Supplementary Fig. 4D). Consequently, AML12 cells
expressing sgRNA-58 (AML12-58 cells) or a negative control
(NC) (AML12-NC cells) were used for subsequent analysis.
Next, we investigated the effect of GRIM19 loss on chronic
liver injury, a critical initial event for liver fibrogenesis.3:° As
shown in Figure 3A, B, we observed that GRIM19 loss markedly

increased intracellular ROS and mRQOS, as well as 8-OHdG, a
marker of ROS-induced DNA damage!8 in vitro. Furthermore,
GRIM19 loss significantly decreased ATP content (Fig. 3C)
and the GSH/GSSG ratio (Fig. 3D, left panel), while increasing
the NADP*/NADPH ratio (Fig. 3D, right panel) in AML12 cells,
indicated that GRIM19 loss causes chronic hepatocyte injury
via ROS-induced oxidative stress. In addition, we observed
increased intracellular ROS (Fig. 3E), mROS production (Fig.
3F), and 8-OHdG levels (Fig. 3G) in GRIM19-deficient mice
livers, indicating that GRIM19 plays an essential role in the
homeostasis of oxidative stress in hepatocytes. Overall, these
data suggest that GRIM19 loss exerts a crucial role in oxida-
tive damage-induced hepatocyte injury.

GRIM19 loss induces ROS-dependent NF-kB activa-
tion in vitro and in vivo

NF-kB activation has been frequently involved in liver inflam-
mation.22 Given the dual role of ROS in oxidative damage and
NF-kB signaling, we examined the effect of GRIM19 loss on
NF-kB activation. We found that the expression of both p65
and its phosphorylated form, p-p65, was significantly en-
hanced after GRIM19 knockdown in vitro (Fig. 4A). We also
observed a clear increase in p-p65 levels, accompanied by a
minor increase in p65 levels, in vivo (Fig. 4B). Furthermore,
NF-kB-responsive targets including IL6, TNFa, VEGF, VCAM1,
and ICAM1 were significantly increased both in vivo and in
vitro (Fig. 4A, B). We discovered markedly altered NF-kB
regulator proteins including p-IKKa/B, IKKa/B, p-IkB-a, and
IkB-a (Fig. 4C), and also found that cytoplasmic and nuclear
p65 levels were both increased after GRIM19 loss (Fig. 4D-
F). In addition, NF-kB inhibitor PDTC significantly abrogated
GRIM19 loss-induced p65 activation and downstream targets
in AML12 cells (Fig. 4G). To further clarify the role of ROS
in GRIM19 loss-induced NF-kB activation, NAC (a ROS scav-
enger) was applied to determine whether ROS suppression
could inhibit GRIM19 loss-induced NF-kB activation. As shown
in Figure 4H, I, NF-kB activation, its downstream targets, and
the NF-kB regulator proteins normally promoted by GRIM19
loss were significantly attenuated after NAC intervention in
AML12-58 cells. Hence, these results suggest that GRIM19
loss significantly activates NF-kB in a ROS-dependent manner.

GRIM19 loss-driven activation of the NLRP3 inflam-
masome is critical to liver fibrogenesis in mice

It has been shown that mROS facilitates liver fibrogenesis
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Fig. 2. Hepatocyte-specific GRIM19 (gene associated with retinoid-IFN-induced mortality 19) deletion triggers spontaneous chronic liver fibrogenesis
in mice. (A-B) Histological analysis of the liver tissues from littermate control GRIM19%f mice (Control) and GRIM19-KO mice (GRIM19%/-) at four weeks of age. Hema-
toxylin and eosin (H&E) staining (A) and Masson trichrome staining (B) were performed to analyze histological changes and liver fibrosis, respectively. Ishak score was
used to evaluate histological grading and staging for fibrosis. None: No fibrosis. (C) Immunohistochemistry (IHC) staining for immune cell markers CD45, F4/80, and
MPO in liver tissues of control and GRIM19%/~ mice at four weeks of age. (D, E) Histological analysis of the liver tissues of control and GRIM19%~ mice with two years
of age. H&E staining (D) and Masson trichrome staining (E) were performed to detect histological alterations and liver fibrosis, respectively. Ishak score was used to
evaluate histological grading and staging for fibrosis. (F) IHC staining for immune cell markers CD45, F4/80, and MPO in the liver tissues of control and GRIM19%/~ mice
at two years of age. (G-I) Fibrosis-associated proteins in the liver tissues of control and GRIM19%/~ mice with two years of age. Dual immunofluorescence (IF) staining
was used to analyze the co-expression of Desmin and a-SMA (G). Western blotting (H) and IHC staining (I) were performed to detect a-SMA, Collagen I and TIMP1
expression. B-actin was used as a loading control. DAPI was used to stain the nuclei. Mean fluorescent intensity (MFI) was used to quantify the expression of proteins
in IF staining. Representative images are shown. Data are expressed as mean+SD. Scale bars: (main) 200 pm; (inset) 50 ym. ***p<0.001 between the indicated
two groups determined by unpaired student’s t-test. TIMP1, tissue inhibitor of metalloproteinase-1; MPO, myeloperoxidase; a-SMA, alpha-smooth muscle actin; DAPI,
4’,6-diamidino-2-phenylindole.

by activating the NLRP3 inflammasome,23.24 which directly
promotes liver fibrosis by activating Kupffer cells (KCs) and
HSCs in mice.25 Therefore, we investigated whether the
NLRP3 inflammasome is involved in GRIM19 loss-driven liver
fibrogenesis. Using hepatocyte-specific GRIM19 KO mice,
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we observed a significant increase in NLRP3, ASC, and Cas-
pasel protein expression (Fig. 5A). Moreover, IL13 and IL33,
two critical NLRP3-induced proinflammatory cytokines, were
markedly elevated in GRIM19-deficient liver tissues as shown
by western blotting (Fig. 5A), indicating aberrant NLRP3 ac-
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tive stress. (A) GRIM19 loss induces abnormal ROS release in vitro. Intracellular ROS and mitochondrial ROS (mROS) were detected by flow cytometry in AML12
cells. (B-D) GRIM19 loss induces aberrant oxidative stress in vitro. DNA damage marker 8-oxodeoxyguanosine (8-OHdG) was detected by immunofluorescence (IF)
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t-test. AML-12, alpha mouse liver 12; NC, negative control; DAPI, 4’,6-diamidino-2-phenylindole.

tivation during liver fibrogenesis. Furthermore, dual IF stain-
ing revealed that the increased levels of NLRP3, IL33, and
IL1B were mainly observed in hepatocytes (Fig. 5B) rather
than HSCs (Supplementary Fig. 5) in KO mice. These findings
indicate that hepatocyte-specific GRIM19 deletion can direct-
ly trigger abnormal activation of the NLRP3 inflammasome.
To clarify the crucial role of NLRP3 activation in GRIM19
loss-induced liver fibrogenesis, we applied MCC950, an
NLRP3 inhibitor, through intraperitoneal administration
to analyze whether NLRP3 inhibition could alleviate the fi-
brotic liver phenotype in GRIM19 KO mice (Supplementary
Fig. 6A). We found that MCC950 treatment significantly de-
creased NLRP3 inflammasome activation and IL1B and IL33
levels in GRIM19 KO mice (Fig. 5C-D). Furthermore, we also
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observed a decrease in GRIM19 loss-induced CD45+, MPO™*
cells, and M2-type macrophages after MCC950 administra-
tion (Supplementary Fig. 6B, C, Supplementary Fig. 7). In-
terestingly, NLRP3 inhibition also attenuated GRIM19 loss-in-
duced liver fibrosis, with reduced collagen deposition around
the hepatic central vein (Fig. 5E) and decreased expression
of a-SMA, fibrotic molecules Collagen I, and TIMP1 (Fig. 5F,
G). These results suggest that NLRP3 activation is critical to
GRIM19 loss-induced liver fibrogenesis in mice.

GRIM19 loss triggers aberrant NLRP3/IL33 activa-
tion through ROS/NF-kB signaling

Considering the increase in IL33 induced by NLRP3 in GRIM19
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KO mice, we attempted to explore the regulatory pathway in liver tissues in vivo, we found considerably elevated lev-
involved in NLRP3/IL33 activation, which may play a pivotal els of IL1B and IL33 in GRIM19-deficient AML12 cells (Fig.
role in HF pathogenesis.2® Consistent with our observations 6A, B). Therefore, we applied specific inhibitors to determine
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the exact roles of ROS and NF-kB in NLRP3/IL33 activation. flammasome activation, as well as IL1B and IL33 expression
We found that both NAC (ROS scavenger) and PDTC (NF-kB (Fig. 6C, D). We also used MCC950 and VX765 (an inhibitor
inhibitor) markedly diminished GRIM19 loss-driven NLRP3 in- of Caspasel) to further investigate the role of the NLRP3
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complex in the processing of IL1B and IL33. As shown in
Figure 6E, F, both MCC950 and VX765 treatment abrogat-
ed GRIM19 loss-driven IL1B and IL33 levels, indicating that
the NLRP3 inflammasome exerts a pivotal role in GRIM19
loss-induced IL1B and IL33 expression in AML12 cells. Thus,
these data indicate that GRIM19 loss contributes to abnormal
NLRP3/IL33 activation through the ROS/NF-kB pathway.

Discussion

Deepening our understanding of the potential molecules
involved in liver fibrogenesis would not only enhance our
comprehension of HF pathogenesis but also identify prom-
ising approaches to treat or prevent liver fibrogenesis. Our
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previous study revealed a progressive decrease in GRIM19
protein during the progression of chronic atrophic gastritis,
indicating a potential role for GRIM19 in digestive tract-relat-
ed inflammation.16-18 Although our preliminary data showed
that GRIM19 inactivation promoted spontaneous hepatitis
and liver fibrosis in mice,19:20 the underlying mechanism re-
mained largely unknown. Thus, it is crucial to understand
whether and how GRIM19 loss contributes to liver fibrogen-
esis, particularly at the onset of hepatocyte injury, which is
an initial event in chronic liver disease. Using human liver
disease spectrum TMAs, we identified a progressive decrease
in GRIM19 in chronic liver disease tissues ranging from hepa-
titis to cirrhosis to HCC. Following these findings, we gener-
ated a GRIM19 KO mice model and GRIM19-deficient AML12
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cells, revealing that hepatocyte-specific GRIM19 knockout
triggered spontaneous hepatitis followed by HF, caused by
NLRP3/IL33 activation through ROS/NF-kB signaling. This
study is the first to systematically elucidate the functional
role of GRIM19 in liver fibrogenesis, offering a prospective
diagnostic marker and therapeutic target for HF treatment.

As the most abundant cells in the liver, hepatocytes play
a vital role in maintaining internal homeostasis and liver re-
generation.2’ Although HSC activation has been well char-
acterized during liver fibrogenesis in response to various
inflammatory signals,28-30 hepatocytes are considered the
main target of most irritants, such as oxygen radicals, in
various chronic liver diseases.3! Thus, our investigation fo-
cused on potential targets responsible for hepatocyte dam-
age observed during liver fibrogenesis. Mitochondria have re-
cently received significant attention for their association with
liver fibrogenesis. Oxidative stress induced by mitochondrial
structural or functional disorders has been defined as one
of the main causative agents of liver fibrosis.11.13 mROS, a
product of mitochondrial MRC I, significantly contributes to
oxidative damage.32:33 Mitochondrial GRIM19, a key subunit
of mitochondrial MRC I, is considered essential for its normal
functioning,34 especially in maintaining mitochondrial activ-
ity.3536 Here, we have shown that GRIM19 loss led to oxida-
tive DNA damage by inducing abnormal intracellular ROS and
mROS in vitro and in vivo, resulting in decreased ATP content
and GSH/GSSG ratios, as well as increased NADP*/NADPH
ratios in hepatocytes. These findings are further supported
by a recent study on cardiac-specific GRIM19 heterozygous
deletion, where an ROS leak from complex I increased cy-
toplasm-localized H,0,.3* Therefore, our data suggest that
GRIM19 loss in hepatocytes is responsible for oxidative
stress-induced liver injury, leading to liver fibrosis.

Our findings suggest that the NLRP3 inflammasome plays
a crucial role in GRIM19 loss-induced liver fibrosis in vivo.
Over the past several years, significant advances have been
made in understanding the critical role of the NLRP3 in-
flammasome in HF.23-25 Activation of the NLRP3 inflamma-
some can directly trigger chronic inflammation,25> whereas
NLRP3 inhibition can improve liver inflammation pathology
and modulate the most critical outcome of liver fibrosis.24
Importantly, the activated NLRP3 inflammasome can also
activate resident KCs, which produce the inflammatory cy-
tokine TNFa and profibrotic factor TGFB1, resulting in HSC
activation and liver fibrogenesis.*>:7:23-25 This is consistent
with our observations in the two-year-old mice livers. The
assembly of the inflammasome complex with ASC and cas-
pasel is mainly mediated by NLRP3 and facilitates the cleav-
age of proinflammatory cytokines such as IL1B and IL33.37
mROS, as a secondary messenger in inflammatory signaling,
plays a key role in the activation of the NLRP3 inflammasome
through the NF-kB pathway.38-40 We have found that GRIM19
loss induces chronic liver injury through ROS-mediated oxi-
dative damage, resulting in aberrant NF-kB activation via
an IKK/IkB partner. We have further revealed that GRIM19
loss induces abnormal NLRP3/IL33 activation through ROS/
NF-kB signaling in vivo and in vitro, while pharmacological
NLRP3 inhibition can attenuate GRIM19 loss-induced hepati-
tis and liver fibrosis in mice. Thus, our findings suggest that
GRIM19 loss-triggered NLRP3/IL33 activation is responsible
for HF pathogenesis, providing mechanistic insights into how
GRIM19 loss drives liver fibrogenesis.

Our findings demonstrate NLRP3-dependent IL33 secre-
tion and maturation during GRIM19 loss-induced liver fibro-
sis, offering promising prospects for clinical applications in
the diagnosis and treatment of liver fibrosis. IL33, a mem-
ber of the IL1 cytokine family, is considered an alarm hor-
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mone involved in immune regulation and the inflammatory
response.4! Clinical studies have revealed a significant accu-
mulation of IL33 levels in the plasma of patients with chronic
hepatitis, as well as in biopsy liver tissues of patients with
HF and cirrhosis.4243 Additionally, increased IL33 levels can
be detected in CCl,-induced liver fibrosis in mice, while IL33
knockout significantly inhibited CCl, or cholestasis-induced
HF progression.4344 Furthermore, IL33 derived from injured
liver cells was shown to induce innate immune cells to pro-
duce TH2-type cytokines, promoting the polarization of M2
macrophages and further activating HSCs by releasing fi-
brotic factors such as TGFB1.4> Our study reveals that NLRP3
inhibition not only decreased GRIM19 loss-induced IL33 ac-
tivation but also abrogated GRIM19 loss-driven liver fibrosis
in vivo. Furthermore, we found that NLRP3 inhibition reduced
GRIM19 loss-induced M2 macrophage aggregation, suggest-
ing a crucial role for NLRP3/IL33 in GRIM19 loss-induced
M2 macrophages during liver fibrosis. A recent study also
identified NLRP3 as a critical transcription factor for IL33 in
the epithelial cells of atopic dermatitis,3” further indicating a
crucial role for NLRP3-dependent IL33 activation in GRIM19
loss-driven liver fibrogenesis. Thus, our findings demon-
strate NLRP3-dependent IL33 secretion and maturation dur-
ing GRIM19 loss-induced liver fibrosis, providing a potential
diagnostic target for clinical diagnosis of liver fibrosis and
offering a promising therapeutic target for clinical treatment.

Our study presents a novel HF mouse model in which
hepatocyte-specific GRIM19 ablation can trigger spontane-
ous liver fibrosis, offering potential strategies for studying
clinical interventions for liver fibrosis. Generally, genetic
models rarely develop spontaneous liver fibrosis due to ge-
netic manipulation and require restimulation to induce dis-
ease, except for MDR2-deficient mice, which develop biliary
fibrosis.#¢ Our study revealed that the genetic knockdown of
GRIM19 was sufficient to trigger spontaneous chronic liver
fibrosis, providing potential clinical applications for preclinical
drug assessment against liver fibrosis or therapeutic inter-
vention of liver fibrosis through GRIM19 gene transfer. In-
triguingly, our most recent study revealed a significant de-
crease in GRIM19 protein levels in CCl,-treated fibrotic liver
tissues, while adeno-associated virus 8 (AAV8)-mediated
GRIM19 overexpression alleviated CCl,-induced liver fibro-
genesis by inhibiting NLRP3 activation,*” indicating an essen-
tial role for GRIM19 activation in chemical-induced liver fibro-
sis. However, it remains unclear whether GRIM19 loss is also
involved in diet-induced liver fibrosis, such as methionine-
and choline-deficient, choline-deficient L-amino acid-defined,
or high-fat high-sugar dietary animal models of nonalcoholic
steatohepatitis, which are considered more suitable mod-
els to mimic pathophysiological progression than chemical
CCl,-induced liver fibrosis models.*® Thus, further efforts are
needed to investigate the role of GRIM19 loss in diet-related
chronic liver diseases.

Our study has some limitations. First, although genomic
hypermethylation was associated with GRIM19 downregula-
tion,17 the diverse and complex stimuli of liver injury make
it challenging to understand the mechanism of GRIM19 loss
in hepatocytes. Second, more long-term observations are
needed to determine whether GRIM19 loss-driven liver fibro-
genesis can progress into spontaneous HCC. Finally, we noted
that hepatocyte-specific heterozygous GRIM19-deleted mice
presented a lower birthrate compared to either GRIM19 CKO
or Alb-Cre mice (data not shown), indicating an essential role
for GRIM19 in liver development in mice. Similar results can
also be found in a recent report that complete GRIM19 deple-
tion was lethal for mouse embryos.21:34 Thus, a tamoxifen-
induced specific GRIM19 knockout in hepatocytes should be
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performed using Alb-Cre-ERT2 mice in the future. Mecha-
nistically, previous reports showed a critical role of GRIM19
loss in autophagy in colorectal cancer and adenomyosis;4°:50
however, our unpublished data shows that neither apoptosis
nor autophagy are involved in GRIM19 loss-induced liver fi-
brogenesis, suggesting that an unidentified mechanism con-
tributes to GRIM19 loss-induced liver fibrogenesis.

Conclusion

Our research demonstrates that mitochondrial GRIM19 loss
in hepatocytes triggers chronic liver fibrogenesis through
NLRP3/IL33 activation via ROS/NF-kB signaling (Supplemen-
tary Fig. 8). This finding not only identifies a causal relation-
ship between GRIM19 loss and liver fibrosis but also offers
prospective therapeutic approaches for the treatment of liver
fibrogenesis.
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