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ALI: Acute lung injury; ARDS: acute respiratory distress syndrome; LPS:
lipopolysaccharide; IFN-y: interferon y; TNF-o: tumor necrosis factor; IL-6:
Interleukin-6; BALF: bronchoalveolar lavage fluid; AMs: alveolar macrophages;
BMDMs: bone marrow-derived macrophages; MPO: Myeloperoxidase; PPARs:
peroxisome proliferator activated receptors; STATS: signal transducers and activators
of transcription; C/EBPs: CCAAT enhancer binding proteins; IRFs: interferon

regulatory factors; KLFs: Kruppel-like factors; H3K27: Histone 3 Lys27.
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Abstract

Acute lung injury (ALI) is a serious inflammatory lung disease. Imbalances in the
polarization of classically activated (M1) and alternatively activated (M2)
macrophages are closely related to ALI. Anisodamine has a promising therapeutic
effect for septic shock. Nevertheless, the role of Anisodamine in progression of ALI
remains to be investigated. Our results showed that Anisodamine significantly
reduced lung damage, myeloperoxidase (MPQ) activity, lung wet/dry ratio, total cell
number and protein concentrations in bronchoalveolar lavage fluid (BALF), and
decreased IL-6 level and the levels of M1 phenotypic markers, while increased IL-10
level and the levels of M2 phenotypic markers in mice with a nasal instillation of
lipopolysaccharide (LPS). Bone marrow-derived macrophages (BMDMs) were
stimulated or transfected with LPS plus Anisodamine or LPS plus G9a shRNA.
Anisodamine and downregulation of G9a both promoted BMDM M2 polarization
caused by IL-4 treatment and inhibited M1 polarization resulted from LPS treatment.
ChIP assay revealed that Anisodamine inhibited G9a-mediated methylation and
expression suppression on IRF4. Overexpression of G9a or silence of IRF4 reversed
the improvement effect of Anisodamine on lung tissue injury, evidencing by an
increase of MPO activity and the restoration of LPS-induced alterations of M1 and
M2 polarization. In conclusion, Anisodamine protected against LPS-induced AL,
during which Anisodamine suppressed the LPS-stimulated alterations of macrophage

M1 and M2 polarization through inhibiting G9a mediated methylation of IRF4,
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suggesting that Anisodamine was a potential therapeutic drug to alleviate ALI.

Significance Statement: Anisodamine treatment was able to attenuate lung injury and
pulmonary edema caused by LPS stimulation, and the specific mechanism was that
Anisodamine reversed the LPS-induced alterations of M1 and M2 polarization by
inhibiting G9a mediated methylation and expression suppression of IRF4, which

suggests that Anisodamine has the potential to alleviate ALI.

Introduction

Acute lung injury (ALI) is a respiratory disease which was characterized by
infiltration of inflammatory cells, overproduction of inflammatory mediators, rapid
alveolar damage and cytokine accumulation, leading to serious acute respiratory
distress syndrome (ARDS)(Li et al., 2016; Nie et al., 2019). ARDS and ALI are
respiratory diseases with high mortality rates, and despite significant advances in
therapeutic strategies and understanding of the associated respiratory physiology, in
critically ill patients, morbidity and mortality from ALI and ARDS remain high (Xie
et al., 2018). However, due to the unsatisfactory efficacies of the currently therapeutic
methods for ALI/ARDS, there is necessary to discover and develop effective

therapeutic drugs.
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Altered alveolar macrophage activation is considered as major contributors to the
progression of uncontrolled acute lung inflammation in ALI/ARDS patients, and
studies reported that macrophages exert exclusive functions in the procession of
inflammation during ALI/ARDS (Huang et al., 2018; Li et al., 2018a). Alveolar
macrophages are considered as the main immune cells in the initiation and resolution
phases of ALI/ARDS(Laskin et al., 2019). Macrophages, as a highly plastic and
heterogeneous cell population, functional differences were distinctly exhibited under
different microenvironments in vitro and in vivo, and polarize into different
phenotypes. Two phenotypes are observed when the macrophages are activated,
including the classically activated (M1) phenotype and the alternatively activated (M2)
phenotype(Qiu et al., 2021). After exposure to pathogens, resting macrophages (MO)
mainly differentiate into pro-inflammatory phenotype (M1) and anti-inflammatory
phenotype (M2), depending on the different microenvironment(Song et al., 2019). In
order to response to interferon-y (IFN-y), lipopolysaccharide (LPS) or other cytokines,
M1 macrophages secrete a large number of pro-inflammatory cytokines including
tumor necrosis factor (TNF-a) , Interleukin (IL)-6 and IL-1f to enhance the
inflammation response and recruit neutrophils to the alveolar space (Rdszer, 2015),
thus encouraging inflammation to mediate tissue damage, tissue regeneration and
wound healing. After stimulated with several factors including IL-4, IL-10 and IL-13,
M2 macrophages could be activated to inflammation resolution and tissue repair,

compared to M1(Wang et al., 2019). In ALI, the proportion of M1 macrophages,
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neutrophil recruitment, and secretion of numerous cytokines were increased at the
acute inflammatory phase (Lin et al., 2020). The dynamic changes in the balance and
function of M1/M2 macrophage subsets have a significant impact on inflammatory
responses(Zhou et al., 2020). Increasing evidence has shown that the modulation of
macrophage polarization could improve lung injury by changing the alterations of
macrophage M1 and M2 phenotypes (Ren et al.,, 2021). Therefore, effectively
controlling macrophage activation and differentiation will help regulate macrophage
initiation and may be a potential approach to treat ALI/ARDS.

Anisodamine, an alkaloid obtained from Anisodus spp., is commonly used for
gastrointestinal spasm and organophosphate pesticide poisoning (Li et al., 2020a).
Studies have reported that Anisodamine has significant anti-inflammatory effects,
inhibits oxidative stress and apoptosis of cardiomyocytes, and has cardioprotective
effects against myocardial ischemia/reperfusion injury in rats (Yao et al., 2018).
Anisodamine attenuates rhabdomyolysis resulted from acute kidney injury through
suppressing endoplasmic reticulum stress associated TXNIP/NLRP3 inflammasome
(Yuan et al., 2017). Anisodamine exerted anti-inflammatory effects in animal models
and even in patients with ALI(Guoshou et al., 2013; You et al., 2014; Zhao et al.,
2021). But the potential regulatory mechanism of Anisodamine on the alterations of
macrophage polarization phenotypes in ALI remains unclear.

Although Anisodamine and M2 macrophages are favorable for ALI treatment, the

role of Anisodamine in macrophage polarization is unclear, especially on M2. Thus,
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we investigated the therapeutic effects of Anisodamine on ALI resulted from LPS, and
whether Anisodamine regulates the differentiation of macrophages. Finally, we
revealed a mechanism by which Anisodamine reversed the alterations of macrophage
M2 polarization induced by LPS in vitro.
Materials and methods
Establishment of the ALI animal model

Total of 48 male C57BL/6 mice (aged 6-8 weeks, weighting 18-23 g) were obtained
from the Medical Experimental Center of Xi'an Jiaotong University and maintained in
a controlled environment with an air-conditioned atmosphere at 25 °C and a 12 h
light/dark cycle. The animal experiments in this study were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Ethics Committee of the First Affiliated Hospital
of Xi’an Jiaotong University (XJTULAC-2019-173). All mice were randomly divided
into six groups (N=8 per group) as follows: control group, LPS group,

LPS+Anisodamine group, LPS+Anisodamine+vector+shRNA group,

LPS+Anisodamine+G9a+shRNA group and LPS+Anisodamine+vector+IRF4 shRNA.

The model of ALI mice was established by intranasal instillation of LPS (20
ug/mouse in 100 uL. PBS) as described in a previous study (Li et al., 2016). As for
Anisodamine treatment, mice were intraperitoneally injected with Anisodamine (1
mg/Kg, Sinopharm, China). G9a overexpression vector, IRF4 shRNA and

corresponding negative controls (empty vector and scrambled shRNA) were injected
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intraperitoneally into mice at a dose of 2 mg/Kg. Lung tissues and bronchoalveolar
lavage fluid (BALF) were obtained for analysis at 24 h after LPS administration. The
mice were euthanized by intraperitoneally injection with pentobarbital sodium at a
dose of 100 mg/kg. The protocols were approved by the Institutional Animal Care and
Use Committees of the First Affiliated Hospital of Xi’an Jiaotong University
(XJTULAC-2019-173).
Preparation of pulmonary single cell suspensions

Lung tissues collected in this study were washed with PBS, cut into small pieces
and then digested with 0.25% pancreatin for 30 min. Then, the digested tissue was
vigorously shaken and passed through a 70-um cell strainer (BD, USA). After that,
cell suspension was lysed with RBC lysis buffer (Beyotime, Shanghai, China),
depleted of erythrocytes, and stained followed by the flow cytometry analysis.
Flow cytometry analysis

After administration with LPS, mice were euthanized with 150 mg/Kg
pentobarbital sodium, and the bronchoalveolar were washed repeatedly with PBS
three times. The collected BALF was placed in a six-well plate, and alveolar
macrophages (AMs) were obtained by adherence. Then, AMs were collected with
Accutase cell detachment solution (Sigma, USA) and were incubated in
fluorescence-activated cell sorting (FACS) buffer (BD Bioscience, USA) under the
dark conditions. AMs were sequentially stained with fluorescently labeled antibodies

against the following mouse proteins: F4/80, iNOS (ab283655, 1:600, Abcam), and
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CD206 antibody (141712, 1:100, Biolegend). After centrifuged at the condition of 350
xg at 4°C for 5 min, the AMs were resuspended in FACS buffer and then subjected to
a BD Accuri C6 flow cytometer (BD Biosciences, USA). All plots shown on
populations were gated on lymphocytes by forward and side scattering. Excitation and
emission wavelengths were 480 nm and 640 nm, respectively. Each flow cytometric
analysis was run on at least 100,000 cells, and FlowJo X was used for the data
analysis.
Measurement of total cells and protein content in BALF

The collected BALF were centrifuged at 1000 rpm for 10 min at 4 °C. PBS solution
were used to resuspend the cell pellets, and a hemocytometer was applied to count the
cell number. BALF was added with lysis buffer to lyse red blood cells, and the
supernatant was collected. Next, the total protein concentration was detected in BALF
by using a BCA protein assay kit (Beyotime, Shanghai, China).
Myeloperoxidase (MPO) activity assay

The obtained lung tissues were homogenized in the buffer that were supplemented
with 0.5% hexadecyl-trimethyl-ammonium bromide and 50 mM phosphate. After
centrifugation, we collected the supernatant and measured the protein concentration
with a BCA protein assay kit (Beyotime). Then, 3,30,5,50-tetramethylbenzidine was
added followed by the detection of OD values at 655 nm. The activity of MPO was
measured as the absorbance change per min per milligram protein.

HE staining assay
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Lung tissues were fixed in 4% paraformaldehyde overnight, embedded in paraffin,
and cut into 5-um sections. After stained with hematoxylin and eosin (H&E,
Synthgene, Nanjing, China) for at room temperature, the tissue sections were
observed with an optical microscope (Olympus, Tokyo, Japan). Lung histological
damage indexes were evaluated and graded from O (normal) to 4 (severe) in four
categories in a blinded manner as described in the previous method (Nie et al., 2019).
Culture of BMDMSs and macrophage polarization

BMDMs were isolated from C57/BL/6J mice as described previously(Zhang et al.,
2019). In brief, after the mice were sacrificed by rapid cervical dislocation, bone
marrow cell suspensions were collected and centrifuged at 500g for 10 min at room
temperature. Then, red blood cell lysate (BECKMAN, USA) was added. And after
lysis was completed, cells were centrifuged and resuspended in IMDM medium
(Gibco, USA) supplemented with 10 % fetal bovine serum (Gibco, USA), 1 %
penicillin and streptomycin, and 20 ng/mL macrophage colony stimulating factor
(M-CSF, Prospec, USA). On day 7, the adherent cells became 95% pure macrophages.
The presence of the cell surface marker F4/80 was confirmed. Cells were stimulated
with 100 ng/mL LPS for 6 hours or 10 ng/mL IL-4 for 24 hours.

ELISA

The concentrations of 1L-6 and I1L-10 in BALF, cell culture supernatant, or the lung

tissues were detected with the ELISA kits (Millipore, Boston, USA) under the

manufacturer’s recommendations. After the collection of lung tissues and BALF at 24

10

20z ‘LT 1udy uo sfeuinor 134SY e Bio'seuuno fiedsejed( wioly pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 5, 2022 as DOI: 10.1124/jpet.121.001019
This article has not been copyedited and formatted. The final version may differ from this version.

h, lung tissues were homogenized and centrifugated, and BALF was centrifuged at 4 °C

at 500 g for 10 min to obtain the respective supernatant for ELISA analysis. In the
in vitro BMDM experiments, the cell supernatant was obtained after the indicated
treatment to apply for the ELISA detection.
Lung wet/dry weight ratio

The lung organs of each group were obtained, and the weight was measured on the
scale after cleaning the blood stains on the surface, which was considered as the wet
weight of lungs. Then lungs were dried at 70 °C for 48 hours, and the dry weight was
analyzed until the weight was constant. The wet/dry weight ratio= (wet weight -dry
weight)/dry weight.
RT-gPCR analysis

Total RNA was isolated from BMDMs with TRIzol reagent (Invitrogen, Thermo
Fisher Scientific, USA). Isolated RNA was reversely transcribed into cDNA with
PrimeScript RT reagent Kit (Takara, Dalian, China), and RT-gPCR was conducted
with the SYBR Premix Ex Taq Il (Takara) on an ABI 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA). The PCR parameters were performed at 95 °C
for 30 s followed by 30 cycles of 95 °C for 5 s, then 60 °C for 30 sand 72 °C for 15 s.
And PCR reaction system contained 12.5 pL of SYBR Premix Ex Taq II, 1.0 uL of RT
primer, 1 pL. of cDNA sample, and 10.5 pL of double distilled H,O. The relative
expression levels were calculated by the 2**“T method and normalized to GAPDH.

The primer sequences used in this study were provided in the Supplementary Table 1.

11
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Western blotting

Total proteins from lung tissues or BMDMs were extracted with RIPA lysis buffer
(Beyotime). Then, cell lysates and lung homogenates were centrifuged at 10,000 g for
25 min, and then 15,000 g for 20 min, respectively. The protein concertation was
measured by using a BCA protein assay kit (Beyotime, Shanghai, China). Protein
samples were separated on SDS-polyacrylamide gels and then transferred onto PVDF
membranes. After that, the membranes were blocked with 5 % skim milk for 1 h at
room temperature, and then incubated with primary antibodies against the following
proteins overnight at 4°C: iNOS (ab178945, 1:2000, Abcam), IL-12 (ab131156,
1:10,0000, Abcam), ARG1 (ab203490, 1:3000, Abcam), CD206 (ab64693, 1:3000,
Abcam), G9a (ab229455, 1:3000, Abcam), H3K9me2 (ab1220, 1:5000, Abcam), H3
(ab1791, 1:4000, Abcam), IRF4 (ab133590, 1:50000, Abcam). The next day, a
horseradish peroxidase-conjugated secondary antibody (1:500 dilution, ab6721,
Abcam) was added and incubated for 1 h at 37°C. Protein bands were analyzed with a
chemiluminescence imaging system (Oxiang, Shanghai, China).
Statistical Analysis

The data are presented as the mean +SEM. Data comparisons between multiple
groups were analyzed using ANOVA, and data between two groups were analyzed
using Student’s t-tests. ANOVA was followed by Duncan, SNK or other methods for
pairwise comparisons if the overall means of the groups were not equal. Our analysis

showed the data were normally distributed and variances were homogeneous. Hence,
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the analysis of ANOVA followed by Duncan test was used to determine the
differences among groups. P value less than 0.05 was considered significant.
Results
Anisodamine alleviates LPS-induced AL

After the mice were treated with LPS, the lung architecture was signally damaged,
accompanied with lung edema and hemorrhage as compared to the control group (Fig.
1A-B, P<0.05). LPS treatment increased the MPO activity (Fig. 1C, P<0.05), which
suggested that LPS increased the neutrophil infiltration in lung tissues. Furthermore,
the wet to dry ratio was detected to evaluate the severity of pulmonary edema, and we
found that lung wet/dry ratio was markedly promoted in the LPS group (Fig. 1D,
P<0.05). However, Anisodamine treatment weakened lung damage induced by LPS,
and reversed the promoting influences of LPS on MPO activity and lung wet/dry ratio
(P<0.05).
Anisodamine blocks LPS-induced M1 polarization of macrophages and
inflammatory cytokine expression in AIL mice

To explore whether Anisodamine attenuates lung injury through macrophages, the
total cell number and protein concentrations in BALF were detected. Compared with
LPS group, Anisodamine treatment signally reduced cell number and protein
concentrations in BALF (Fig. 2A and B, P<0.05). Moreover, Anisodamine treatment
inhibited IL-6 level and the levels of INOS and IL-12 proteins in lung tissues, while

increased IL-10 level and levels of ARG1 and CD206 proteins (Fig. 2C-G, P<0.05).

13

20z ‘LT 1udy uo sfeuinor 134SY e Bio'seuuno fiedsejed( wioly pepeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on April 5, 2022 as DOI: 10.1124/jpet.121.001019
This article has not been copyedited and formatted. The final version may differ from this version.

Anisodamine prevents the alterations of M1 polarization and M2 polarization in
LPS-induced BMDMs

BMDMs were stimulated with Anisodamine or/and 100 ng/mL LPS to induce M1
polarization or 10 ng/mL IL-4 to induce M2 polarization. After BMDMs were
stimulated with LPS, we found the secretion of IL-6 and the expression of M1
markers INOS and IL-12 were dramatically increased, while IL-10, ARG1 and CD206
(M2 markers) levels were notably reduced (Fig. 3A-F, P<0.05). The levels of IL-10
and M2 polarization markers were significantly elevated in BMDMs stimulated with
IL-4 (Fig. 3G-1, P<0.05). However, Anisodamine weakened the promoting effects of
LPS on IL-6 and M1 polarization marker levels and the inhibitory effects of 1L-10 and
M2 polarization marker levels, further enhancing the levels of IL-10 and M2
polarization markers in 1L-4-stimulated cells (P<0.05).
G9a and H3K9 methylation are elevated by LPS, and silence of G9a suppresses
the alterations of M1 and M2 polarization in BMDMs induced by LPS

The protein expression levels of G9a, H3K9me2 were increased after LPS
stimulated, while Anisodamine treatment reversed the promoting effects (Fig. 4A and
B, P<0.05). Then, BMDMs were transfected with G9a shRNA before LPS treatment.
The protein level of G9a was observably inhibited after G9a silence in LPS-stimulated
cells (Fig.4C and D, P<0.05). Furthermore, the level of IL-6 and the mRNA levels of
INOS and IL-12 were remarkably reduced after the knockdown of G9a, while IL-10

level and the mRNA levels of ARG1 and CD206 were signally elevated (Fig. 4E-H,
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P<0.05).
G9a directly interacts with the IRF4 gene promoter

To explore whether G9a effected inflammatory factor levels and macrophage
polarization via modulating IRF4, ChIP assay was conducted. We found that
Anisodamine administration promoted the binding of G9a and H3K9me2 to the IRF4
promoter (Fig. 5A, P<0.05). Moreover, Anisodamine treatment dramatically promoted
the expression of IRF4 at mRNA and protein levels as compared to the LPS treatment
(Fig. 5B and C, P<0.05). Furthermore, downregulation of G9a also could elevate the
expression of IRF4 in BMDMs after the stimulation of LPS (Fig. 5D and E, P<0.05).
Overexpression of G9a or silence of IRF4 reversed the effect of Anisodamine on
the alterations of M1 and M2 polarization in LPS-induced BMDMs

To further observe the functions of G9a and IRF4 in the regulation of macrophage
polarization, BMDMs were transfected with pcDNA-G9a or IRF4 shRNA before LPS
and Anisodamine treatment. Compared with the LPS treatment group, the protein
expression of G9a and H3K9me2, the concentration of IL-6, and the levels of iINOS
and IL-12 were decreased by Anisodamine treatment, while the IRF4 protein
expression, IL-10 level and the levels of ARG1 and CD206 expression were markedly
improved (Fig. 6, P<0.05). However, overexpression of G9a or silence of IRF4 could
reverse all the effects of Anisodamine (P<0.05).
Overexpression of G9a or silence of IRF4 weakened the protective effect of

Anisodamine on LPS-induced ALI
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Mice were injected with lentiviral vectors expressing G9a gene or IRF4 shRNA
before LPS and Anisodamine treatment. The results of HE staining revealed that
overexpression of G9a or silence of IRF4 could reverse the improvement of
Anisodamine on lung injury (Fig. 7A and B, P<0.05). Moreover, overexpression of
G9a or IRF4 silence reversed the inhibitory effects of Anisodamine on MPO activity,
IL-6 level and protein levels of G9a and H3K9me2, and the promoting effect of I1L-10
level and IRF4 protein expression (Fig. 7C-E and |, P<0.05). We observed the
percentages of F4/80" iNOS™ alveolar macrophages were significantly increased,
while F4/80" CD206" M2 alveolar macrophages decreased after LPS injection (Fig.
7F-H, P<0.05). Anisodamine treatment reversed the LPS-induced increase in M1
phenotype and decrease in M2 phenotype (P<0.05). However, overexpression of G9a
or silence of IRF4 observably reversed the effects of Anisodamine (P<0.05).

Thus, Anisodamine treatment could inhibit the expression of G9a, which decreased
the binding of G9a and H3K9me2 to the IRF4 promoter, thus enhancing the
expression of IRF4. Upregulation of IRF4 suppressed the LPS-induced alterations of
M1 and promoted the alterations of IL-4-induced M2 polarization, which alleviated
LPS-induced ALI (Fig. 8).

Discussion

Anisodamine was reported to inhibit inflammatory processes in acute kidney injury

and pancreatic acinar cell injury(Yuan et al., 2017; Li et al., 2020b). In this study, our

data demonstrated that Anisodamine inhibited lung injury and cell apoptosis resulted
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from LPS stimulation and alleviated lung edema, and the specific mechanism was that
Anisodamine inhibited LPS-induced alterations of M1 and M2 macrophage
polarization.

Transcription factors are considered as the key molecules to determine expression
of specific genes in macrophages, and as a result, the activation of specific
transcription factors is an important factor in the occurrence of macrophage dynamics
(Li et al., 2018b). For example, signal transducers and activators of transcription 1
(STAT1), CCAAT/enhancer binding protein alpha (C/EBP alpha), Kruppel like factor
6 (KLF6), and NF-kB are important transcription factors which are demonstrated to
regulate the M1 macrophage polarization, while peroxisome proliferator activated
receptors (PPARs), STAT3/6, and c-MYC have been implicated in M2 macrophage
polarization (Molawi and Sieweke, 2013; Tugal et al., 2013). Ginsenosides
significantly decreased the secretion of inflammatory factors resulted from LPS
stimulation via suppressing the activation of STAT1 with TLR4(Huynh et al., 2020).
Inhibition of miR-34a significantly ameliorated lung injury and inflammation caused
by LPS treatment via upregulation of KLF4 and promotion of the alterations of M2
phenotype (Khan et al., 2020).

As key regulatory transcription factors of the IFN signaling pathway, IRFs play
important regulatory roles in cell immunity, cell differentiation, tumor regulation, and
stress responses, and as such, in the differentiation and polarization of

macrophages(Chistiakov et al., 2018). IRF1-5 and IRF-8 have been implicated in the
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macrophage polarization. IRF-3 plays a critical role in the differentiation of monocyte
macrophage stimulated by M-CSF, IRF-4 contributes to M1 macrophage polarization,
and IRF-5 is a crucial factor for M2 macrophage polarization (Ferrante and Leibovich,
2012; Gunthner and Anders, 2013). IRF4, a hematopoietic specific transcription factor,
regulates the maturation of lymphocytes, myeloid cells, and dendritic cells, and
represses inflammation development(Yanai et al., 2012). Downregulation of IRF5
promoted the expression of IRF4, contributed to the activation of M2, suppressed the
production of inflammatory factors, and alleviated stroke prognosis, while IRF4
knockdown elevated the expression level of IRF5, promoted the activation of M1, and
heightened inflammatory responses(Al Mamun et al., 2020). Our study revealed that
Anisodamine treatment increased the mRNA and protein expression levels of IRF4 in
LPS-induced BMDMs; and restored the inhibitory effect of LPS on M2 polarization.
Downregulation of IRF4 could reverse the promoting effect of Anisodamine on the
alterations of M2 polarization.

Under pathophysiological conditions, the alterations of phenotype and function in
M1 and M2 macrophages were observed along with the changes of signaling
molecules, transcription factors, epigenetic regulators, and cellular metabolism(Wang
et al., 2020). Orphan nuclear receptors retinoic acid related orphan receptorsa, which
can participate in the M1/M2 polarization of liver host Kupffer cells, enhanced M2
polarization by inducing KLF4(Han et al., 2017).

Epigenetic regulation may participate in macrophage polarization through
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modulating the related genes. Histone modifications, particularly in the N-terminal
tail, are reported to be critical factors in controlling gene sets (Medzhitov and Horng,
2009). In the case of histone modifications, histone 3 Lys 9 (H3K9) is associated with
the silence of gene expression. Jumonji domain containing-3 is considered as a
H3K27 demethylase promoting IRF4 expression to activate M2 macrophage(Satoh et
al., 2010). G9a, a widely expressed histone methyltransferase, catalyzes mono- and
di-methylation of histone H3K9 (H3K9mel and H3K9me2) which are associated with
transcriptional activation and repression, respectively(Ebbers et al., 2016). The G9a
specific inhibitor BIX01294 blocks spinal nerve injury or chronic constriction injury
induced H3K9me2 levels, a marker of G9a activity, thereby reducing pain
hypersensitivity development(Liang et al., 2019). In fibroblasts, inhibition of the
Chromebox homolog 5/G9a pathway enhances the modification of H3K9 methylation
and decreased the accumulation of collagen in the lung after bleomycin
injury(Ligresti et al., 2019). Our study revealed that Anisodamine suppressed G9a and
H3K9me2 protein levels, while increased IRF4 protein level, indicating that
Anisodamine alleviated ALI through suppressing G9a-mediated IRF4 silence.

In summary, using mouse BMDMs to examine what a role the Anisodamine played
in macrophage polarization under polarizing conditions in vitro, we found that
Anisodamine remarkably suppressed the alterations of M1 polarization caused by LPS
treatment, whereas it enhanced the alterations of M2 polarization. In ALI mouse

models, Anisodamine treatment was able to alleviate LPS-induced lung injury and
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pulmonary edema through reversing the alterations of LPS-induced M1 and M2
polarization by inhibiting G9a mediated silence of IRF4, which provided a potential
strategy to improve ALI.
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Figure legends

Figure 1. Anisodamine alleviates LPS-induced ALI. (A) Representative lung
histological changes were assessed with HE staining after LPS inhalation alone or
together with Anisodamine treatment. The amplification was 100x. (B) Histological
scores of lungs. (C) MPO activity was detected after LPS inhalation alone or together
with Anisodamine treatment. (D) Lung wet/dry ratio was detected. Values are
presented as mean + SEM. The number of biological and technical replicates is 8, and
that of independent experiments is 3. **P < 0.05 compared with control or LPS
groups.

Figure 2. Anisodamine treatment reverses LPS-induced alterations of M1
macrophages and inflammation cytokine expression. BALF total cell number (A)
and protein concentrations (B) were assessed after LPS inhalation alone or together
with Anisodamine treatment. IL-6 (C) and IL-10 (D) levels were detected with ELISA
assay after LPS inhalation alone or together with Anisodamine treatment. (E-G)
Protein expression of iNOS, IL-12, ARG1 and CD206 were measured with Western
blotting. Values are presented as mean + SEM. The number of biological and
technical replicates is 8, and that of independent experiments is 3. **P < 0.05
compared with sham or control groups.

Figure 3. Anisodamine prevents the alterations of M1 and M2 polarization in
LPS-induced BMDMs. BMDMs were treated with Anisodamine or/and 100 ng/mL

LPS to induce M1 polarization or 10 ng/mL IL-4 to induce M2 polarization. IL-6 (A)
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and IL-10 (B) levels were detected with ELISA assay after Anisodamine or/and LPS
treatment. iINOS (C), IL-12 (D), ARG1 (E) and CD206 (F) were analyzed with qPCR
Anisodamine or/and LPS treatment. IL-10 (G), ARG1 (H) and CD206 (1) levels were
detected after Anisodamine or/and IL-4 treatment. Values are presented as mean +
SEM. The number of biological and technical replicates is 4, and that of independent
experiments is 3 times. **P < 0.05 compared with control, LPS or 1L-4 groups.
Figure 4. G9a and H3K9 methylation are elevated by LPS, and silence of G9a
reverses the alterations of M2 polarization in LPS-induced BMDMs. (A-B)
Protein expression of G9a and H3K9me2 was analyzed in BMDMs treated with LPS
and Anisodamine separately or jointly. (C-D) Protein level of G9a after transfection
with G9a shRNA. The levels of IL-6 (E) and IL-10 (F) were detected with ELISA.
The mRNA levels of M1 polarization markers (G) and M2 polarization markers (H)
were analyzed with RT-gPCR. Values are presented as mean = SEM. The number of
biological and technical replicates is 4, and that independent experiments is 3. **P <
0.05 compared with control, Anisodamine or LPS+shRNA groups.

Figure 5. G9a directly interacts with the IRF4 gene promoter. (A) ChIP assay was
conducted to verify the binding of G9a to IRF4 promoter. (B) The mRNA level of
IRF4 was analyzed after BMDMs were treated with LPS and Anisodamine separately
or jointly. (C) The protein level of IRF4 was measured after BMDMSs were treated
with LPS and Anisodamine separately or jointly. (D) The mRNA level of IRF4 was

analyzed after BMDMs were treated with LPS or/and transfected with G9a shRNA.
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(E) Western blotting was performed to detect the protein level of IRF4 after BMDMSs
were treated with LPS or/and transfected with G9a shRNA. Values are presented as
mean £ SEM. The number of biological and technical replicates is 4, and that of
independent experiments is 3. **P < 0.05 compared with control, LPS or
LPS+shRNA groups.

Figure 6. Overexpression of G9a or silence of IRF4 reverses the effect of
Anisodamine on the alterations of M2 polarization in LPS-induced BMDMs.
BMDMs were transfected with G9a overexpression vector or/and IRF4 shRNA before
LPS treatment. (A-B) Protein expression levels of G9a, H3K9me2 and IRF42 were
analyzed. The levels of IL-6 (C) and IL-10 (D) were detected with ELISA assay. The
MRNA levels of M1 polarization markers (E) and M2 polarization markers (F) were
analyzed with gPCR. Values are presented as mean = SEM. The number of biological
and technical replicates is 4, and that of independent experiments is 3. **P < 0.05
compared with LPS+ vector+ shRNA or LPS+ Anisodamine +vector+ shRNA groups.
Figure 7. Overexpression of G9a or silence of IRF4 reverses the effect of
Anisodamine on the improvement of LPS-induced ALI. (A) Representative HE
staining images of lung histological changes before and after LPS inhalation. The
amplification was 100x. (B) Lung score was evaluated. (C) MPO activity was
detected after LPS inhalation. IL-6 (D) and IL-10 (E) levels were analyzed with
ELISA. (F) Flow cytometry analysis for the percentage of F4/80+iNOS+ M1 alveolar

macrophages and F4/80+CD206+ M2 macrophages. Quantification of flow cytometry
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of F4/80+iNOS+ M1 alveolar macrophages (G) and F4/80+CD206+ M2 macrophages
(H). () Protein levels of G9a, H3K9me2 and IRF4 were detected. Values are
presented as mean £ SEM. The number of biological and technical replicates is 8, and
that of independent experiments is 3. **P < 0.05 compared with control, LPS+
vector+ shRNA, or LPS+ Anisodamine +vector+ shRNA groups.

Figure 8 A schematic diagram for the protective effects of Anisodamine against
LPS-induced ALI through the G9a/IRF4 axis. Anisodamine treatment could inhibit
the expression of G9a, which decreased the binding of G9a and H3K9me2 to the IRF4
promoter, thus enhancing the expression of IRF4. Upregulation of IRF4 suppressed
the LPS-induced alterations of M1 and promoted the alterations of IL-4-induced M2
polarization to alleviate LPS-induced ALI. Blue arrows represent promoting events.

Red perpendicular bars represent inhibitory events.
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Table S1. Primer sequences of related genes for reverse transcription

quantitative polymerase chain reaction

Gene names Primer sequences

iINOS Forward: 5'-AGT CCA GTC CAC CTC TAC AAC-3'

Reverse: 5'- AAT CTC TGC CTATCC GTC -3'

IL-12 Forward: 5'- CAG AAG CTA ACC ATC TCC TGG -3'

Reverse: 5'- AGT CCA GTC CAC CTC TAC AAC -3'

ARGI1 Forward: 5'- TTG GCT TGA GAG ACG TGG AC -3'

Reverse: 5'- GTG CCA GTA GCT GGT GTG AA-3'

GAPDH Forward: GGAGCGAGATCCCTCCAAAAT

Reverse: GGCTGTTGTCATACTTCTCATGG

CD206 Forward: 5'- GTG GAG TGA TGG AAC CCC A-3'

Reverse: 5'- CTG TCC GCC CAG TAT CCA TC-3'
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