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CB2R agonist GW405833 alleviates acute liver failure in mice
via inhibiting HIF-la-mediated reprogramming of
glycometabolism and macrophage proliferation
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Ning Li*® and Ze-bing Huang

The inflammatory responses involving infiltration and activation of liver macrophages play a vital role in acute liver failure (ALF). In
the liver of ALF mice, cannabinoid receptor 2 (CB2R) is significantly upregulated on macrophages, while CB2R agonist GW405833
(GW) could protect against cell death in acute liver damage. In this study, we investigated the molecular mechanisms underlying
the protective effects of GW against ALF in vivo and in vitro from a perspective of macrophage glycometabolism. Mice were
pretreated with GW (10 mg/kg, i.p.), then were injected with D-GaIN (750 mg/kg, i.p.) and LPS (10 mg/kg, i.p.) to induce ALF. We
verified the protective effects of GW pretreatment in ALF mice. Furthermore, GW pretreatment significantly reduced liver
macrophage infiltration and M1 polarization, and inhibited the release of inflammatory factors TNF-a and IL-1 in ALF mice. These
protective effects were eliminated by CB2R antagonist SR144528 or in CB2R~/~ ALF mice. We used LPS-stimulated RAW264.7 cells
as an in vitro M1 macrophage-centered model of inflammatory response, and demonstrated that pretreatment with GW (10 uM)
significantly reduced glucose metabolism by inhibiting glycolysis, which inhibited LPS-induced macrophage proliferation and
inflammatory cytokines release. We verified these results in a stable CB2R~/~ RAW264.7 cell line. Moreover, we found that GW
significantly inhibited the expression of hypoxia inducible factor 1a (HIF-1a). Using a stable HIF-1a~’~ RAW264.7 cell line, we
confirmed that GW reduced the release of inflammatory cytokines from macrophages and inhibited glycolysis by downregulating
HIF-1a expression. In conclusion, activation of CB2Rs inhibits the proliferation of hepatic macrophages and release of inflammatory
factors in ALF mice through downregulating HIF-1a to inhibit glycolysis.
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INTRODUCTION

Acute liver failure (ALF), a serious liver damage caused by
infection, metabolism, immune reactions, drugs and other factors,
has a mortality rate of more than 50% and can lead to multiple
organ dysfunction [1-3]. Liver transplantation is an effective
treatment, but its performance is limited by a shortage of donor
livers and expensive surgical treatment [4]. The vast majority of
treatments for ALF are symptomatic and supportive treatments.
Efforts have been made to explore the pathogenesis and to screen
effective treatments [1].

Macrophages are key cellular components of the liver, with 20
to 40 macrophages for every 100 hepatocytes in the mouse liver
[5]. At the earliest stage of liver injury, macrophages can mediate
the inflammatory cascade effect to trigger liver cell apoptosis,
magnify liver injury and promote the sustainable development of
ALF, so macrophages are important inflammatory effector cells for

ALF [6, 7]. Macrophages can adjust their phenotype and function
in response to environmental changes. Activated macrophages
are generally divided into two forms of polarization (M1 and M2)
[8]. Both M1 macrophages and M2 macrophages are closely
associated with inflammatory responses. M1 macrophages express
CD80, CD86 or CD16/32 and secrete proinflammatory cytokines
such as TNF-a and IL-1B, which are mainly involved in
proinflammatory responses. M2 macrophages express CD206,
ARG-1, IL-10, CCL17 and CCL22, which are mainly involved in anti-
inflammatory responses [8]. An average of 51.5% of Kupffer cells
are activated [9] and polarized to the M1 phenotype to recognize
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) from injured hepatocytes,
release inflammatory cytokines and regulate inflammatory
responses, subsequently leading to ALF through aseptic inflam-
mation and hepatocyte apoptosis [5, 10, 111. Therefore, targeting
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mediators of the macrophage inflammatory response is useful for
exploring a possible treatment for ALF.

The activation, polarization, and involvement of macrophages in
inflammation are based on metabolic adaptations including
glycolytic reprogramming, which not only provides energy to
support immune activities in a specific environment but also
directly affects the functions of immune cells by regulating
transcriptional and posttranscriptional events [12-14]. Glycolytic
reprogramming is an important metabolic pathway and is
characteristic of M1 macrophages, and downregulation of
glycolysis can inhibit the proinflammatory functions of M1
macrophages; thus this reprogramming is a therapeutic target
for multiple sclerosis, inflammatory bowel disease and other
inflammatory diseases [15]. We hypothesized that inhibition of
glycolytic reprogramming can reduce the proinflammatory
response of macrophages and reduce hepatocyte apoptosis
caused by their recognition of DAMPs, thereby improving ALF.

Our previous study showed that CB2R activation protected
against acute liver injury in mice induced by concanavalin (Con A)
[16]. The endocannabinoid system (ECS) consists of CBRs,
including CB1R and CB2R, as well as endogenous ligand synthesis
and degradation enzymes, and has a variety of physiological and
pharmacological functions. CB2R is a G protein-coupled receptor
that is mainly expressed in cells associated with innate immunity,
such as B cells, T cells and macrophages [17]. Recent studies have
shown that CB2R plays an important anti-inflammatory role in
many inflammatory diseases, such as autoimmune myocarditis
and inflammatory bowel disease [4]. The CB2R agonist JWH-133
against alcoholic liver injury in mice by regulating macrophage
polarization and autophagy [1, 18]. JWH-133 also ameliorates
D-galactosamine (D-GalN) /lipopolysaccharide (LPS)-induced ALF
by inducing macrophage M2 polarization and regulating unique
miR-expression of key molecules involved in targeting Toll-like
receptor 4 (TLR4) pathway [19]. Many studies have shown that
activation of CB2R can reduce the polarization of macrophages to
the M1 type and promote M2 type polarization [20-22], regulate
the release of inflammatory cytokines [23, 24] and reduce the
occurrence of inflammation. Although the protective effect of
activated cannabinoid receptor 2 of macrophages on acute liver
injury has been verified by various experiments, the specific
mechanism needs to be further explored. It has been reported
that activation of CB1R and CB2R inhibits pyruvate kinase isoform
M2 (PKM2), mediating glycolysis in pancreatic cancer cells [25].
Therefore, we hypothesized that inhibition of macrophage-
associated inflammation by activation of CB2R based on glycolytic
reprogramming would reduce hepatocyte apoptosis secondary to
DAMP recognition and thus ameliorate ALF.

In this study, we used a D-GalN/LPS-induced ALF mouse model
to verify the protective effect of a CB2R agonist and explore its
possible mechanism from the perspective of macrophage
glycometabolism.

MATERIALS AND METHODS

Animals and drug treatments

Six- to eight-week-old (20-25 g weight) male specific pathogen free
(SPF) wild type (WT) mice (BALB/c, C57BL/6) were used in this study.
The animals were housed in the Department of Laboratory Animals
of Central South University (Changsha, China) in a standard
controlled environment (20-25 °C, 50% + 5% humidity, 12 h dark/
light cycle) and fed a standard laboratory animal diet and water.
Before the experiment, the mice were acclimatized to the new
surroundings for 1 week. BALB/c mice were divided into a control
group (phosphate buffered saline, PBS), model group (D-GalN +
LPS), intervention group (GW405833 + D-GalN + LPS) and antag-
onistic group (SR144528 + GW405833 + D-GalN + LPS). The model
group was treated with D-GalN (750 mg/kg, i.p.) and LPS (10 mg/kg,
i.p.) for modeling of ALF. Thirty minutes before D-GalN + LPS
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injection, the intervention group was pretreated with GW405833
(GW, 10 mg/kg, i.p.), and the antagonist group was pretreated with
GW (10 mg/kg, i.p.) and SR144528 (SR, 1 mg/kg, i.p.) 20 min later.
The control group was injected with the same volume of PBS. Eighe
hours later, serum was collected by eyeball operation after
anesthesia, and liver samples were harvested after perfusion.

CB2R™~ mice from Jackson Laboratories, USA (B6.129P2-
Cnr2tmIDgen.005786), were housed and fed in the same manner
as WT mice. Experiments in CB2R™'~ mice were performed with
WT C57BL/6 mice as controls.

The research work followed the principles of humane treatment
to ensure the welfare of the laboratory animals and strictly
followed the rules and regulations of the Department of
Laboratory Animals of Central South University, under the
supervision of the Laboratory Animal Welfare Ethics Committee
of Central South University and the laboratory animal manager.

Histological and immunohistochemical analysis

Liver samples were fixed with 4% paraformaldehyde, embedded
in a paraffin sectioned to a thickness of 5um. The liver sample
sections were stained with hematoxylin and eosin (H&E) for
histopathological analysis, and with TUNEL (KeyGene, KGA704), an
F4/80" primary antibody (1:100; CST, 70076T), a CD86 primary
antibody (1:100; CST, 19589) and a CD206 primary antibody (1:100;
CST, 24595) for immunohistochemistry (IHC). The stained sections
were observed by light microscope (Nikon, Tokyo, Japan) and
analyzed with Image-Pro Plus. The red cytoplasm of hepatocytes
and the bleeding area were identified as the positive area, and the
measured area (mean) was used as the evaluation parameter for
histopathological analysis. In TUNEL staining, the cells with brown
nuclei were positive; in F4/80", CD86 and CD206 immunochisto-
chemical staining, the cells with brown membranes were positive.
The measured area (mean) was used as the evaluation parameter
for TUNEL and F4/80™ staining, and the measured IDO (mean) was
used for CD86 and CD206 staining analysis with Image-Pro Plus.

Cell culture and treatment

RAW264.7 cells (ATCC Cat# TIB-71) were cultured with Dulbecco’s
modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS),
and 1% penicillin—streptomycin. After RAW264.7 cells were seeded
in 96-well plates (8 x 10%/well) and 6-well plates (5x 10°/well)
overnight, the control group was pretreated with PBS, and the
experimental group were pretreated or not with the CB2R
antagonist SR (1 pmol/L) for 20 min and then treated with the
CB2R agonist GW (10 umol/L) for 1 h. Each group was then treated
with LPS 100 ng/mL for 24 h. The culture medium and cells of
6-well plates were collected separately for subsequent experi-
ments. In the in vitro experiments, two consistent results of three
independent experiments prevailed.

Cell Counting Kit-8(CCK-8) assay
The proliferation of cells in 96-well plates was investigated via a
CCK8 kit (Beyotime, China) after treatment for 6 h, 12 h, 24 h, 48 h,
and 72 h. The absorbance value was measured at 450 nm with the
blank each time as the control.

Enzyme-linked immunosorbent assay (ELISA)

RAW264.7 cells were stimulated with LPS and cultured in low-
serum culture medium with 1% FBS, and the supernatants were
collected at the 24 h time point. The concentrations of TNF-a and
IL-1B in the collected culture medium and serum of animals were
measured following the instructions of the manufacturer (Dake-
wei, CN). The standard curve was plotted to calculate the
concentration with blank as a control.

Mitochondrial stress test and glycolysis stress test

RAW264.7 cells (8 x 10°/well) were seeded in Seahorse XF96 cell
culture microplates (Angilent Technologies, Cat# 101085-004)

Acta Pharmacologica Sinica (2023) 44:1391 - 1403



overnight and were grouped for pretreatment as previously
mentioned. Oxidative phosphorylation and glycolysis flux analysis
were performed according to the manufacturer’s recommendations
(Angilent Technologies, USA). XF assay medium (Angilent Technol-
ogies, Cat# 102365-100) was used for the mitochondrial stress test
with 4 mM glutamine, 4.5 g/L glucose, and 1 mM pyruvate, and for
the glycolysis stress test with 2mM pyruvate. After the culture
media were changed, the plates were incubated in a CO,free
incubator at 37 °C for 1 h. For the mitochondrial stress test, cells
were treated first with oligomycin (1 uM), then with FCCP (0.5 pM),
and finally with a combination of rotenone and antimycin A
(0.5 uM). For the glycolysis stress test, cells were treated first with
glucose (10 mM), then with oligomycin (1 puM), and finally with 2-
deoxy-glucose (50 mM). The oxygen consumption rate (OCR) and
the extracellular acidification rate (ECAR) at each time point were
measured following the Seahorse Biosciences protocol.

Lactate, pyruvate, and enzyme activity

According to Bioassay Systems’ instructions, ATP production, lactate
levels, pyruvate levels, and lactate dehydrogenase and pyruvate
kinase enzyme activity levels were detected. The kits used were an
ATP assay kit (EATP-100), an L-Lactate assay kit (EFLLC-100), a
pyruvate assay kit (EPYR-100), a lactate dehydrogenase assay kit
(D2DH-100) and a pyruvate kinase assay kit (EPRK-100).

Generation of stable cell lines

To establish stable CB2R- and HIF-1a- knockdown RAW264.7 cell
lines, cells were transduced with lentiviruses and shRNA specific
for CB2R and HIF-1a to generate RAW264.7-shCB2R and
RAW264.7-shHIF-1a cells, respectively. Positive cells were screened
using puromycin (Invitrogen, #A1113803, USA). The knockdown
efficiency was analyzed by Western blot analysis.

Western blotting analysis

Total protein was extracted from cells that were homogenized in RIPA
lysis buffer (Beyotime, China) containing proteinase and phosphatase
inhibitors (Roche) and centrifuged. The harvested proteins (30 pg/
lane) were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes (Millipore, IPVH00010). The membranes were
incubated with primary antibodies after being blocked with fat-free
milk. The primary antibodies utilized were against LDHA/LDHC
(1:1000; CST, Cat# 3558), PKM2 (1:1000; CST, Cat# 4053), HK1 (1:1000;
CST, Catit 2024), PI3K (1:1000; CST, Cat# 42280), Akt (1:1000; CST, Cat#
4691), HIF-1a (1:1000; CST, Cat# 36169), CB2R (1:500; abcam, Cat#
ab3561), phospho-Akt (1:1000; Immunoway, YP0006), 3-actin (1:1000;
Santa Cruz Biotechnology, Cat# sc-69879), and Tubulin (1:1000; Santa
Cruz Biotechnology, Cat# sc-166729). The binding of antibodies was
detected with a secondary antibody conjugated with horseradish
peroxidase (HRP) and displayed with enhanced chemiluminescence
reagents. Image Lab software was used for density analysis to
measure the expression level of the target protein relative to the
control (B-actin or tublin).

Immunofluorescence

Immunofluorescence for mouse liver tissue sections was performed
as described previously [26]. The sections were successively
incubated with primary antibodies against F4/80" (1:500; Protein-
tech, 28463-1-AP) and HIF-1a (1:200; Bioss, bs-0737R) and secondary
antibodies conjugated with Alexa Fluor 488 and counterstained
with DAPI (Solarbio, C0060). Fluorescence signals were observed
under a fluorescence microscope (Nikon Eclipse TI-SR, Japan).

Drug dosage

GWA405833 is a selective agonist of CB2R [27] with high affinity for
human and rodent CB2R [28]. It has been reported that high-dose
GW (30~100 mg/kg) intraperitoneal injection induced off-target
effects beyond those on CB2R in mice, while 10mg/kg
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intraperitoneal injection does not [28, 29]. The TRPV1 pathway is
activated when the GW concentration is above 10uM [30].
Therefore, according to the literature, the intraperitoneal injection
dose of the mice in this study was chosen to be 10 mg/kg, and the
cell culture concentration in vitro was 10 uM.

SR144528 is a selective antagonist of CB2R. In mice, SR was used
to antagonize the action of the CB2R agonist at one-tenth of the
dose: SR at 1 uM can antagonize the binding of DAMGO (an
analog of endocannabinoid 2-AG) to CB2R in vitro [31]. Therefore,
we selected a dose of 1 mg/kg for intraperitoneal injection in mice
and a concentration of 1 uM for use in vitro.

Statistical analysis

IBM SPSS Statistics 25 and GraphPad Prism 9.3 (GraphPad
Software, Inc.) were used for the statistical analysis. The results
are presented as the mean + standard error of the mean (SEM).
Comparisons between groups were performed using Student’s t-
test. Comparisons of repeated measurement variables between
groups were analyzed using two-way ANOVA. P<0.05 was
considered to indicate statistical significance.

Blinding

The experimental animals were randomized into the groups. In
the experiments for detection of serum ALT, AST, TBIL, TNF-a, and
IL-1B and the pathological and immunohistochemical investiga-
tions, the researchers were blinded to the groups.

RESULTS

GW ameliorated D-GalN/LPS-induced acute liver injury

According to methods previous reported in the literature, we used D-
GalN/LPS to induce acute liver failure in mice [19]. The experimental
animals were classified into 4 groups: the control group, model group,
intervention group, and antagonist group. Survival analysis showed
that the death of liver cells occurred within 24 h. Within 24 h, the
survival rates in the control, model, intervention and antagonist groups
were 100%, 20.513% =+ 11.956%, 90% + 9.487%, and 60% + 15.492%,
respectively (Fig. 1). Statistical analysis showed that compared to that of
the model group, the survival rates of the control and intervention
groups were significantly higher (P < 0.001, 0.0014, respectively). There
was no significant difference in the survival rate between the model
group and the antagonist group.

As shown in Fig. 2a—c, ALT, AST and TBIL levels in the model
group were significantly higher than those in the PBS control
group (P < 0.0001, <0.0001 and P < 0.05, respectively), and ALT and
AST levels in the intervention group were lower than those in the
model group (both P<0.01). In addition, the model group
exhibited massive hepatocyte necrosis, hemorrhaging with
inflammatory cell infiltration, hepatic sinus enlargement or
structural damage with small thrombus formation, and these
pathological changes were alleviated in the group pretreated with
GW (Fig. 2d). The pathological damage of the antagonist group
(GW + SR + D-GalN +LPS) was more severe than that of the GW
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Fig. 1 Survival analysis of grouped mice. Kaplan-Meier survival
curves of BALB/C mice (n =28, 13,10, 10 for group with PBS, D-GalN
+LPS, GW + D-GalN +LPS, and GW + SR + D-GalN +LPS treatment
respectively). (ns, P> 0.05; **P < 0.01; ***P < 0.001)
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Fig. 2 Protective effect of GW in ALF. a ALT (n =16, 8, 12, 11 respectively), b AST (n=16, 11, 11, 8 respectively), ¢ TBIL (n=16, 15, 15, 13
respectively) in serum of mice was detected 8 h after treatment with PBS, D-GalN +LPS, GW + D-GalN +LPS, or GW + SR 4+ D-GalIN +LPS. d HE
staining of liver sections of mice at time point 8 h after PBS, D-GaIN +LPS, GW + D-GalN +LPS, or GW + SR + D-GalN +LPS treatment.
e Statistical analysis of red area in liver section HE staining (n = 4). f TNF-a (n = 13, 7, 14, 14 respectively), g IL-13 (n =11, 8, 13, 14 respectively)
in mice serum was detected 8 h after treatment with PBS, D-GalN +LPS, GW + D-GaIN +LPS, or GW + SR+ D-GaIlN +LPS. (ns, P> 0.05;

*P < 0.05; **P < 0.01; ****P < 0.0001)

intervention group, but there were no significant differences in
ALT, AST or TBIL levels (Fig. 2e).

The inflammatory cytokines TNF-a and IL-1f in serum were also
detected. As shown in Fig. 2f, g, the levels of both TNF-a and IL-13
were significantly increased in the model group (P<0.01 and
P < 0.05, respectively), while they were reduced in the intervention
group compared with the model group (both P<0.05), and the
level of IL-1B in the antagonist group was close to model group.

GW inhibited the elevations in the levels of F4/807, a marker of
liver Kupffer cell, in ALF

Compared with that in the model group, the increase in TUNEL
staining in the GW pretreatment group was significantly decreased
(both P < 0.05, Fig. 3a, b). Immunohistochemical labeling with CB2R
in liver sections was performed in the control group and model
group (Fig. 3c), which showed upregulation of CB2R expression in
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the model group with D-GalN +LPS treatment (Fig. 3d). Immuno-
histochemical staining for F4/80 (Fig. 3e), CD86 (Fig. 3f), and CD206
(Fig. 39) in liver sections was also performed in the control group,
model group, intervention group, and antagonist group. Staining of
F4/80" and CD86 showed that the staining area or IDO value was
significantly higher in the model group than in the control group,
lower in the GW pretreatment group than in the model group, and
higher in the antagonist group than in the intervention group
(Fig. 3h, i). The CD206 staining IDO value was increased in the model
group, intervention group, and antagonist group, but was highest in
the intervention group (Fig. 3j).

GW affected the proliferation and the production of TNF-a and
IL-1B in macrophages stimulated by LPS

The RAW264.7 cell line has the functions of macrophage-mediated
immunity, metabolism, and phagocytosis [32], so we used
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Fig. 3 Effects of CB2R activation on macrophage activation, inflammation, and apoptosis of liver cells in ALF. a TUNEL staining of liver
sections of mice at 6 h after PBS, D-GalN +LPS, GW + D-GalN +LPS, GW + SR + D-GalN +LPS treatment. b Statistical analysis of TUNEL staining
in liver section (n =8, 6, 4, 9 respectively). ¢ Immunohistochemically labeled with CB2R of mice liver sections 8 h after PBS and D-GalN +LPS
treatment. d Statistical analysis of CB2R immunohistochemical staining in liver section (n = 3, 6 respectively). Inmunohistochemically labeled
with e F4/807, f CD86, g CD206 of mice liver sections 8 h after PBS, D-GalN +LPS, GW + D-GalN +LPS, or GW + SR + D-GalN +LPS treatment.
Statistical analysis of h F4/80" (n =7, 6, 9, 6 respectively), i CD86 (n = 3), j CD206 (n = 4, 6, 6, 4, respectively) immunohistochemical staining in
liver section. (ns, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)

RAW264.7 cells stimulated by LPS to construct an M1
macrophage-centered model of the inflammatory response
in vitro. RAW264.7 cells were divided into four groups: the CON
(PBS), model (LPS), intervention (LPS+ GW), and antagonistic
(GW + SR+ LPS) groups. The RAW264.7 cells were stimulated
with LPS (100 ng/mL), and a cell proliferation test was conducted
via CCK-8 assay at 6 h, 12h, 24 h, 48 h, and 72 h. We found that
LPS induced the proliferation of RAW264.7 cells, which was
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inhibited by GW, and GW's effect was abolished by SR (Fig. 4a).
Then, we detected the concentrations of TNF-a and IL-1B in
the supernatant of each group. As shown in Fig. 4b, ¢, the
concentrations of TNF-a and IL-1$ in the model group were
increased by LPS (both P<0.05), while GW inhibited
the secretions of both proteins (both P<0.05). And with SR
pretreatment, the IL-1 concentration was close to that in the
model group. These results suggest that GW inhibits the
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*P < 0.05; **P < 0.01; ****P <0.0001)

inflammatory response by reducing the secretion of TNF-a and IL-
1B in RAW264.7 cells induced by LPS.

GW reprogrammed the LPS-induced changes in macrophage
metabolism

Glycolysis and aerobic phosphorylation of RAW264.7 cells in each
group were detected using a Seahorse energy metabolism
detection system. We found that both glycolysis and glycolytic
capacity were increased in the model group with LPS treatment
(both P<0.01), while both were reduced by GW pretreatment in
the intervention group (P<0.05, P<0.01) (Fig. 5a, b). We then
examined the concentrations of lactate, and pyruvate in the
supernatant, as well as lactate dehydrogenase (LDH) and pyruvate
kinase (PK) activity in the cells. The results showed that in the
model group, the lactate level was increased (P < 0.0001) (Fig. 5¢)
and the pyruvate level was reduced (P < 0.0001) (Fig. 5d), while
both lactate dehydrogenase activity and cell pyruvate kinase
activity were increased (P < 0.05, P < 0.01, respectively) (Fig. 5e, f).
Compared to those in the model group, the lactate concentra-
tions, LDH activity, and PK activity were all decreased in the
intervention group, and the concentration of pyruvate was
increased (P<0.01, P<0.0001, P<0.01, and P<0.001, respec-
tively). The effects of GW on LDH and PK were partially offset by
the addition of SR144528 (P < 0.05) (Fig. 5e, f). As shown in Fig. 5g,
there was no difference in ATP production between the model
group and the CON group. ATP production was lower in the
intervention group than that in the model group and the
antagonist group (P < 0.05, P < 0.01, respectively).

Finally, we found that the maximal respiration and spare
respiratory capacity in the model group were decreased (both
P < 0.05) (Fig. 5h, i), but that these measurements were increased
with GW pretreatment in the intervention group (P<0.01,
P < 0.0001, respectively). The OCR of ATP production was reduced
in the intervention group (P<0.05) and the antagonist group
(P<0.001).

CB2R knockdown magnified the inflammatory response of
macrophages treated with LPS

To further evaluate the roles of CB2R in the macrophage
inflammatory response, we transfected RAW264.7 cells with
lentiviruses to express CB2R-specific shRNA, which effectively
knocked down CB2R expression, as validated by Western blotting
(Fig. 6a, b). As shown in Fig. 6¢c, CB2R knockdown resulted in an
increased proliferation of cells stimulated by LPS (P<0.05).
Consistently, CB2R knockdown led to increased release of the
inflammatory cytokines TNF-a, and IL-1f in LPS-treated cells
(P < 0.05, Fig. 6d, e). More importantly, basal respiration, maximal
respiration and spare respiratory capacity were reduced signifi-
cantly (Fig. 6h, i), while the changes in glycolysis in cells stimulated
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with LPS were increased (Fig. 6f, g). These data suggest that the
activation of CB2Rs in macrophages with LPS, can inhibit both cell
proliferation and inflammatory factor release, which underlies the
inhibition of inflammatory responses.

GW regulated glucose metabolism in macrophages through HIF-1a
Then we examined whether GW pretreatment could regulate the
expression of proteins related to glycolysis by Western blotting
(Fig. 7a). The expression level of LDHA/LDHC (Fig. 7b) was increased
in the model group and the antagonist group and decreased in the
intervention group, but the differences of expression levels of
LDHA/LDHC between the groups were not statistically significant.
The expression of PKM2(Fig. 7c) in the model group tended to be
increased (P = 0.0720), and was decreased in the intervention group
(P<0.05). There were no differences in the expression of HK1
(Fig. 7d), PI3K (Fig. 7e), or Akt (Fig. 7f) among the groups. Both HIF-
1a (Fig. 7g) and CB2R (Fig. 7h) were upregulated in the model
group, and HIF-1a was downregulated in the intervention group. To
further reveal the relationship between CB2R and HIF-1a, we
infected RAW264.7 cells with lentiviruses to express HIF-1a specific
shRNA and effectively knock down its expression (Fig. 7i, j). We
found that with HIF-1a knockdown, GW pretreatment had no
inhibitory effect on LPS-induced TNF-a and IL-1P release (Fig. 7k, 1)
or glycolysis alteration (Fig. 7m, n). These results indicate that GW
inhibits macrophage glycolysis, cell proliferation, and inflammatory
factors release through HIF-1q, inhibiting inflammation. In addition,
we further detected the expression of phospho-Akt (p-Akt)
(Figure S1a) by Western blotting, and the results showed that there
was no difference in expression between NC and shCB2R RAW264.7
cells induced by LPS (Figure S1b) according to two-way ANOVA.

GW protected against D-GalN/LPS-induced ALF by reducing
macrophage infiltration and HIF-1a expression

CB2R™/~ mice (6-8 weeks) were divided into control group (PBS),
a model group (D-GalN+LPS), and an intervention group
(GW + D-GalN +LPS). Since CB2R-knockout mice were con-
structed on the C57BL/6 background, WT C57BL/6 mice were
used as references. The C57BL/6 mice were divided into four
groups: the control group (PBS), model group (D-GalN+LPS),
intervention group (GW + D-GalN+LPS) and antagonist group
(SR + D-GalN+LPS). The mice in the model group were intraper-
itoneally injected with D-GalN (350 mg/kg) and LPS (20 pg/kg)
for acute liver failure modeling. GW (10 mg/kg) was injected
thirty minutes before modeling in the intervention group, SR
(10 mg/kg) was injected thirty minutes before modeling in the
antagonist group, and the same volume of PBS was injected in
the control group. The batches of C57BL/6 mice constructed with
the CB2R™/~ mice were not the same as those of WT mice. To
avoid large individual differences that would affect the results,
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Fig. 5 Effect of CB2R activation on glucose metabolism in LPS-activated macrophages. a ECAR at each point, b Glycolysis parameters of
glycolysis stress test (n = 6 for each group). ¢ Lactate, d Pyruvate concentration was detected in grouped treatment cell supernatant (n =5 for
each group). e LDH (n =4), and f PK (n = 5) activity of grouped treatment cells were detected. g ATP production of grouped treatment cells
(n=3). h OCR at each point, i Aerobic respiration parameters of mitochondrial stress test of grouped treatment RAW264.7 cell (n = 6 for each

group). (ns, P> 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001)

statistical analysis of differences between WT and CB2R™/~ mice
was not performed.

We detected serum ALT, AST, and TBIL levels and performed liver
biopsy pathology (Fig. 8a—d). The results showed that D-GalN + LPS
induced increase in ALT concentration, AST concentration, and liver
pathological damage in both WT mice and CB2R™/~ mice, while GW
pretreatment reduced the serum concentrations of ALT and AST
and liver pathological damage in WT mice but showed no effect in
CB2R™'~ mice (Fig. 8d, e).

The liver sections were also costained for immunofluorescence of
F4/80% and HIF-1a (Fig. 9a, b). The expression levels of F4/80"
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(Fig. 9¢) and HIF-1a (Fig. 9d) were increased in the model 9roup in
both WT (P<0.05, P<0.01, respectively) and CB2R™~ mice
(P<0.05, P<0.001, respectively) compared with PBS-treated con-
trols. GW pretreatment showed a tendency to inhibit the over-
expression of F4/80" (P=0.0539) and significantly inhibited the
expression of HIF-1a (P < 0.05) in WT mice but not in CB2R~/~ mice.

DISCUSSION AND CONCLUSION
Accumulating lines of evidence have shown the protective effects
of cannabinoid receptor 2 agonists on liver injury [1, 16, 18, 19]
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and even the ameliorative effect of JW133 on acute liver failure
[19]. In this study, we performed both biochemical analyses (of
ALT, AST, and TBIL as references) and pathological analysis as the
gold standard for ALF analysis and found that GW significantly
protected liver cells against D-GalN/LPS-induced ALF in both
BALB/c mice and C57BL/6 mice. GW-induced protection did not
occur in CB2R™™ mice and was reversed by the CB2R antagonist
SR, which suggests that the protective effects of GW on D-GalN/
LPS-induced ALF are mediated through the activation of CB2R.
The two vital parts of the pathophysiology of acute liver failure
are direct liver injury and the inflammatory response, and innate
immune cells called macrophages play an important role [33]. The
forms of macrophages are heterogeneous, but these cells can
generally be divided into two extreme forms, proinflammatory M1
macrophages (induced by LPS, TNF-a, or IFN-y) and anti-
inflammatory M2 macrophages (induced by IL-13 and IL-4), and
the polarization is related to the microenvironment [34]. Activated
macrophages are mostly of the M1 type in ALF mice and release
IL-18, TNF-a, and other inflammatory factors to mediate the
subsequent apoptosis of liver cells [5, 10, 11]. In our study, liver
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macrophage infiltration, M1 polarization and M1 macrophage-
related inflammatory factors levels were increased in D-GalN/LPS
-induced ALF mice. The number of liver macrophages, M1
polarization, and the production of inflammatory factors were
inhibited. Increased numbers of macrophages were polarized to
the M2 type with GW activation of CB2R, which was reversed by
pretreatment with the CB2R antagonist SR in ALF mice. In vitro, we
also observed that CB2R activation inhibited the macrophage
proliferation and proinflammatory cytokine (TNF-a and IL-1()
secretion upon stimulation with LPS. Therefore, we conclude that
CB2R activation inhibits liver macrophages proliferation, M1
polarization, and proinflammatory cytokines production in ALF.
The state of macrophages and their response to inflammation
depend on metabolic reprogramming, so the concept of “immune
metabolism” has been introduced [12, 35]. Unlike M2 macro-
phages, which have a complete tricarboxylic acid (TCA) cycle, LPS-
induced M1 macrophages utilize glycolysis [14, 36] and the
pentose phosphate pathways (PPP) to meet ATP requirements,
and their TCA cycle is broken at two points: at the step of the
enzyme isocitrate dehydrogenase and then at the post-succinic
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acid step [13, 37]. The results of our study showed that PK activity
was increased in LPS-treated macrophages, suggesting that
glucose utilization is upregulated without a corresponding
increase in pyruvate, which is likely associated with high pyruvate
consumption. Pyruvate can be used to generate lactate by LDH
through the glycolysis metabolism pathway to produce energy
quickly or enter the mitochondrial TCA cycle to produce abundant
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ATP [38, 39]. The incomplete TCA cycle in LPS-induced macro-
phages results in limited consumption of pyruvate, and a large
amount of pyruvate enters the glycolysis pathway, which was
verified in our study by the results of increased LDH activity and
lactate plus undifferentiated total ATP production in the model
group. The ATP sources include glycolysis and oxidative phos-
phorylation pathways. The OCR of ATP production in LPS
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macrophages indicated a decrease utilization of oxidative
phosphorylation pathways, indicating an increase in ATP produc-
tion from the glycolysis pathway. Moreover, the results of
glycolytic stress tests and mitochondrial stress tests also revealed
the direct transformation of LPS-induced macrophage metabolism
from oxidative phosphorylation (OXPHOS) to glycolysis. Interest-
ingly, with GW pretreatment, these shifts were modified to show
decreased PK activity, LDH activity, and lactate production.
Moreover, the comparison between the antagonist group and
the intervention group showed that the total ATP production
increased while the OCR of ATP production decreased in the
antagonist group, indicating that increased amounts of ATP came
from the glycolysis pathway. These results suggest that CB2R
activation can downregulate glycolysis in macrophages induced
by LPS.

Cannabinoids can act not only on cannabinoid receptors, but
also on other G protein receptors, such as GPCR55, peroxisome
proliferator-activated receptor- a (PPARa) and transient receptor
potential cation channel subfamily V member 1 (TRPV1), exerting a
bias effect [40]. In our study, SR did not show perfect antagonistic
performance against GW in tests of LDH activity, lactate
concertrations, mitochondrial stress, and HIF-1a expression in
liver macrophages, so we verified this with CB2R-knockdown (KD)
macrophages and CB2R-knockout mice (KO). As expected, these
results confirmed that glycolysis, which is an important metabolic
transformation pathway in M1 macrophages induced by LPS, was
aggravated in CB2R-KD RAW264.7 cells; and GW has no effect on
the HIF-1a expression in liver macrophages in CB2R-KO mice.
Unfortunately, in mitochondrial stress tests, the maximum
respiratory OCR was increased in NC macrophages induced by
LPS, suggesting that lentivirus transfection may affect
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mitochondrial respiration. In contrast, we still found that CB2R
KD downregulated the OCR of basal respiration, maximal
respiration, ATP production, and spare respiratory capacity.
Nevertheless, CB2R activation reduced glycolysis in macrophages
induced by LPS. Inhibition of glycolysis can affect many typical
functions of many inflammatory phenotypes, such as aggression,
mobility, ROS production and secretion of proinflammatory
cytokines [14, 41]. In our study, with the metabolic reprogramming
caused by CB2R activation, the proliferation ability of LPS-
activated macrophages and the release of proinflammatory
cytokines (TNF-a and IL-1B) were also decreased.
Reprogramming toward glycolysis leads to elevated succinic
acid levels and mitochondrial ROS production in M1 macrophages,
which are associated with HIF-1a activation and subsequent IL-13
formation [42]. Activation and stabilization of HIF-1a are necessary
for the expression of multiple glycolysis-related enzymes, includ-
ing glucose transporter 1(GLUT1), hexokinase (HK), phosphofruc-
tokinase, PK, LDHA, and GAPDH [43-45], supporting the
conversion of pyruvate into lactate. HIF-1a also inactivates
pyruvate dehydrogenase, thereby limiting pyruvate entry into
the TCA cycle [46, 47]. PKM2 expression is upregulated in M1
macrophages and can activate HIF-1a [47-49], which is important
in glycolysis and polarization [50]. In our study, it was also
observed that the expression levels of HIF-1a, and the activities of
LDH and PK in LPS-activated macrophages were significantly
increased, but these effects were eliminated by GW. When we
knocked down HIF-1a in macrophages, the effects of GW were
restrained (including those related to glycolysis and the release of
inflammatory factors), which is consistent with previous reports
that CB2R may regulate microglial inflammation through the HIF-
1a/Tim-3 signaling pathway [51]. PKM2 has been shown not to be
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regulated by LPS stimulation [47, 52] and to exist as a monomer or
dimer without enzyme activity, or as a tetramer with enzyme
activity [48, 49, 53]. The dimer of PKM2, when transferred to the
nucleus, interacts with HIF-1a and then promotes downstream
target gene expression [47, 54]. Thus, PKM2 enzyme activity is
increased, glycolysis positive feedback, and HIF-1a expression is
stabilized. However, once the expression of HIF-1a is inhibited by
activated CB2R, this cycle is broken, PKM2 activity is decreased,
gly