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ADAR1 Inhibits Macrophage Apoptosis and Alleviates
Sepsis-induced Liver Injury Through miR-122/BCL2A1
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Abstract

Background and Aims: As sepsis progresses, immune cell
apoptosis plays regulatory roles in the pathogenesis of immu-
nosuppression and organ failure. We previously reported that
adenosine deaminases acting on RNA-1 (ADAR1) reduced
intestinal and splenic inflammatory damage during sepsis.
However, the roles and mechanism of ADAR1 in sepsis-in-
duced liver injury remain unclear. Methods: We performed
transcriptome and single-cell RNA sequencing of peripheral
blood mononuclear cells (PBMCs) from patients with sepsis
to investigate the effects of ADAR1 on immune cell activi-
ties. We also employed a cecal ligation and puncture (CLP)
sepsis mouse model to evaluate the roles of ADAR1 in sepsis-
induced liver injury. Finally, we treated murine RAW 264.7
macrophages with lipopolysaccharide to explore the underly-
ing ADAR1-mediated mechanisms in sepsis. Results: PBMCs
from patients with sepsis had obvious apoptotic morpho-
logical features. Single-cell RNA sequencing indicated that
apoptosis-related pathways were enriched in monocytes,
with significantly elevated ADAR1 and BCL2A1 expression in
severe sepsis. CLP-induced septic mice had aggravated liver
injury and Kupffer cell apoptosis that were largely alleviated
by ADAR1 overexpression. ADAR1 directly bound to pre-
miR-122 to modulate miR-122 biosynthesis. miR-122 was
an upstream regulator of BCL2A1. Furthermore, ADAR1 also
reduced macrophage apoptosis in mice with CLP-induced
sepsis through the miR-122/BCL2A1 signaling pathway and
protected against sepsis-induced liver injury. Conclusions:
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The findings show that ADAR1 alleviates macrophage apop-
tosis and sepsis-induced liver damage through the miR-122/
BCL2A1 signaling pathway. The study provides novel insights
into the development of therapeutic interventions in sepsis.
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Introduction

Sepsis, which is defined as “life-threatening organ dysfunc-
tion caused by a dysregulated host response to infection” is
a leading cause of morbidity and mortality in intensive care
units worldwide.! In 2017, almost 50 million sepsis cases and
11 million sepsis-associated deaths were reported globally.2
In clinical practice, six major organ systems of patients with
sepsis are often damaged and monitored: cardiovascular,
respiratory, renal, neurological, hematological, and hepatic
systems.3 Of those, the liver is heavily exposed to circulat-
ing antigens, endotoxins, cellular signals, and microorgan-
isms during microbial infection. Sepsis-induced liver injury is
a common complication that occurs during early sepsis and
may cause sepsis-related inflammatory pathogenesis,* mul-
tiple organ dysfunction, and high mortality.>

The pathogenesis of sepsis is complicated and involves
multiple physiological and pathological processes, including
inflammatory imbalance, immune dysfunction, mitochondrial
damage, and coagulation disorders.6 Once liver injury oc-
curs, many monocytes and other innate myeloid cells are
rapidly recruited to the sites of injury. These cells, together
with the liver Kupffer cells, recognize the released foreign
antigens and respond to the infection by triggering immune
inflammatory responses to eliminate the pathogens.” As the
first responders and gatekeepers for the clearance of patho-
gens, Kupffer cells are postulated to have a central role in
the hepatic innate immune system,8° by which 70-80% of
the bacteria that enter the blood are removed.10 As sepsis
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progresses, monocyte and macrophage apoptosis increases,
which may cause immunosuppression and a high risk of sec-
ondary infection or mortality.1? Immune cell apoptosis is piv-
otal during sepsis-induced immunosuppression and seriously
impairs host antimicrobial defenses and microorganism clear-
ance, leading to protracted inflammatory responses. Thera-
peutic intervention using anti-apoptotic strategies, such as
modulating the Bcl2 family, helps to improve prognosis and
reduce the mortality of patients with sepsis.!2

Adenosine deaminases acting on RNA-1 (ADAR1) target
double-stranded RNA (dsRNA) and have adenosine-to-inosine
(A-to-I) RNA editing activity that has been shown to regulate
the biosynthesis of protein-coding genes and microRNAs (miR-
NAs).13 Studies have revealed that ADAR1 has an important
role in maintaining homeostasis.'* We previously found that
ADAR1 alleviated sepsis-induced inflammation and maintained
intestinal homeostasis by interfering with miR-30a biogene-
sis.1516 Moreover, ADAR1 regulates macrophage polarization
by binding to miR-21 precursors to modulate its biogenesis.t”
Because immune inflammatory responses are causally in-
volved in the pathogenesis and progression of sepsis, the ef-
fects of ADAR1 on sepsis-induced immune cell apoptosis and
liver damage have attracted our attention. Given the crucial
role of macrophage apoptosis in sepsis-induced immunosup-
pression, we aimed to explore the underlying mechanism by
which ADAR1 modulates macrophage apoptosis in sepsis-in-
duced liver injury. We performed transcriptome and single-cell
RNA sequencing of PBMCs from patients with sepsis and evalu-
ated their roles through in vivo and in vitro sepsis models.

Methods

Ethics statement

This study was approved by the Ethical Committee of our
Hospital, with document numbers of KY20212172 and
NCT05229328. All procedures involving human participants
complied with the Declaration of Helsinki. Informed consent
was signed by all healthy volunteers and patients with sepsis.
Animal experiments were carried out according to the Guide
for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee of our
University (approved number: 20220930).

Study population and PBMC collection

Between January and March 2022, a total of 86 sepsis patients
were admitted to the emergency department and intensive
care unit of the Xijing Hospital. Twenty-eight patients at the
early stage of sepsis were involved in this study. Ten healthy
volunteers were recruited as the control group. The inclusion
criteria for the patients with sepsis were sepsis 3.0=infec-
tion plus a sequential organ failure assessment (SOFA) score
>2; time after diagnosis of <6 h; 18-90 years of age; and
no history of serious chronic disease. Patients with tumors
and immune system diseases were excluded. Patients who
had a blood lactic acid concentration >2 mmol/L and needed
vasoactive drugs to maintain a mean arterial pressure (MAP)
>65 mmHg were identified as having septic shock (severe
sepsis [S]); the others were considered to have mild sepsis
(M). All subjects were managed following recently updated
international guidelines.® A total of 8 mL of venous blood
was taken from the cubital vein of the patients within 6 h
of admission. Plasma and PBMC samples were collected and
stored at —80°C for further use.

Bulk RNA sequencing
PBMC samples were sent to Gene Denovo Biotechnology Co.

(Guangzhou, China) for messenger RNA (mRNA) and miRNA
sequencing. For transcriptome sequencing, oligo (dT) beads
were used to enrich mRNA that were then broken into short
fragments and reverse transcribed into complementary DNA
(cDNA). After purification, end repair, and adding a poly (A)
tail, cDNA fragments were ligated to Illumina sequencing
adapters and sequenced with the Illumina Novaseq 6000
(San Diego, CA, USA). For miRNA sequencing, 18-30 nucleo-
tide strands were enriched with polyacrylamide gel electro-
phoresis followed by adding 3’ adapters and then enriching
the RNA molecules with a length of 36-44 bp. After ligat-
ing 5’ adapters to the RNA, amplification was conducted and
the polymerase chain reaction (PCR) products 140-160 bp
in length were selected to construct the cDNA libraries that
were then sequenced with the Illumina Novaseq 6000.

Single-cell RNA sequencing

Single-cell RNA sequencing was performed with a Chromium
(10X Genomics, Pleasanton, CA, USA) sequencing instru-
ment (Gene Denovo Biotechnology Co.). The gene expres-
sion library was sequenced using an Illumina Novaseq 6000.

Functional analysis of differentially expressed genes
(DEGSs)

The transcripts or miRNAs with a >2-fold change and p-value
of <0.05 were regarded as DEGs or differentially expressed
miRNAs. The screened DEGs were mapped to Gene Ontology
(GO) terms to determine which were significantly enriched.
Pathway enrichment analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

Enzyme-linked immunosorbent assay (ELISA)

The plasma concentrations of apoptosis-related molecules
(BID, BAX, BCL2A1, BCL2, TNFSF10, and NLRP3) were de-
termined with ELISA kits (Jiang Lai Biotechnology Co., Ltd.,
Shanghai, China) according to the manufacturer’s instructions.
The plasma concentrations of murine cytokines, interleukin
(IL)-6, apoptosis-related molecules (BAX, BCL2Ala), and
markers of liver injury (Glutamic pyruvic transaminase, [GPT],
alanine transaminase [ALT], glutamic oxaloacetic transami-
nase [GOT], and aspartate aminotransferase [AST]) were also
determined with ELISA kits (Jiang Lai Biotechnology Co., Ltd.).

Luminex assay

Serum cytokine (IL6, tumor necrosis factor alpha [TNF-a],
C-C motif chemokine ligand 4 [CCL4], CXC motif chemokine
ligand 2 [CXCL2], macrophage inflammatory protein 3
[MIP3], and MIP3B) concentrations in 28 patients with sepsis
and six healthy volunteers were determined by Luminex as-
says using a Human XL Cytokine Luminex Performance Panel
Premixed kit (#FCSTM18-30; R&D Systems, Minneapolis,
MN, USA) according to the manufacture instructions. The
plates were read using Luminex 200 instrument (Austin, TX,
USA).

Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM)

For SEM, PMBCs and RAW 264.7 cells were fixed with elec-
tron microscope fixatives (#CR2202015; Servicebio, Wuhan,
China) in the dark for 30 m. Specimens were attached to
metallic stubs, sputter-coated with gold for 30 s, observed,
and photographed (SU8100; Hitachi Tokyo, Japan). For TEM,
cells were pre-embedded in agarose, dehydrated, infiltrated,
and embedded in resin, sectioned at 60-80 nm (EM UC7 ul-
tramicrotome; Leica, Wetzlar, Germany) and placed on 150-
mesh formvar coated copper grids and staining with uranium
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acetate and lead citrate. The samples were observed and
photographed (HT7800; Hitachi).

Septic mouse model

Male C57BL/6 mice (20-25 g and 8-10 weeks of age) were
obtained from the animal center of the Fourth Military Medi-
cal University. They were housed under standard laboratory
conditions for 1 week before being used for experiments.
The mice were randomly divided into sham, CLP, and CLP
+ ADAR1 overexpression groups. CLP surgery is a widely
used experimental method to establish sepsis in mice and
was performed as described previously.!® Sham mice were
treated identically except that the cecum was neither ligat-
ed nor punctured. The CLP + ADAR1 overexpressing mice
were treated with 1x108 plaque-forming units of ADAR1-
overexpressing adenovirus (GenePharma, Shanghai, China)
dissolved in 200 uL phosphate-buffered saline (PBS) via tail
vein injection. Serum, liver, and lung samples were collected
for histological analysis at 0 (sham), 6, 24, and 48 h after
surgery. Subsequent animal experiments were performed
24 h after CLP administration. Disease severity was deter-
mined by an experienced pathologist based on postopera-
tive manifestations of CLP. The pathologist was blind to the
treatment. Disease scoring included five aspects, appearance
(score 0-4), behavioral changes at rest (score 0-3) and after
stimulation (score 0-3), respiratory signs (score 0-3), and
corneal secretions (score 0-5).20

Cell culture and treatment

RAW 264.7 macrophages were purchased from the Cell Cul-
ture Center, Chinese Academy of Medical Sciences (Beijing,
China). Macrophages were activated by lipopolysaccharide
(LPS) (#L2880, Sigma-aldrich, Germany) to establish an in
vitro sepsis model as previously described.2! RAW 264.7 cells
were cultured in serum-free Opti-MEM (Gibco, Brooklyn, NY,
USA) 1 h before transfection with ADAR1-overexpressing
adenovirus (GenePharma), ADRA1l-small interfering RNA
(siRNA) (RiboBio, Guangzhou, China), an miR-122 mimic, an
miR-122 inhibitor (RiboBio), or a negative control using Lipo-
fectamine 3000 transfection reagent (Invitrogen, Waltham,
MA, USA) according to the manufacturer’s instructions. The
cells were treated with LPS for another 24 h after transfection
and collected for subsequent experiments 12 h after the LPS
treatment ended.

Hematoxylin and eosin (HE) staining

Liver and lung tissues were harvested, fixed, dehydrated,
paraffin embedded, sectioned at 5 pm, and stained with HE
(Servicebio). The stained sections were observed with an up-
right light microscope (Nikon Eclipse E100, Tokyo, Japan).
Pathological damage to liver and lung tissue in each group
was evaluated by an experienced pathologist in five random
fields of each slice using previously published scoring criteria
with a slight modification. The pathologist was blind to the
treatment of each mouse. Liver injury scoring included four
criteria described in the Ishak scoring system, the degree
of interface hepatitis (score 0-4), confluent necrosis (score
0-6), lobular inflammation (score 0-4), and portal inflam-
mation (score 0-4).22:23 Lung damage scoring included four
criteria, pulmonary interstitial edema (score 0-4), alveolar
edema (score 0-4), inflammatory infiltration (score 0-4),
and alveolar hemorrhage (score 0-4).24 The final score was
obtained by summing the individual scores.

Immunohistochemical (IHC) staining
Paraffin-embedded liver tissue was dewaxed and rehydrated
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followed by antigen retrieval in a citrate solution (pH 6.0)
(Servicebio). After blocking to prevent nonspecific protein
binding, the sections were incubated with an anti-ADAR1 pri-
mary antibody (#SC-73408; Santa Cruz Biotechnology, Dal-
las, TX, USA) in a wet box at 4°C overnight. The sections
were then incubated with horseradish peroxidase-conjugated
secondary antibody. A diaminobenzidine (DAB) chromogenic
kit (#G1212; Servicebio) was used for visualization. Hema-
toxylin was used to counterstain nuclei. The sections were
observed with research slide scanner (#VS200; Olympus,
Tokyo, Japan) after mounting. The mean number of posi-
tively stained cells and the density of the chromogen staining
(% area) were quantified with ImageJ] software.

Immunofluorescence (IF) staining

Liver tissue was embedded in Tissue-Tek OCT compound
(Sakura Finetek, Sarku, Japan) and 4 pm thick sections were
cut with a freezing microtome (Leica) at —20°C. The sections
were incubated in 1% bovine serum albumin for 60 m to
prevent nonspecific protein binding before they were labeled
with a primary rabbit polyclonal F4/80 antibody (#ab100790;
Abcam, Cambridge, UK) overnight at 4°C. The next day, they
were washed with PBS and incubated with goat anti-rabbit
IgG-CFL secondary antibody (#sc-362272; Santa Cruz Bio-
technology) for 1 h at room temperature in the dark. The
sections were viewed with a fluorescence microscope (Life
Technologies, Carlsbad, CA, USA). The fluorescence inten-
sity was measured in random fields of view using Imagel
software. We performed IF staining with anti-BAX (#60267-
1-IG; Proteintech, Rosemont, IL, USA), DAPI (#G1012; Ser-
vicebio), CLEC4F antibody (#AF2784-SP; Novus Biologicals,
Centennial, CO, USA), Albumin (#bs-2256R; Bioss, Woburn,
MA, USA) and fluorescein (FITC) TdT-mediated dUTP-bi-
otin nick end labeling (TUNEL) cell apoptosis detection kit
(#GG1501; Servicebio).

Flow cytometry

Apoptosis of PMBCs and RAW 264.7 cells was assayed with a
fluorescein isothiocyanate (FITC) Annexin V apoptosis detec-
tion kit I (#556547; BD Pharmingen, San Diego, CA, USA)
according to the manufacturer’s instructions. Briefly, after
washing three times with fluorescence-activated cell sorting
buffer, 1x106 cells per group were resuspended in 1xbind-
ing buffer (100 pL), and incubated with 5 pL Annexin V-FITC
and 10 pL propidium iodide for 30 m at 4°C in the dark. The
samples were assayed with a Coulter Epics XL flow cytometer
(Beckman Coulter, Inc. Pasadena, CA, USA).

Ribonucleoprotein immunoprecipitation (RNP-IP)

RNP-IP has previously been used to show that ADAR1 binds
to pre-miR-21 and pri-miR-30a in RAW 264.7 cells.16:17 In
this study, RNP-IP was performed to investigate whether
ADAR1 bound to pre-miR-122. First, 2x107 RAW 264.7 cells
were collected and lysed. The lysate was incubated with 30
mg anti-ADAR1 (#SC-73408; Santa Cruz Biotechnology) or
anti-IgG antibodies (#2729; CST, Danvers, MA, USA) for 4 h
at room temperature. Co-immunoprecipitated RNA was re-
verse transcribed and gRT-PCR was performed to determine
the abundance of pre-miR-122 relative to U6.

Dual-luciferase reporter assay

A pmirGLO dual-luciferase miRNA target expression vector
(GenePharma) containing wild-type (WT) or mutant (MUT)
3’-untranslated (UTR) region of BCL2A1 was constructed
and cotransfected with the miR-122-5p mimic or mimic-NC
into HEK 293T cells with Lipofectamine 3000 reagents (Inv-
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itrogen). BCL2A1 homo 3’-UTR WT 5’-3’ UGUUGACCAGAAA-
GGACACUCCA; BCL2A1 homo 3’ UTR mutant 5’-3’ TGTT-
GTGGTGAAAGGTGTGAGGA, hsa-miR-122-5p mimic: 5’-3'
UGGAGUGUGACAAUGGUGUUUG, mimic-NC 5’-3” UUCUCCGA
ACGUGUCACGUTT. Twenty-four hours after transfection, the
relative luciferase activity of the dual-luciferase reporter as-
say system was determined with an Infinite M1000 multi-
mode microplate reader (Tecan, Mannedorf, Switzerland) via
dual-luciferase reporter assay system (Promega, Madison,
WI, USA).

GRT-PCR

Total RNA was isolated from 50 mg of liver tissue using Tri-
zol reagent kits (Invitrogen) according to the manufacturer’s
protocol. The same method was used to extract total RNA
from RAW 264.7 cells and PBMCs of patients with sepsis.
Specific primer pairs were designed by Tsingke Biotechnol-
ogy (Beijing, China) and are listed in Supplementary Table 1.
The primer pairs for miR-122-5p were synthesized by Ribo-
Bio (#miRA1001677-1-200).

Western blotting (WB)

Total protein was extracted using RIPA lysis buffer (GenStar,
Beijing, China) with protease inhibitor cocktail (MedChem-
Express, Shanghai, China). Protein concentration was de-
termined with a bicinchoninic acid assay kit (Zhonghuihecai
Biopharmaceutical Technology, Shaanxi, China). The primary
antibodies used in our study were anti-Caspase3 cleaved
(#19677-1-AP; Proteintech), anti-BAX (#60267-1-IG; Pro-
teintech), anti-BCL2 (#AF6139; Affinity Biosciences, Cincin-
nati, OH, USA), anti-ADAR1 (#sc-73408; Santa Cruz), anti-
BCL2A1la (#64310S; CST), and anti-B-actin (#3700; CST).
B-actin was the internal reference.

Statistical analysis

SPSS Statistics 28.0 (IBM Corp., Armonk, NY, USA) was used
for the statistical analysis and GraphPad Prism 9.0 (Graph-
Pad, Inc., La Jolla, CA, USA) was used to generate graphs.
Data were evaluated with the Shapiro-Wilk test to determine
whether it was normally distributed. Student’s t-tests were
used to compare between-group differences of normally dis-
tributed results that were reported as means + SDs). Mann-
Whitney U tests were used to compare between-group differ-
ences of non-normally distributed results that were reported
as medians and interquartile range (IQR). One-way analysis
of variance with Tukey’s multiple comparison test was used to
compare differences among three or more groups. Log-rank
Mantel-Cox) tests were used to compare between-group dif-
ferences of survival curves. All animal and cell experiments
were performed in at least three replicates. The threshold of
statistical significance was p<0.05.

Results

Apoptosis of PBMCs significantly increases in pa-
tients with early sepsis

We collected PBMCs from healthy volunteers and patients
with early sepsis, and observed the cellular morphology. Im-
mune cells in the peripheral blood of healthy volunteers had
normal morphology. PBMCs from patients with sepsis had de-
graded surface microvilli, shrunken cell membranes with local
bulges, widened perinuclear spaces and pyknotic nuclei and
mitochondria, all signs of apoptosis (Fig. 1A). Flow cytometry
revealed that there was a significantly increased proportion
of apoptotic and necrotic immune cells in patients with sepsis

compared with healthy volunteers (Fig. 1B). In addition, in
contrast to healthy volunteers, the plasma concentrations of
inflammatory cytokines (IL-6 and TNF-a), chemokines (CCL4
and CXCL2), and pro-apoptotic indicators (BAX, TNFSF10,
and NLRP3) increased significantly in patients with sepsis,
especially those with severe sepsis, while the anti-apoptotic
molecule (BCL2) showed a significant reduction in patients
with sepsis (Fig. 1C and D). The clinical characteristics of pa-
tients with mild and severe sepsis patients are shown in Ta-
ble 1. Blood immune cells and liver injury-related indicators
were significantly higher in patients with severe sepsis than
patients with mild sepsis, but patients with severe sepsis had
significantly fewer monocytes.

Transcriptome sequencing of PBMCs revealed a total of
10,046 DEGs. Compared with healthy volunteers, there were
2,004 significantly upregulated DEGs and 3,698 significantly
downregulated DEGs in patients with sepsis (Fig. 2A). KEGG
and gene set enrichment analysis revealed that inflammatory
response and apoptosis-related pathways were significantly
enriched in patients with sepsis (Fig. 2B and C). A heatmap
of DEGs revealed that ADAR1 and pro-apoptosis factors such
as Toll-like receptors, tumor necrosis factor (TNF), BID, and
caspase 4 (CASP4) were increased in patients with sepsis.
However, unlike other members of the BCL2 family, the an-
ti-apoptotic molecule BCL2A1 also increased significantly in
patients with sepsis compared with healthy volunteers (Fig.
2D). The plasma concentrations of BID and BCL2A1 were also
increased in patients with sepsis (Supplementary Fig. 1A).

Monocyte apoptosis is prominent in PBMCs from pa-
tients with early sepsis

We conducted single-cell sequencing of PBMCs from healthy
volunteers and the sepsis groups to investigate DEGs in var-
ious immune cell subsets. We annotated five immune cells
according to their cell markers, including monocytes, T and
natural killer (NK) cells, neutrophils, B cells, and dendritic
cells (DCs) (Fig. 3A). Among the cell types, monocytes had
the largest number of DEGs in patients with sepsis (1,969
genes in total) compared with healthy volunteers (Fig. 3A);
these genes were significantly enriched in apoptosis-relat-
ed pathways (Fig. 3B and C). Similar to the transcriptome
sequencing results, BCL2 family members were decreased
in patients with sepsis, except for BCL2A1, which was sig-
nificantly upregulated (Fig. 3D). The plasma concentration
of the macrophage inflammatory-related proteins MIP3 and
MIP3B was also significantly upregulated (Supplementary
Fig. 1B). The results suggest that monocytes/macrophages
had an important role in the pathological mechanism of im-
mune cell death and immunosuppression in patients with
sepsis.

Apoptosis of liver macrophages (Kupffer cells) is ag-
gravated in a CLP-induced mouse model of sepsis

We used a mouse model of sepsis to explore sepsis-relat-
ed apoptosis in different organs. After CLP, a large number
of inflammatory cells infiltrated the lung and liver of septic
mice, with significantly increased tissue injury scores and
sepsis disease scores (Supplementary Fig. 2). TUNEL stain-
ing of lung and liver tissue showed that CLP-induced sepsis
increased apoptosis much more prominently in the liver (Fig.
4A). We also evaluated relative protein and mRNA expression
of apoptosis-related indicators in the liver of septic mice. The
pro-apoptotic molecules caspase 3 and BAX were significant-
ly increased, but the anti-apoptotic molecule BCL2 was sig-
nificantly decreased after CLP (Fig. 4B and C). Double stain-
ing of liver tissue for TUNEL with ALB, F4/80, and CLEC4F
revealed significantly higher apoptosis in Kuppfer (CLEC4F+)
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Fig. 1. Apoptosis of PBMCs was significantly increased in patients with sepsis. (A) SEM and TEM images of PBMCs from healthy volunteers and patients with
sepsis. Asterisk (*) indicates degraded surface microvilli, cross (®) indicates local bulges, arrow (—) indicates widened perinuclear space, and triangle (A) indicates
pyknotic mitochondria. Scale bars mean 2.5 (left) and 1 (right) pm. (B) FCM analysis of the apoptosis proportion of PBMC cells in volunteers and patients with sepsis.
Apoptotic cells were quantified in the B4 lower right quadrant (early apoptosis) and the B2 upper right (late apoptosis). Necrotic cells are seen in the B1 upper left
quadrant. Volunteers n=4, Sepsis (M) n=6. (C) Plasma concentrations of inflammatory factors (IL6, TNF) and chemokines (CCL4, CXCL2) in volunteers and patients
with sepsis. (D) Apoptotic molecules (BAX, TNFSF10, NLRP3, and BCL2) in the plasma of volunteers and patients with sepsis. Volunteers n=6, Sepsis (M) n=12, Sepsis
(S) n=16. *p<0.05, **p<0.01. SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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Table 1. Clinical characteristics of sepsis patients

Parameter Sepsis (M, n=12) Sepsis (S, n=16) X2/t/z p-value
Infection site
Respiratory system, n (%) 5(41.7) 7 (43.8) 0.21 1.00
Digestive system, n (%) 5(41.7) 6 (37.5)
Urogenital system, n (%) 2 (16.7) 3 (18.8)
Physiological index
Female, n (%) 5 (41.7) 6 (37.5) NA 1.00
Age in years 68.67 = 15.20 69.38 + 13.43 0.13 0.897
Temperature in °C 37.78 £ 0.54 37.49 £ 0.72 1.20 0.242
Heart rate as r/m 108.75 + 8.13 113.31 £ 11.79 1.15 0.261
Respiratory rate as r/m 24.00 £ 2.59 24.44 +£ 2.28 0.47 0.640
MAP in mmHg 84.89 + 3.39 60.92 + 3.56 18.01 0.001%**
Laboratory results
WBC as x10°/L 11.65 + 2.23 14.43 + 2.80 2.83 0.009%**
Neutrophil as x10°9/L 9.69 + 1.82 12.34+ 2.76 2.89 0.008**
Lymphocyte as x109/L 1.13 £ 0.46 1.39 £ 0.622 1.21 0.237
Monocyte as x109/L 0.72 £ 0.32 0.48 £ 0.12 2.69 0.012%*
PTinm 15.25 (13.03-16.55) 14.75 (14.23-15.85) 0.02 0.991
APTT in m 33.90 (31.65-37.83) 39.4 (34.48-43.13) 1.88 0.061
ALT in U/L 37.42 £ 8.15 89.38 + 28.22 6.99 0.001%**
AST in U/L 31.42 £ 6.78 114.50 + 32.86 9.84 0.001**
Creatinine in pmol/L 102.42 + 24.02 136.25 + 51.79 2.30 0.031*
Lactic acid in mmol/L 1.10 £ 0.24 3.57 £ 0.87 10.88 0.001**
Disease score
APACHE II 11.08 + 1.62 17.63 + 4.16 5.73 0.001%**
SOFA 7.33 £ 1.61 10.88 + 1.63 5.72 0.001%**
Progress survival as % 11 (91.70) 10 (62.50) NA 0.024%*

The results are reported as numbers and percentage, means + SD or medians and IQR. *p<0.05, **p<0.01. ALT, alanine aminotransferase; APACHE II, acute physiol-
ogy and chronic health evaluation II; APTT, activated partial prothrombin time; AST, aspartate aminotransferase; MAP, mean arterial pressure; PT, prothrombin time;
SBP, systolic blood pressure; SOFA, sequential organ failure assessment; WBC, white blood cell.

cells than in non-Kupffer cells in septic mice, 53.6 (IQR 46.0-
61.7)% vs. 31.4 (IQR 24.9-35.8%) (p<0.01) (Fig. 4D).

ADAR1 reduces RAW 264.7 apoptosis after LPS treat-
ment

To gain a deeper understanding of the effects of ADAR1 on
macrophage apoptosis, we used RAW 264.7 cells, a mu-
rine macrophage cell line. Relative Adar1 mRNA expression
increased significantly 12 h after LPS treatment, and then
decreased until 48 h (Fig. 5A). Because Adarl expression
is dynamic, we examined the effects 12 h after LPS treat-
ment in subsequent experiments. The protein expression of
BAX increased and BCL2Ala decreased in RAW 264.7 cells
after ADAR1 knockdown (Fig. 5B), indicating a regulatory
role of ADRA1 in macrophage apoptosis. We next overex-
pressed ADAR1 by infecting RAW 264.7 cells with ADAR1-
overexpressing adenovirus (OE-ADAR1) and silenced ADARI
by transfecting RAW 264.7 cells with ADAR1 siRNA. TEM
showed that LPS promoted pronounced apoptotic morphol-
ogy. Heterochromatin was aggregated at the nuclear margin,
the perinuclear space was widened, and the mitochondria

were shrunken with membranes having a high electron den-
sity. Flow cytometry revealed that the proportion of apoptotic
RAW 264.7 cells increased significantly after LPS treatment.
ADAR1 overexpression alleviated this change and ADAR1 in-
hibition aggravated it, leading to the appearance of pyknotic
mitochondria, high matrix electron density, dilated cristae,
and an increased proportion of apoptotic cells (Fig. 5C and
D). Moreover, relative Bax and Caspase3 mRNA expression
increased after LPS administration. This increase was signifi-
cantly reduced with ADAR1 overexpression and elevated with
ADARL1 silencing. Bc/l2aia mRNA expression showed the op-
posite changes (Fig. 5E). BAX immunofluorescence staining
was consistent with its mMRNA expression in each study group
(Supplementary Fig. 3A). Hence, the findings indicate that
ADAR1 protected macrophages from apoptosis.

ADAR1 regulates macrophage apoptosis through the
miR-122/BCL2A1 signaling pathway

ADAR1 regulates the biosynthesis of miRNAs through two
mechanisms. In the nucleus, ADAR1 hinders miRNA bio-
genesis by A-to-I editing of pri-miRNAs.2> In the cytoplasm,
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ADAR1 forms a complex with Dicer to promote the genera-
tion of miRNA by enhancing Dicer cleavage activity.13 We
found significantly reduced Dicerl and Ago2 mRNA expres-
sion in LPS-treated RAW264.7 cells (Supplementary Fig.
3B), suggesting that the synergism of ADAR1 and Dicer to
promote miRNA production may be inhibited. In this case, a
significant increase in ADAR1 may play a dominant role in its
A-to-I editing effects.

We performed miRNA sequencing in PBMCs from healthy
volunteers and patients with sepsis. There were 285 signifi-
cantly upregulated miRNAs and 246 significantly downregu-
lated miRNAs in patients with sepsis compared with healthy
volunteers (Fig. 6A). KEGG and GO enrichment analysis indi-
cated that differentially expressed miRNAs were significantly
enriched in pathways related to apoptosis (Fig. 6B and Sup-
plementary Fig. 4A). Among the top 10 significantly up- and
downregulated miRNAs, miR-122, which is abundant in the
liver, was significantly downregulated in patients with sepsis
(Fig. 6C).26 In addition, pri-miRNA-122 has been reported to
contain high-frequency A-to-I editing sites (UAG triplet se-
quences) in its dsRNA regions.2” Given that ADAR1 was sig-
nificantly increased in patients with sepsis based on sequenc-
ing (Fig. 2D), we speculated that ADAR1 bound to miR-122 to
hinder its biosynthesis through A-to-I editing. We predicted
the potential interaction between ADAR1 and pre-miRNA-122
through RPISeq (http://pridb.gdcb.iastate.edu/RPISeq/). The
support vector machine classifier value was 0.98, indicat-
ing a high possibility of interaction between ADAR1 and pre-
miRNA-122. Moreover, the RNP-IP assay confirmed the direct
binding effects of ADAR1 on pre-miR-122 (Fig. 6D). Mean-
while, qRT-PCR revealed that ADAR1 knockdown significantly
upregulated miR-122-5p while ADAR1 overexpression mark-
edly reduced miR-122-5p expression (Fig. 6E).

We also evaluated miR-122-5p expression in LPS-treat-
ed RAW 264.7 cells. MiR-122-5p decreased significantly 12
h after LPS administration, and then increased over time
(Fig. 7A). After transfection with an miR-122 mimic, mac-
rophage apoptosis increased (Fig. 7B and C). To determine
how miR-122 modulated macrophage apoptosis, we predict-
ed the target genes of miR-122-5p with Miranda (Version
3.3a), TargetScan (Version 7.0), and RNA hybrid (Version
2.1.2). A total of 3,237 target genes were predicted, includ-
ing BCL2A1, which was significantly upregulated in patients
with sepsis based on sequencing (Fig. 7D). A dual-luciferase
assay confirmed the targeting effects of miR-122-5p on the
3’-UTR of BCL2A1 (Fig. 7E). Based on the NCBI database,
we compared the targeted sequences of mmu-miR-122-5p
and Bcl2ala. Consistent with human genes, they also have
paired binding sites and a targeting relationship (Supple-
mentary Fig. 4B). Furthermore, Bc/l2ala mRNA levels in RAW
264.7 cells increased significantly 12 h after LPS treatment
and then gradually, with significantly lower expression at
48 h compared with baseline (Fig. 7F). We transfected RAW
264.7 cells with the miR-122 mimic or inhibitor (we evalu-
ated the transfection effects with qRT-PCR; Supplementary
Fig. 4C), and determined the expression of Bcl2ala with
gRT-PCR and western blotting (Fig. 7G). The miR-122 mimic
decreased BCL2Ala expression and the miR-122 inhibitor
increased BCL2A1la expression. These results indicate that
ADAR1 regulates macrophage apoptosis through the miR-
122/BCL2A1 signaling axis.

The ADAR1/miR-122/BCL2A1 signaling pathway is
involved in the regulation of Kupffer cell apoptosis in
septic mice

We further verified the role of ADAR1 in macrophage apop-
tosis in the liver of septic mice. Adarl mRNA expression in-
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creased significantly 6 h after CLP and decreased significantly
24 and 48 h after CLP (Fig. 8A). We took 24 h as the mod-
eling time for subsequent experiments. After infection with
the ADAR1-overexpression adenovirus, CLP-induced septic
mice had significantly disease scores and an elevated 7-day
survival rate (Fig. 8B). Meanwhile, ADAR1 overexpression
significantly increased BCL2Ala and decreased BAX mRNA
and protein expression, and miR-122-5p expression was also
reduced in the liver of septic mice (Figs. 8C, D, and Sup-
plementary Fig. 5A). HE and immunofluorescence staining
showed that ADAR1 overexpression significantly reduced the
degree of pathological damage (Supplementary Figs. 5B and
C) and the proportion of Kupffer cell apoptosis (CLEC4F+/
TUNEL+) in septic livers (Fig. 8E and Supplementary Fig. 6).
We also measured the plasma concentrations of inflamma-
tory factors, liver injury markers, and apoptotic molecules.
ADAR1 overexpression alleviated CLP-induced IL-6, ALT, and
AST levels. Consistent with expectations, compared with the
CLP group, ADAR1 overexpression significantly increased
BCL2A1la expression and significantly decreased BAX ex-
pression (Fig. 8F). These findings collectively demonstrate
that ADAR1 regulates liver monocyte/macrophage apoptosis
under septic conditions by modulating the miR-122/BCL2A1
signaling pathway.

Discussion

Sepsis is a fatal systemic inflammatory disease caused by
infection. The mortality rate of sepsis is approximately 25-
30%, and 40-50% in patients with septic shock.282° Post-
mortem studies have confirmed that immune cell apoptosis
occurs in sepsis patients of all ages, and it is regarded as a
major cause of the immunosuppressive pathophysiology of
sepsis.30 Our latest research has revealed the phenomenon
of excessive monocyte apoptosis in the peripheral blood of
patients with sepsis based on single-cell RNA sequencing.3!
Meanwhile, targeting apoptosis would be useful to reverse
sepsis-induced immunosuppression, and manipulating apop-
tosis in sepsis is a novel therapeutic intervention in the clin-
ic.32:33 However, the issues of the underlying mechanism of
immune cell apoptosis in sepsis and its induced organ injury
are still not clear.

Immunosuppression in sepsis is manifested by reduced
numbers and functional defects of immune cells. We found
that monocytes in PBMCs had the most prominent pathologi-
cal changes, further inducing the inflammatory response and
organ damage. The apoptotic rate of liver Kupffer cells was
also significantly increased in septic mice. Meanwhile, several
pro-apoptotic molecules such as caspase-3 and BAX were
significantly upregulated in murine RAW 264.7 macrophag-
es treated with LPS. Under physiological conditions, there
is a dynamic balance between cell apoptosis and prolifera-
tion. Under pathological conditions, this balance is broken.34
Sustained apoptosis can lead to acute liver injury, such as
fulminant hepatitis and reperfusion injury. Inhibition of ex-
cessive macrophage apoptosis is thus the key to alleviating
acute liver injury.3* Here, we comprehensively investigated
the severity of monocyte/macrophage apoptosis in sepsis by
evaluating clinical samples, an animal model, and an in vitro
model.

Based on the sequencing results, the anti-apoptotic mole-
cule BCL2A1, a member of the BCL2 family, was significantly
increased in sepsis. We further confirmed that BCL2A1 was
increased significantly in the LPS-treated RAW 264.7 cells,
although it fell back in the later period. BCL2A1 is known to
exert its anti-apoptotic functions by sequestering pro-apop-
totic BCL2-family proteins (Bid and Bax). Downregulation of
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Fig. 7. MiR-122 regulated macrophages apoptosis by targeting BCL2A1. (A) Relative levels of miR-122-5p in RAW 264.7 cells that LPS treated over time. (B)
TEM images of RAW 264.7 cells that were transfected with the miR-122 mimic 12 h after LPS treatment. Arrow (—) indicates the cell membrane sprouts and falls off,
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BCL2A1 is associated with increased expression and trans-
location of cytochrome ¢, thus promoting cell apoptosis.3>
Other studies have revealed that BCL2A1 is significantly
upregulated in patients with sepsis and is closely related to
the prognosis of sepsis. Hence, it could represent a potential
novel biomarker for the management of sepsis.3¢ The ques-
tion is what is the specific mechanism of BCL2A1-induced
macrophage apoptosis in sepsis.

ADARL1 is expressed primarily in the brain, liver, lung,
and kidney, and other tissues have little ADAR1 mRNA ex-
pression.37:38 We found that with the progression of sepsis,
ADAR1 expression increased initially and then decreased in
the in vivo and in vitro experimental models. Meanwhile,
ADAR1 expression differed with time and stimuli. Specifically,
ADAR1 expression rose briefly and then decreased rapidly in
a severe disease state (e.g., 1 ug/mL LPS treatment or CLP in
which the free-end of cecum was ligated in the middle), but
in milder disease (e.g., 200 ng/mL LPS treatment or CLP in
which the free-end of cecum was ligated in the lower third),
ADAR1 remain elevated for a prolonged period before falling.
In RAW 64.7 cells, we analyzed changes in ADAR1 expres-
sion under moderate stimulation to simulate the acute phase
of sepsis. Twelve hours of LPS treatment was more accept-
able,3940 at which time ADAR1 expression in macrophages
increased. We further verified the inhibitory effects of ADAR1
on macrophage apoptosis through animal experiments via a
more severe CLP model. The disease was critical 24 h after
CLP, which is often selected to evaluate organ injuries.*142 At
this time, ADAR1 decreased in the liver and ADAR1 overex-
pression protected the liver from sepsis-induced injury.

ADAR1 regulates the biogenesis of miRNA precursors or
mature miRNAs through its A-to-I editing activity, which has
been well-accepted. We previously found that ADAR1 inhib-
ited excessive inflammation in macrophages by editing miR-
21 and miR-30a to further reduce organ damage.:7 Our se-
quencing results revealed that miR-122, a highly expressed
liver-specific miRNA, was significantly reduced in PBMCs
from patients with sepsis. Furthermore, interaction of ADAR1
with the miR-122 precursor was predicted and verified in this
study. We found that ADAR1 negatively regulated miR-122
expression by binding to pre-miR-122 in macrophages.

Interestingly, a recent study reported a positive corre-
lation between ADAR1 and miR-122 expression in hepato-
cytes.43 We speculate that the expression of ADAR1 and
miR-122 in various cell types likely determines their inter-
action. In hepatocytes, miR-122 is abundant. It makes up
about 70% of the miRNA population in the adult liver.44 A
small amount of ADAR1 has limited editing effects on a very
large number of miR-122 molecules. In this case, ADAR1 col-
laborating with Dicer may have a dominant role in promot-
ing the generation of mature miR-122, resulting in a positive
correlation between ADAR1 and miR-122. However, BioGPS
data indicates that ADAR1 is abundantly expressed in mac-
rophages and significantly increased in response to infection.
Sufficient ADAR1 can fully edit pri-miR-122, and ultimately
reduce the generation of miR-122. The role of ADAR1 in dif-
ferent cells may vary depending on its expression and that
of miRNA. Additional study is required to clarify the detailed
cellular mechanism. Furthermore, we predicted a targeting
relationship between miR-122 and BCL2A1 based on the
bioinformatics analysis and confirmed this relationship with
a dual-luciferase assay and by assessing expression. After
verification with animal experiments, we propose that the
ADAR1/miR-122/BCL2A1 axis is involved in regulating liver
macrophage (Kupffer cell) apoptosis in sepsis.

We also evaluated hepatocyte injury and found a higher
proportion of hepatocyte apoptosis after CLP, which is con-
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sistent with previous studies.*> In addition, ADAR1 over-
expression significantly reduced the degree of pathological
damage and the proportion of hepatocyte apoptosis, and the
plasma concentrations of hepatocytes injury markers in sep-
tic livers. These findings collectively demonstrate that ADAR1
could be helpful to alleviate hepatocyte injury under septic
conditions.

There are some study limitations. First, we collected pa-
tient samples from a single center and the sample size was
small. Second, we used RAW 264.7 cells, a macrophage cell
line, to only simulate sterile inflammation rather than true
sepsis or infection. Third, the CLP-induced sepsis model re-
sults in polymicrobial infections in the abdominal cavity after
intestinal injury, but does not simulate all subtypes, such as
sepsis-induced liver injury caused by the spread of patho-
genic bacteria from distant infection sites. Hence, additional
large multicenter studies with different of sepsis subtypes
are needed.

In conclusion, we showed that ADAR1 protected against
sepsis-induced liver injury. ADAR1 overexpression signifi-
cantly alleviated CLP-induced liver injury and reduced Kupffer
cell/macrophage apoptosis through the miR-122/BCL2A1
signaling pathway. The ADAR1/miR-122/BCL2A1 axis may
represent a target for the treatment of sepsis-related liver
injury. This eventuality should be assessed with additional
clinical studies to confirm the regulatory roles in sepsis.
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