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Abstract

Acetaminophen (APAP) overdose induces acute liver injury and represents the most frequent cause of drug-induced
liver injury worldwide. Macrophage-mediated inflammation plays detrimental roles during the early stage of liver injury.
However, the potential targets regulating inflammation to improve drug-induced liver injury remains undefined. In this
study, we reported that G protein-coupled receptor 35 (GPR35) improves drug-induced liver injury by blocking mac-
rophage-mediated inflammation via the Gas-cyclic AMP-protein kinase A (Gas-cAMP-PKA) pathway. The ablation of
GPR35 exacerbates APAP-induced liver injury, characterized by higher levels of alanine aminotransferase and aspartate
aminotransferase in sera, larger damaged areas, and increased levels of pro-inflammatory cytokines. More hepatic mac-
rophages appeared in the inflamed liver of mice with GPR35 deficiency. In contrast, the agonists of GPR35 alleviated
APAP-induced liver injury. The depletion of macrophages abolished GPR35-mediated protection. Mechanistically, GPR35
ablation facilitated the activation of pro-inflammatory AKT, MAPK, and NF-«xB signaling pathways at the downstream
of Toll-like receptors in macrophages. GPR35 agonists activated Gas-cAMP-PKA signaling to inhibit the activation of
these pro-inflammatory signaling pathways and then suppress the inflammatory response in macrophages. Thus, our find-
ings demonstrate that GPR35 prevents drug-induced liver injury by blocking macrophage-mediated inflammation via the
Gas-cAMP-PKA pathway, indicating that GPR35 is a potential target for the development of novel medicines that control
drug-induced liver injury.
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Introduction

Acetaminophen (APAP) is a widely-used analgesic and anti-
pyretic drug, which is safe at therapeutic doses. Neverthe-
less, APAP overdose leads to acute liver injury and failure,
>4 Jing Li and is becoming a major cause of drug-induced liver dam-
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(NAPQI), which consumes hepatic glutathione (GSH),
and subsequently leads to hepatocyte death [2]. Moreover,
The following inflammatory response, characterized by the
release of damage-associated molecular pattern molecules
from dead hepatocytes, further aggravates liver injury and
eventually causes liver failure in a second-hit manner [3].
The unsatisfactory efficacy of treatment with N-acetyl-L-
cysteine to improve NAPQI-induced oxidative damage
results from the narrow therapeutic window, indicating that
the inflammatory process may be a more feasible target for
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intervention [4, 5]. Diverse immune cells have been shown
to play detrimental roles in APAP-induced liver injury [6].
Our previous study demonstrated that hepatic macrophages
act as the central controller of hepatic inflammatory damage
following an overdose of APAP [7]. Hepatic macrophages
aggravate APAP-induced hepatotoxicity at the early stage
of the damage process [8]. The depletion of hepatic mac-
rophages through pre-treatment with liposomal clodronate
protects against APAP-induced hepatotoxicity [9]. Prevent-
ing the liver recruitment of monocyte-derived macrophages
also mitigates APAP-induced hepatotoxicity [10]. Addition-
ally, inhibiting of NF-«xB signaling in hepatic macrophages
attenuates APAP-induced hepatotoxicity [11]. Therefore,
identifying druggable targets that prevent liver infiltration
by macrophages and inhibit their inflammatory response is
crucial for improving APAP-induced hepatotoxicity.

G protein-coupled receptors (GPCRs) are the largest
family of membrane receptors. They mediate diverse types
of diseases, such as hypertension, sepsis, and cancer. There-
fore, they have become targets of approximately 30-40%
of marketed drugs [12]. GPCRs couple with heterotrimeric
G proteins composed of Ga, GB, and Gy subunits, which
bind to downstream effectors upon GPCR activation, and
generate second messengers, such as Ca’, cyclic AMP
(cAMP), and inositol phosphates [13]. G protein-coupled
receptor 35 (GPR35) belongs to the orphan GPCR family,
and is highly expressed on immune cells and in gastrointes-
tinal tissues [14]. GPR35 can be activated by endogenous
ligands, including lysophosphatidic acid (LPA), pamoic
acid (PA), kynurenic acid (KA), and 5-hydroxyindoleacetic
acid (5-HIAA), as well as synthetic molecules, such as diso-
dium cromoglycate (DSCG) and zaprinast [15-19]. Accu-
mulating studies have demonstrated that GPR35 is involved
in multiple diseases, including hypertension, heart failure,
pain, metabolic syndrome, and inflammatory bowel dis-
ease [20-22]. Our group has revealed that GPR35 defends
against NLRP3-mediated inflammatory diseases and atten-
uates nonalcoholic steatohepatitis [23, 24]. However, the
role of GPR35 in APAP-induced liver injury remain poorly
understood.

In the present study, we demonstrated that GPR35 defi-
ciency exacerbates APAP-induced liver injury. GPR35
alleviates inflammatory response in hepatic macrophages
to improve APAP-induced liver injury via the Gas-cAMP-
PKA pathway. Thus, GPR35 plays a protective role in drug-
induced liver injury and acts a potential target to prevent
drug-induced liver failure.
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Materials and methods
Mice

Wild type (WT) male and female C57BL/6 J mice (age:
6—8 weeks) were purchased from Shanghai SLAC Labo-
ratory Animal Co., Ltd (Shanghai, China). Gpr35~" mice
(C57BL/6 J background) were purchased from Bioraylab
Company (Shanghai, China). All mice were housed in a
specific pathogen-free, temperature-controlled environment
with unrestricted access to food and water at the animal
facilities of the University of Science and Technology of
China (Hefei, China). The environment was maintained at
22.5 °C, 42.5% humidity, and a 12-hour light-dark cycle.
All experiments were performed according to the Guide for
the Care and Use of Laboratory Animals of the University
of Science and Technology of China and Anhui Medical
University (Hefei, China). The study was approved by the
Local Ethics Committee for Animal Care and Use at Anhui
Medical University.

Treatment of mice

APAP (Yuanye Company, Shanghai, China) was dissolved
in PBS at 40 °C. Mice were randomly assigned to received
either PBS or APAP (300 or 400 mg/kg) via intraperitoneal
injection after fasting for 16 h. Liver and blood samples
were collected at specified time points following APAP
administration. For lipopolysaccharide/D-galactosamine
(LPS/D-GalN)-induced liver injury, mice were adminis-
tered D-GalN (intraperitoneal injection, 500 mg/kg; Yuanye
Company, Shanghai, China) and LPS (intravenous injec-
tion, 50 pg/kg; E. Coli O111:B4, Sigma-Aldrich). Mice
were scarified 6 h after LPS/D-GalN administration. To
deplete hepatic macrophages, mice were treated with either
GdCl; (10 mg/kg, Sigma-aldrich, USA) or clodronate/lipo-
some (200 pl/mouse, Vrije Universiteit Amsterdam, Yeasen,
USA) via intravenous injection 24 and 72 h prior to APAP
administration, respectively. To determine the effects of KA
and DSCG on APAP- or LPS/D-GalN-induced liver injury,
mice were treated with either KA (500 mg/kg; Aladdin,
Shanghai, China) or DSCG (500 mg/kg; Aladdin, Shanghai,
China) prior to APAP administration.

GSH measurement

Fresh liver tissues were homogenized, and protein concen-
tration was subsequently measured. The hepatic concentra-
tion of GSH was measured using a Total GSH Quantification
kit (Solarbio Life Science, Beijing, China) and determined
by spectrophotometry according to the manufacturer’s
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instructions. GSH concentration were normalized to the
amount of fresh liver tissue (nmol/mg liver tissue).

Assessment of liver injury

Liver injury was assessed based on serum levels of ala-
nine aminotransferase (ALT) and aspartate aminotransfer-
ase (AST), as well as histological analyses. ALT and AST
levels were quantified using a diagnostic kit (Mindray Bio,
Shenzhen, China). Liver specimens were fixed in 4% para-
formaldehyde, dehydrated, and embedded in paraffin. Liver
sections were prepared and stained with hematoxylin and
eosin for histochemical evaluation.

Measurement of cytokines using ELISA

Sera, organ homogenates, and cell culture supernatants were
prepared for the measurement of cytokines. The amounts of
TNF-a, IL-1B, IL-10, monocyte chemoattractant protein-1
(MCP-1), IL-6, IL-4, and IL-10 were measured using com-
mercially available ELISA Kits (Dakewei, Shanghai, China)
according to the instructions provided by the manufacturer.

Analysis of cytokines through quantitative reverse-
transcription polymerase chain reaction (qRT-PCR)

Total RNA was isolated from liver tissues or purified mac-
rophages using total RNA purification reagents (Invit-
rogen, Thermo Fisher Scientific, CA, USA). RNA (2 ug)
was reverse-transcribed using RT kits (Invitrogen, Thermo
Fisher Scientific, CA, USA). Complementary DNA was
amplified to measure the messenger RNA (mRNA) expres-
sion of TNF-o, IL-1B, IL-la, MCP-1, IL-6, IL-4, and
IL-10 using commercially available SYBR Premix Ex Taq
(TaKaRa Biotechnology, Dalian, China) and specific prim-
ers (Supporting Table 1) in a reaction with 35 cycles at 95
°C for 10 s and at 60 °C for 30 s in a CFX Connect™ real-
time PCR system (BIO-RAD, CA, USA). Gene expression
levels were normalized to those of the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Isolation of hepatic lymphocytes and flow
cytometry analysis

Mouse liver tissue was harvested, pressed through a 200-
gauge stainless steel mesh, suspended in PBS, and centri-
fuged at 50 x g for 1 min. Supernatants were transferred into
fresh tubes and centrifuged again at 800 x g for 10 min. Pel-
lets were resuspended in 40% Percoll® (GE Healthcare, MA,
USA), layered onto 70% Percoll®, and centrifuged at 1,260
x g for 30 min at room temperature. The intermediated layer
cells were collected, washed with PBS, and counted using

a cell counter (Celldrop; DeNovix Inc., DE, USA). Cells (1
x 10°) were stained with FITC-anti mouse CD45.2, PE-anti
mouse CD4, PerCP-Cy5.5-anti mouse CD8, APC-Cy7-anti
mouse CD3, and PE-Cy7-anti mouse NKI1.1. Testing was
performed on a CytoFLEX flow cytometer (Beckman, CA,
USA), and the results were analyzed using the Flowjo soft-
ware (Treestar, Ashland, OR, USA).

Isolation, flow cytometry analysis, and sorting of
hepatic macrophages

Hepatic macrophages were isolated from mice using a liver
perfusion collagenase system as previously reported [25].
Briefly, the liver was perfused with ethylene glycol tetraace-
tic acid for 5 min, followed by IV-type collagenase for 10
min, chopped, and filtered through a 70-um strainer. The
non-parenchymal cell fraction was acquired after centrifu-
gation at 50 x g for 5 min. The supernatant was centrifuged
at 500 x g for 10 min. The pellets were resuspended in 20%
Percoll® (GE Healthcare), carefully layered onto 50% Per-
coll®, and centrifuged at 800 x g for 30 min. The hepatic
macrophage fraction was collected from the intermediated
layer between the two Percoll® gradient layers. Cells were
counted and used for flow cytometry analysis or cell sort-
ing. For flow cytometry analysis, cells were stained with
FITC-anti-mouse CD11b, PE-CY7-anti-mouse CD45.2,
APC-anti-mouse F4/80, APC-CY7-anti-mouse Ly6G. For
cell sorting, cells were stained with PE-F4/80 and incubated
with anti-PE beads (130-048-801; Miltenyi Biotech, Ger-
many). The purified hepatic macrophages (purity >90%)
were used for RNA sequencing to determine the mRNA lev-
els of cytokines using qRT-PCR or protein levels of genes of
interest by western blotting.

RNA sequencing analysis

RNA sequencing (RNA-seq) was performed on total RNA
isolated from hepatic macrophages of WT and Gpr35 "
mice at 12 h after APAP treatment, with triplicate samples.
Sequencing libraries were generated using the TruSeq RNA
Sample Preparation kit (Illumina). RNA-seq analysis was
conducted by OE Biotech Co., Ltd (Shanghai, China).

Preparation and treatment of peritoneal
macrophages

Peritoneal macrophages were prepared and harvested as
previously described [26]. Briefly, mice were injected intra-
peritoneally with 1 ml of 3% Brewer thioglycollate broth
(BBL™ Thioglycollate Medium Brewer Modified; BD
Biosciences, MD, USA). At 72 h post-injection, peritoneal
exudate cells were collected in cold PBS and centrifuged

@ Springer



219 Page 4 of 16

X. Zhao et al.

at 400 x g for 10 min. The cell pellet was resuspended in
cold DMEM, and the cells were counted. Cells (2 x 10%)
were plated in six-well plates and cultured for 2 h at 37
°C. Non-adherent cells were subsequently removed using
warm PBS. The adherent peritoneal macrophages in were
used for subsequent experiments. For activation of inflam-
matory signaling, peritoneal macrophages were stimulated
with LPS (0.3 pg/ml) for 1 h for the protein assay, or LPS
(1 pg/ml) for 18 h for cytokine production. The GPR35
agonist KA (4 mM), DSCG (200 pg/ml), 5-HIAA (10 um,
MedChemExpress, NJ, USA) and Zaprinast (10 pm, Med-
ChemExpress, NJ, USA) was administered 1 h before LPS
treatment. Adenylate cyclase (AC) activator forskolin (FSK;
10 pM, MedChemExpress, NJ, USA) was used to stimulate
cAMP in peritoneal macrophages 1 h prior to LPS treat-
ment. To investigate the role of Gas-cyclic AMP-protein
kinase A (Gas-cAMP-PKA) in the GPR35-mediated effect
on macrophages, the Gas inhibitor NF449 (25 uM, Santa
Cruz Biotechnology, TEX, USA), AC inhibitor SQ22536
(50 uM, MedChemExpress, NJ, USA), or PKA inhibitor
H89 (10 uM, MedChemExpress, NJ, USA), PKA inhibi-
tor fragment [6—22] amide (10 pm, TargetMol, BOS, USA)
was added to the culture 30 min prior to treatment with the
GPR35 agonist.

Western blotting and co-immunoprecipitation (Co-
IP)

Macrophages exposed to different treatments were har-
vested and lysed in radioimmunoprecipitation assay buffer
(Beyotime, Shanghai, China) supplemented with protease
inhibitors and phosphatase inhibitors (Beyotime, Shang-
hai, China). Cell debris was removed by centrifugation at
12,000 x g for 5 min. The protein concentration was subse-
quently determined using bicinchoninic acid assay (Beyo-
time, Shanghai, China) according to the manufacturer’s
instructions. Equal amounts of protein were separated by
10% SDS-PAGE and transferred to polyvinylidene difluo-
ride (PVDF) membranes. The membranes were incubated
overnight at 4 °C with primary antibodies against proteins
of interest (Anti-GPR35 [1:1000; NBP2-24640; Novus,
CO, USA], Anti-CYP2EI1 [1:1000; NBP1-85367; Novus,
CO, USA], Anti-p-AKT [1:1000; #9271; Cell Signaling,
MA, USA], Anti-Bel2 [1:1500; 26593-1-AP; Proteintech;
Wuhan, China], Anti-Bax [1:5000; 50599-2-Ig; Proteintech;
Wuhan, China], Anti-AKT [1:1000; #9272; Cell Signal-
ing, MA, USA], Anti-p-p38 [1:1000; #4511; Cell Signal-
ing, MA, USA], Anti-p38 [1:1000; #9212; Cell Signaling,
MA, USA], Anti-p-p65 [1:1000; #3033; Cell Signaling,
MA, USA], Anti-p65 [1:1000; #8242; Cell Signaling, MA,
USA], Anti- Phospho-PKA C (Thr197) [1:1000; #5661;
Cell Signaling, MA, USA] and Anti-B-actin [1:10000;
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ab8227; Abcam, CA, USA], Anti-GNAS [1:1000; Protein-
tech; 10150-2-AP; Wuhan, China]; Anti-GNA13 [1:1000;
67188-1-Ig; Proteintech; Wuhan, China]). Membranes were
then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (1:5000) for 1 h at room temperature and
detection was performed by chemiluminescence autoradi-
ography. Co-immunoprecipitation (Co-IP) was performed
to assess the interaction between GPR35 and Gas. Peri-
toneal macrophages were stimulated with KA for 30 min,
lysed in radioimmunoprecipitation assay buffer, and incu-
bated with anti-GPR35 antibody (Novus, CO, USA). The
protein complex was subsequently captured using Protein
A/G agarose and precipitated. Western blotting was used to
detect Gas using an anti-Gas antibody (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

cAMP assay

Cyclic AMP (cAMP) production was measured using the
LANCE®Ultra cAMP (PerkinElmer, PA, USA). Briefly, 1 x
10° macrophages were stimulated with GPR35 agonists or
the AC activator FSK for 30 min at 37 °C. Macrophages
(5 x10* per well) were seeded in a 384-well plate, treated
with test compounds for the indicated time before lysis, and
analyzed using a luminometer (SpectraMax iD5; Molecular
Devices, San Jose, CA, USA) according to the manufac-
turer’s instructions.

Statistical analysis

GraphPad Prism 9.0 (La Jolla, CA) was used for all statisti-
cal analyses. Statistical analysis was applied to biological
replicates, or biologically independent mice for each experi-
ment. All experiments described in this study have been per-
formed at least three times. Data are presented as the mean
+SEM. Two-tailed Student’s t test was used to determine
statistical significance between two groups and two-way
ANOVA was used when data were compared based on mul-
tiple curves. P-values <0.05 denoted statistically significant
differences. Significance levels were denoted by *, **, and
**% representing p-values of <0.05, < 0.01, and <0.001.
respectively. Figure illustrations in the article were cre-
ated using BioRender software. Specifics regarding sample
sizes, measures of dispersion, and the statistical tests used
can be found in the figure legends.
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Results

GPR35 ablation aggravates APAP-induced liver
injury

To investigate the role of GPR35 in APAP-induced liver
injury, male wild type (WT) and Gpr35~~ mice were fasted
overnight and treated with 400 mg/kg of APAP. The levels
of alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) in Gpr35~ mice at 12 h after treatment
with APAP were significantly higher than those measured
in male WT mice (Fig. 1A). Histopathological examination
displayed more pronounced centrilobular necrosis and mas-
sive hepatocyte death in male Gpr35~~ mice compared with
male WT mice (Fig. 1B). Similar findings were observed in
female WT and Gpr35~" mice (Fig. 1C and D), suggesting
that Gpr35~" mice are more susceptible to APAP-induced
liver injury. Moreover, 400 mg/kg of APAP led to a high
lethality of Gpr35~~ mice at 12 h after treatment. There-
fore, to further confirm these results, WT and Gpr35~/
mice were treated with 300 mg/kg of APAP and analyzed at
24 h after treatment. Consistently, Gpr35~~ mice developed
more severe liver injury, characterized by higher levels of
ALT and AST in serum at 24 h after treatment with APAP,
compared with WT mice (Fig. 1E and F). Next, we exam-
ined the apoptotic effects at this time point and observed a
significant increase in pro-apoptotic Bax levels along with
the suppression of anti-apoptotic Bcl-2 in Gpr35~ mice
(Supporting Fig. 1). Furthermore, during the liver repair
phase at 48- and 72-hours post-APAP administration, serum
ALT and AST levels remained higher in Gpr35~" mice
compared to WT mice, indicating impaired liver recovery
in the absence of GPR35 (Fig. 1G and H). Taken together,
these findings demonstrated that GPR35 protects against
APAP-induced liver injury and plays a crucial role in liver
repair.

GPR35 ablation aggravates APAP-induced liver
injury via hepatic macrophages

We previously identified that hepatic immune cells medi-
ate APAP-induced liver injury in our previous study [7].
To identify the changes of immune cells in the absence
of GPR35, we analyzed hepatic immune cells in WT and
Gpr35~ mice after treatment with APAP. There was no
significant difference in the frequency of hepatic natural
killer (NK) cells, eosinophils, dendritic cells (DCs), natu-
ral killer T (NKT) cells, CD4" T cells, and CD8" T cells
between WT and Gpr35~ mice. But Gpr35~ mice exhib-
ited a reduction in hepatic neutrophils (Supporting Fig. 2).
More importantly, there were more F4/80" macrophages
and CDI11b"8"F4/80™ infiltrating monocyte-derived

macrophages (MoMFs) in Gpr35’~ mice versus WT
mice, as shown by the higher frequency and the greater
absolute number of F4/80" macrophages and MoMFs
in the liver (Fig. 2A and B). In contrast, the frequency of
CD11b™"F4/80Me" Kupffer cells was reduced in the liver of
Gpr35~ mice (Fig. 2B, Supporting Fig. 3). Accompanied
by more MoMFs, the levels of pro-inflammatory cytokines
IL-1a, IL-1B, MCP-1, and TNF-a were higher in the serum
and liver of Gpr35~ mice (Fig. 2C, D and E). Moreover,
hepatic macrophages from Gpr35~" mice displayed higher
levels of pro-inflammatory cytokines compared to those
obtained from WT mice (Fig. 2F). To confirm the role of
hepatic macrophages in GPR35-mediated liver protection,
we depleted hepatic macrophages using GdCl;. The deple-
tion of hepatic macrophages diminished APAP-induced
liver injury both in WT and Gpr35~ mice. Of note, the
difference in APAP-induced liver injury between Gpr35~/
mice and WT mice disappeared; the animals showed similar
levels of ALT and AST, and damaged areas (Fig. 3A and B).
The difference in pro-inflammatory cytokines in the serum
was also eliminated after the depletion of hepatic macro-
phages (Fig. 3C). The depletion of hepatic macrophages
by clodronate/liposomes at 3 h after treatment with APAP
also attenuated APAP-induced liver injury, as demonstrated
by the reduced levels of ALT (Fig. 3D). Collectively, our
findings demonstrate that GPR35 protects against APAP-
induced liver injury by regulating hepatic macrophages.

GPR35 suppresses the inflammatory response in
hepatic macrophages

To investigate the underlying mechanisms by which GPR35
suppressed inflammation in hepatic macrophages, we per-
formed RNA sequencing (RNA-seq) on sorted F4/80"
hepatic macrophages from APAP-treated Gpr35’ and
WT mice. Differential gene expression analysis identified
871 genes were differentially expressed (fold change >2,
p<0.05) in hepatic macrophages from the two groups, of
which 668 were upregulated and 203 were downregulated
in Gpr35~" mice compared to WT mice (Fig. 4A). Unsu-
pervised hierarchical clustering of gene expression profiles
showed clear separation between hepatic macrophages from
APAP-treated Gpr35~ and WT mice (Fig. 4B). Gene ontol-
ogy (GO) analysis of the upregulated genes revealed that
many biological processes were associated with inflamma-
tion in hepatic macrophages from APAP-treated Gpr35~'~
mice (Fig. 4C). Gene set enrichment analysis (GSEA)
yielded similar results, wherein a multitude of inflammatory
processes were positively enriched in hepatic macrophages
from APAP-treated Gpr35~ mice, including PI3 K-Akt,
NF-«xB, and MAPK signaling pathways (Fig. 4D, E and F).
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Fig. 1 GPR35 deficiency aggravates APAP-induced liver injury. (A)
Levels of ALT and AST in sera from male WT mice and Gpr35~~ mice
at 12 h after 400 mg/kg APAP challenge (n= 5). (B) Tissue damage in
livers of male WT and Gpr35~ mice at 12 h after 400 mg/kg APAP
challenge, shown by hematoxylin and eosin staining (original mag-
nification: x20; scale bar: 100 pm). (C) Levels of ALT and AST in
sera from female WT mice and Gpr35~ mice at 12 h after 400 mg/
kg APAP challenge (n=5). (D) Tissue damage in livers of female WT
and Gpr35~ mice at 12 h after 400 mg/kg APAP challenge, shown by
hematoxylin and eosin staining (original magnification: x200; scale
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bar: 100 pm). (E) Levels of ALT and AST in sera from male WT mice
and Gpr35~" mice at 24 h after 300 mg/kg APAP challenge. (F) Levels
of ALT and AST in sera from female WT mice and Gpr35~ mice at
24 h after 300 mg/kg APAP challenge. (G) Levels of ALT and AST in
sera from female WT mice and Gpr35~ mice at 48 h after 300 mg/kg
APAP challenge. (H) Levels of ALT and AST in sera from female WT
mice and Gpr357" mice at 72 h after 300 mg/kg APAP challenge. The
data are representative of three independent experiments and shown as
the mean + SEM. *, P<0.05; **, P<0.01; ***, P<0.001
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Fig. 2 GPR35 deficiency aggravates APAP-induced liver inflamma-
tion. (A) Frequency of total F4/80" cells in CD45™ cells from livers
of WT mice and Gpr35~ mice treated with APAP. (B) Frequencies of
MoMFs and KCs in CD45™ cells from livers of WT mice and Gpr35~
mice treated with APAP. (C) Levels of macrophage-associated cyto-
kines in sera from WT mice and Gpr35~ mice treated with APAP.
(D) Protein levels of macrophage-associated cytokines in livers of

WT mice and Gpr35~~ mice treated with APAP. (E) RNA levels of
macrophage-associated cytokines in livers of WT mice and Gpr35~
mice treated with APAP. (F) RNA levels of macrophage-associated
cytokines in hepatic F4/80" cells from WT mice and Gpr35~ mice
treated with APAP. The data are representative of three independent
experiments and shown as the mean £SEM. *, P< (.05; **, P<0.01;
*** P<0.001
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Fig. 3 Macrophage depletion abolishes the aggravation of liver injury
induced by GPR35 deficiency. (A) Levels of ALT and AST in sera at 12
h after APAP challenge from WT mice and Gpr35~7 mice pretreated
with PBS or GdCl,. (B) Tissue damage in livers at 12 h after APAP
challenge from WT mice and Gpr35~ mice pretreated with PBS or
GdCl,, shown by hematoxylin and eosin staining (original magnifi-
cation: x20; scale bar: 100 um). (C) Levels of TNF-a and IL-1f in

These data suggest that GPR35 suppresses inflammatory
signaling in macrophages.

Given the transcriptional differences in inflammatory
processes between hepatic macrophages from APAP-treated
Gpr35~~ and WT mice, we characterized their differences at
the protein level using Western blot analysis. In agreement
with the RNA-seq data, the levels of p-AKT, p-p38 and
p-p65 were significantly elevated in macrophages obtained
from Gpr35” mice (Fig. 5A). In contrast, pretreatment
with the GPR35 agonist KA or DSCG prior to the APAP
administration efficiently reduced inflammatory signaling,
as evidenced by lower levels of p-AKT, p-p38, and p-p65 in
macrophages from agonist-treated WT mice. These results
suggested that GPR35 blocks the activation of inflamma-
tory signaling in hepatic macrophages after APAP challenge
(Fig. 5B). To further confirm these findings, peritoneal
macrophages obtained from WT mice were stimulated with

@ Springer

sera at 12 h after APAP challenge from WT mice and Gpr35~ mice
pretreated with PBS or GdCl;. (D) Levels of ALT in sera at 12 h after
APAP challenge from WT mice and Gpr35~~ mice pretreated with
PBS/liposome or clodronate/liposome. The data are representative of
three independent experiments and shown as the mean + SEM. *, P<
0.05; **, P<0.01; *** P<0.001

LPS in the presence of GPR35 agonists ex vivo. Treatment
with GPR35 agonists attenuated the inflammatory response,
characterized by decreased levels of p-AKT, p-p38, and
p-p65 (Fig. 5C). Moreover, GPR35 agonists reduced pro-
inflammatory cytokines in the supernatant, and decreased
mRNA levels of pro-inflammatory cytokines in macro-
phages (Fig. 5D and E). Taken together, our findings dem-
onstrate that GPR35 diminishes the inflammatory response
in macrophages by dampening inflammatory signaling.

GPR35 dampens inflammatory signaling via the
Gas-cAMP-PKA pathway

To elucidate the downstream signaling by which GPR35
suppresses the inflammatory response in hepatic macro-
phages, the Co-IP assay of GPR35 was performed. GPR35
was identified to couple with Gas (Fig. 6A). Gas has been
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Fig. 4 GPR35 deficiency induces the inflammatory transcriptional
feature in macrophages. (A) Volcano plot depicting DEGs in F4/80"
hepatic macrophages from APAP-treated Gpr35~ and WT mice. (B)
RNA expression heatmap of DEGs in F4/80" hepatic macrophages
from APAP-treated Gpr35~~ and WT mice. (C) GO enrichment of the

reported to bind adenylyl cyclase (AC) and subsequently
generate the second messenger cAMP [27]. The Gas-cAMP
signaling axis subsequently activates protein kinase A
(PKA), specifically its catalytic subunit (PKA-C) [27]. Con-
sistently, we observed an increase in the phosphorylation of
the PKA catalytic subunit (p-PKA-C) (Supporting Fig. 4A).
It has been reported that GPR35 can regulate intracellular
signaling pathways through coupling with G12/13 [28].
Although the Co-IP assay identified an interaction between
GPR35 and G12/13 proteins, our findings indicate that KA
exerts its anti-inflammatory effects through GPR35 inde-
pendently of G12/13 signaling. (Supporting Fig. 4B and C).
Indeed, GPR35 agonists KA and DSCG and AC activator
FSK elicited the intracellular production of cAMP in peri-
toneal macrophages (Fig. 6B). Likewise, GPR35 agonists
KA and DSCG and AC activator FSK could suppressed the
inflammatory response in macrophages ex vivo, as demon-
strated by the decrease in pro-inflammatory cytokines in the
presence of FSK (Fig. 6C). These findings indicated that the
Goas-cAMP-PKA pathway might be involved in GPR35-
mediated suppression of the inflammatory response. To
confirm this hypothesis, PKA inhibitor H89, AC inhibitor

(signal_to_noise)

top 30 enriched pathways for DEGs in F4/80" hepatic macrophages
from APAP-treated Gpr35~~ and WT mice. (D-F) GSEA analysis
between F4/80" hepatic macrophages from APAP-treated Gpr35~/~
and WT mice using gene sets of (D) PI3 K-Akt signaling pathway, (E)
MAPK signaling pathway, (F) NF-«kB signaling pathway

SQ22536, and Gas inhibitor NF449 were added to LPS-
stimulated macrophages before treatment with KA or
DSCG. Of note, these inhibitors diminished the GPR35-
mediated suppression of the inflammatory response in mac-
rophages, as indicated by the increase in pro-inflammatory
cytokines in the presence of Gos-cAMP-PKA pathway
inhibitors (Fig. 6D and E and Supporting Fig. 4D). These
results indicate that GPR35 mitigates inflammatory signal-
ing through the Gas-cAMP-PKA pathway.

GPR35 agonists protect against APAP-induced liver
injury

Next, we investigated whether GPR35 agonists could pro-
tect against APAP-induced liver injury. KA and DSCG were
administered in vivo to mice treated with APAP, and both
agonists effectively mitigated liver injury, as evidenced by
reduced serum ALT and AST levels and decreased liver
damage (Fig. 7A, B, D and E). Meanwhile, the levels of
pro-inflammatory cytokines in the sera were significantly
reduced (Fig. 7C and F). Additionally, other GPR35 ago-
nists 5-HIAA and Zaprinast also inhibited LPS-induced

@ Springer
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Fig. 5 GPR35 deficiency enhances the inflammatory response in mac-
rophages. (A) Levels of inflammatory signaling molecules in hepatic
F4/80" cells from WT mice and Gpr35~ mice at 12 h after APAP
challenge. (B) Levels of inflammatory signaling molecules in hepatic
F4/80" cells from WT mice pretreated with KA or DSCG at 12 h after
APAP challenge. (C) Levels of inflammatory signaling molecules in
peritoneal macrophages from WT mice at 12 h after LPS stimula-

TNF-a elevation. Moreover, KA demonstrated anti-inflam-
matory effects in human THP-1 cells (Supporting Fig. 5).
Taken together, these findings further confirm that GPR35
activation protects against APAP-induced liver injury by
suppressing the inflammatory response.

GPR35 agonists protect against LPS/D-GalN-induced
liver injury

It has been confirmed that hepatic macrophage-mediated
inflammation is a major contributor to LPS/D-GalN-induced
acute liver injury. Therefore, we investigated whether
GPR35 protects against LPS/D-GalN-induced liver injury.
Gpr35~ mice developed more severe liver injury than
WT mice, as demonstrated by higher ALT and AST levels
and larger damaged areas in Gpr35~ mice (Fig. 8A and
B). In addition, the levels of pro-inflammatory cytokines in
the sera were markedly higher in Gpr35~ mice (Fig. 8E),
suggesting that GPR35 deficiency aggravates LPS/D-GalN-
induced inflammation and liver injury. Of note, GPR35
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tion with or without KA or DSCG. (D) Levels of TNF-a and IL-1f in
supernatants from peritoneal macrophages of WT mice at 12 h after
LPS stimulation ex vivo with or without KA or DSCG. (E) mRNA
levels of TNF-a and IL-1 in peritoneal macrophages of WT mice at
12 h after LPS stimulation ex vivo with or without KA or DSCG. The
data are representative of three independent experiments and shown as
the mean =£SEM. *, P<0.05; **, P<0.01; *** P<0.001

agonists were capable of attenuating LPS/D-GalN-induced
acute liver injury, which was marked by lower ALT and
AST levels, reduced damaged areas, and decreased levels
of pro-inflammatory cytokines (Fig. 8C, D and F). Collec-
tively, our findings demonstrate that GPR35 protects against
LPS/D-GalN-induced inflammation-mediated liver injury.

Discussion

This study revealed a protective role of GPR35 in drug-
induced liver injury via the inhibition of macrophage-
mediated inflammation. The absence of GPR35 aggravates
drug-induced liver inflammation and damage. In contrast,
GPR35 agonists effectively protect against drug-induced
liver inflammation and damage (Fig. 9). This study provides
novel insights into the role of GPR35 in drug-induced liver
injury.

Genome-wide association studies have identified that
the mutation of GPR35 is associated with increased risk of
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Fig. 6 GPR35 attenuates inflammatory response in macrophages
through the Gas-cAMP-PKA pathway. (A) Co-IP detection of GPR35
and Gas in peritoneal macrophages stimulated with or without KA.
(B) Levels of cAMP in peritoneal macrophages pretreated with FSK,
KA, or DSCG. GPR35 agonist KA (4 mM), or DSCG (200 pg/ml)
was administered 1 h before treatment with LPS. Adenylate cyclase
activator FSK (10 M) was used to stimulate cAMP in peritoneal mac-
rophages 1 h before treatment with LPS. (C) Levels of TNF-a and
IL-1P in supernatants from peritoneal macrophages after stimulation

digestive system diseases, such as inflammatory bowel dis-
ease, primary sclerosing cholangitis, and autoimmune liver
disease [29, 30]. The roles of GPR35 in inflammatory bowel
disease have been extensively investigated [31-33]. None-
theless, the roles of GPR35 in liver diseases remain unclear.
GPR35 is expressed in Hep3B human hepatoma cells and
mouse primary hepatocytes [34]. It has been reported that
the putative agonist of GPR35 lodoxamide suppresses lipid
accumulation, improves high fat diet-induced fatty liver, and
attenuates CCly-induced liver fibrosis [34, 35]. However,
results obtained from a TGF-a shedding assay showed that
lodoxamide activates human GPR35, but not mouse GPR35,
in vitro [35]. Meanwhile, GPR35 antagonist CID2745687
is species-specific and only effective in inhibiting human
GPR35 [36]. These findings raise concerns regarding the
dependence of lodoxamide action on GPR35 in mice. Thus,
the roles of GPR35 in liver diseases warrant further inves-
tigation. We found that GPR35 alleviated APAP-induced
liver injury. The similar levels of CYP2E1 and GSH, two
key molecules regulating APAP metabolism and detoxica-
tion, in WT mice and Gpr357/7 mice, indicate that GPR35

with LPS in the presence of FSK, KA, or DSCG. (D) Levels of TNF-a
and IL-1 in supernatants from peritoneal macrophages with indicated
pretreatment after LPS stimulation. (E) Levels of TNF-a and IL-1p in
supernatants from peritoneal macrophages with indicated pretreatment
after LPS stimulation. Gas inhibitor NF449, AC inhibitor SQ22536, or
PKA inhibitor H89 was added to the culture 30 min before treatment
with GPR35 agonist KA or DSCG. The data are representative of three
independent experiments and shown as the mean £ SEM. *, P< 0.05;
** P<0.01; *** P<0.001

did not be involved in the regulation of APAP metabolism/
NAPQI-induced hepatotoxicity (Supporting Fig. 6). In addi-
tion, we found that GPR35 suppressed NLRP3 inflamma-
some activation in macrophages [23]. Therefore, these data
drive us to investigate the role of macrophages in GPR35-
mediated protection during APAP challenge.

Macrophages have been recognized as the central modu-
lator of hepatic inflammation and resolution during APAP-
induced liver injury. We previously found that macrophages
generated multiple pro-inflammatory mediators to medi-
ate the second-hit after APAP challenge [7]. Our findings
revealed that GPR35 deficiency increased the production
of pro-inflammatory cytokines by macrophages, whereas
GPR35 agonists exerted an anti-inflammatory effect. More-
over, the GPR35-dependent protection disappeared after
the depletion of macrophages. Thus, our findings identified
the roles of GPR35 in regulating pro-inflammatory mac-
rophages, indicating that it may be a useful target for the
treatment of macrophage-mediated hepatic inflammation.
Consistently, GPR35-dependent protection also dampened
LPS/D-GalN-induced liver injury. Macrophages improve
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Fig.7 GPR35 agonists alleviate APAP-induced liver injury. (A) Levels
of ALT and AST in sera at 12 h after APAP challenge from WT mice
pretreated with PBS or KA. (B) Tissue damage in livers at 12 h after
APAP challenge from WT mice pretreated with PBS or KA, shown by
hematoxylin and eosin staining (original magnification: X20; scale bar:
100 um). (C) Levels of TNF-o and IL-1p in sera at 12 h after APAP
challenge from WT mice pretreated with PBS or KA. (D) Levels of
ALT and AST in sera at 12 h after APAP challenge from WT mice

the resolution of damage at the late stage after treatment
with APAP. It has been shown that resolution-promoting
Ly6 C'°CX3 CRI1™ macrophages improve liver repair dur-
ing APAP-induced liver injury [37]. The adoptive transfer of
these alternatively activated macrophages is able to promote
the resolution of APAP-induced liver injury [38]. MerTK"
hepatic macrophages has also been reported promote the
resolution of inflammation following APAP-induced liver
injury [39]. Therefore, it is necessary to further examine
whether GPR35 promotes the transition of pro-inflammatory
macrophages to resolution-promoting macrophages and the
resolution of inflammation following APAP challenge.
GPR35 activation primes diverse downstream signal-
ing pathways and modulates multiple cellular processes
in a context- and species-dependent manner. Human or rat
GPR35 has been found to activate Gi/o family G proteins
[40]. In addition, it has been reported that, upon activation
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pretreated with PBS or DSCG. (E) Tissue damage in livers at 12 h after
APAP challenge from WT mice pretreated with PBS or DSCG, shown
by hematoxylin and eosin staining (original magnification: x200; scale
bar: 100 pm). (F) Levels of TNF-a and IL-1f in sera at 12 h after
APAP challenge from WT mice pretreated with PBS or DSCG. The
data are representative of three independent experiments and shown as
the mean £SEM. *, P<0.05; **, P<0.01; ***, P<0.001

by agonists, GPR35 recruits -arrestin-2 and activates Gal3
[41]. Also, it has been shown that mouse GPR35 interacts
with and promotes the activity of Na/K-ATPase in macro-
phages [32]. In this study, we found that GPR35 interacted
with Gas, which activates ACs to catalyze the synthesis
of cAMP from ATP, leading to an increase in intracellular
cAMP. The inhibition of Gos-cAMP-PKA signaling with
specific inhibitors partially reversed the GPR35-mediated
suppression of the inflammatory response. Our findings
implied the interaction of GPR35 with Gas mediates the
anti-inflammatory effect in macrophages. NF449 served as
an agent to inhibit Gas, future studies will require the devel-
opment of more selective, cell-permeable Gas inhibitors to
more accurately confirm these findings. Additionally, the
identification of other downstream signals of GPR35 that
may be involved in the GPR35-mediated suppression of the
inflammatory response need further investigations.



GPR35 prevents drug-induced liver injury via the Gas-cAMP-PKA axis in macrophages

Page 13 0f 16 219

30007 —* 2500
- ~ 2000-
S 2000 3 1500-
=4 T = |
< 10001 2 0%
500-
R— 0
WT KO
C 1500- 1500-
*x
) 5 *
S 1000- L S 1000- T
. 5
< 5001 < 5001
T 0 T
PBS KA PBS
E 250- Xk 400- 2
E 2007 E 3001
2 150 £ —
= - £ 200-
2 100- @
| 1 1001
Z 50 =
01— 0 :
WT KO WT KO

Fig. 8 The GPR35 agonist alleviates LPS/D-GalN-induced liver
injury. (A) Levels of ALT and AST in sera from WT mice and Gpr35~7~
mice at 12 h after LPS/D-GalN challenge (n=5). (B) Tissue damage
in livers of male WT and Gpr35~" mice at 12 h after LPS/D-GaIN
challenge, shown by hematoxylin and eosin staining (original mag-
nification: x20; scale bar: 100 um). (C) Levels of ALT and AST in
sera at 12 h after LPS challenge from WT mice pretreated with PBS
or KA. (D) Tissue damage in livers at 12 h after LPS challenge from

KA is the putative ligand of GPR35 and found in high
levels in bile, pancreatic juice, and the intestine excretion
[40, 42]. Nonetheless, the low affinity of KA for human
GPR35 questions its role as the real endogenous ligand
for GPR35 [43]. Therefore, it is necessary to identify other
effective ligands of GPR35 in vivo. C-X-C motif chemokine
ligand 17 (CXCL17), LPA, and 5-HIA A have also been sug-
gested as putative ligands of GPR35 [15, 16, 44]. Moreover,
synthetic agonists and antagonists have been developed to
regulate GPR35 activity. However, accumulating studies
suggest that these ligands modulate GPR35 in a species-
and context-dependent manner [45]. As evidence supports
GPR35 as a valuable therapeutic target for various diseases,
such as inflammatory bowel disease and hypertension, more
efforts are needed to develop GPR35-specific agonists and
antagonists [46].
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WT mice pretreated with PBS or KA, shown by hematoxylin and eosin
staining (original magnification: x200; scale bar: 100 pum). (E) Levels
of TNF-a and IL-1p in sera from WT mice and Gpr35~ mice at 12
h after LPS challenge. (F) Levels of TNF-a and IL-1f in sera at 12 h
after LPS challenge from WT mice pretreated with PBS or KA. The
data are representative of three independent experiments and shown as
the mean £SEM. *, P<0.05; **, P<0.01; *** P<0.001

In summary, the present data revealed that GPR35 alle-
viates APAP-induced liver injury via the Gos-cAMP-PKA
pathway. Moreover, GPR35 agonists could suppress mac-
rophage-mediated inflammation and improve drug-induced
live injury. Our findings indicate that GPR35 may serve as
a target for the development of novel medicines that control
drug-induced liver injury.
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