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ABSTRACT

Organosulfur compounds, suchlasysteine, allicin and other sulfur-containing
organic compounds iAllium species, have been proposed to possess many amiport
physiological and pharmacological functions. A Ndvweysteine derivative;Butyl
Sallylthio-L-cysteinate §P39), was designed and synthesized by combining
L-cysteine derivative and allicin pharmacophore ulgitoa disulfide bond. This study
aimed to explore the effects and mechanisnt8€ on lipopolysaccharide
(LPS)-induced acute lung injury (ALI) in mice. Atd experimental concentration (5,
10 and 2QuM), 5P39 suppressed the excessive secretion of nitric ajid® and
interleukin-6 (IL-6) in mice peritoneal macrophagéisnulated by LPS. A mouse
model of ALI was established by tracheal instibatof LPS for 2 h beforéP39 (30
and 60 mg/kg) administration. The results showetl3R39 treatment
down-regulated the wet/dry weight ratio (W/D ratod)ungs and reduced the protein
concentration, the number of total cells as wethe@smyeloperoxidase (MPO)
activity in bronchoalveolar lavage fluid (BALFP39 administration improved the

histopathological changes of lungs in ALI mice witie decreased levels of



pro-inflammatory cytokines in BALF. The inhibitoeffects of5P39 on the toll-like
receptor 4 (TLR4) expression and macrophages adatiotuin lung tissues were
observed by immunohistochemistry. AdditionaBi?39 significantly attenuated the
LPS-activated high expression of key proteins ilR#FIMyD88 signaling pathway.
Taken together, the present study showed3Ra® effectively alleviate the severity
of ALI, and its mechanism might relate to the intidn of LPS-activated
TLR4/MyD88 signaling pathway, demonstrating a preimg potential for further

development into an anti-inflammatory drug candidat

Keywords:. t-Butyl S-allylthio-L-cysteinate; Acute lung injury; Lipopolysaccharide;

Inflammation; Macrophages; Toll-like receptor 4

1. Introduction

Acute lung injury (ALI) is an inflammatory diseaggéth high morbidity and
mortality (Ye et al., 2019). ALI or its more sevdoem, acute respiratory distress
syndrome (ARDS), is characterized by severe pulmpoedema, pneumonic cell
aggregation and excessive production of inflamnyatgtokines, leading to a strong
pulmonary inflammatory response (Xu et al., 201%attkiay et al., 2017).
Epidemiological study has reported that ALI remanamportant public health issue
worldwide and a major challenge for clinicians (Bel et al., 2016). Although some
therapeutic strategies have been taken to impravetibnal outcomes, the mortality
in ALI patients remains high (Wang et al., 2019)erefore, there is an urgent need
to study the underlying mechanisms and novel tlearap methods of ALL.

LPS is a major component of the cell wall of Graegative bacteria and has
been widely used to establish experimental moaelalfl drug development (Yao et
al., 2017). The TLR family ithe most important subgroup of pathogen recognition
receptors (PRRs) (Pandey et al., 2019). Toll-ldéeeptor 4 (TLR4), as the most
primary response receptor of LPS (Zhou et al., 20%8%ne of the important
members of the TLR family.

LPS activates TLR4, and then induces phosphorylaifauclear transcription



factorkB (NF-kB) via the adaptor protein (myeloid differentiatifactor 88, MyD88)
and ubiquitin ligase (tumor necrosis factor recepssociated factor 6, TRAF6) (Xia
et al., 2019). Subsequently, pro-inflammatory cyiek such as tumor necrosis
factora (TNF-a), interleukin-B (IL-1) and interleukin-6 (IL-6) were expressed in
large amounts (Xia et al., 2019; Liu et al., 20I%)ese inflammatory mediators
initiate and amplify the inflammatory response émeh cause lung injury (Zhang et
al., 2014; Zhou et al., 2016).

Recently, ample publications (Kashfi and Olson,2®ong et al., 2014; Zheng
et al., 2017 and references therein) have probgahosulfur compounds, such as
L-cysteinemethionine, allicin and other sulfur-containing @ngc compounds in
Allium species (Fig. 1A), which have been proposed tsggsmany important
physiological and pharmacological functiohscysteine derivative
Spropargyl-cysteine was reported exerting antiamfimatory (Gong et al., 2011) and
anti-oxidative effects (Pan et al., 2013} llylmercaptocysteine showed protective
effect on cisplatin nephrotoxicity (Zhu et al., Z01Miron synthesized
Sallylthio-captopril (CPSSA) by combining captopuilth allicin through a disulfide
bond, and the study of its biological effect proviedt CPSSA not only possessed the
advantages of both captopril and allicin, but alsowed more potent
antihypertensive effect than captophifough synergic effect (Miron et al., 2004,
Miron et al., 2010). In our previous study, a seéconjugates of
Danshensu-cysteine derivatives were reported td significant cytoprotective
effects by anti-oxidative and anti-apoptotic ad¢ies (Dong et al., 2009; Jia et al.,
2012; Pan et al., 2013; Liu et al., 2013; Seetagiwal., 2013; Pan et al., 2015; Ren et
al., 2018).

In a continuing effort to identify the bioactivisef these sulfur-containing
organic compoundsert-butyl S-allylthio-L-cysteinate P39, Fig. 1B) was designed
and synthesized by conjugatibecysteine derivative and allicin pharmacophore
through a disulfide bond based on the combinatrorcples. In this work5P39
demonstrated to be a promising potential anti-mftaatory agent with a mechanism

related to the inhibition of LPS-activated TLR4/M§® signaling pathway.



2. Materials and Methods
2.1. Chemical synthesis of 5P39

Target compoun8&P39 was prepared via the synthetic route describddgnlB.
The oxidation of diallyl disulfidel) with 30% HO, afforded allicin 2), which
followed by reaction with.-cysteine hydrochloride to giv&allylthio-L-cysteine 8)
in 90% vyield for two steps. CompoufB3dvas then converted in&P39 by
transesterification reaction withrt-butyl acetate in the presence of HZI® 24%
yield, and byproduct was obtained meanwhile in yield of 12%.

To a rapidly stirred solution of compoutd973 mg, 6.65 mmol) in acetic acid
(4.0 ml) was added dropwise a mixture of 30% hydrogeroxide (1.0 ml, 9.81 mmol)
in acetic acid (3.0 ml) during 0.2 h at 0. Then the mixture was continually stirred at
0 [J for 2 h and at r.t. for 4 h, and poured into icatev (50 ml). The mixture was
extracted with CECl, (4 x 50 ml), and the combined organic solvent washed
with saturated aqueous HM&0O; solution (3 x 50 ml), dried over anhydrous,N@y,
filtered and concentrated to give a residue (1)0& grude produc®. To a solution of
the residue (450 mg) in water (40 ml) was addeysteine hydrochloride (2.0 g, 12.7
mmol) and enough sodium bicarbonate to adjust piIltéite precipitate appeared
immediately and was filtered after standing for30h3 and then washed with water
and ether successively to give a white solid. Tita@ioed white solid was dissolved in
9% HCI (ag.) and extracted with ether. To the agsdayer was added NaHG®
adjust pH 6 and white solid precipitated out. ThHetevsolid was filtered, washed
with water and ether, and dried to give compo8d80 mg, 90% for two steps) as a
white powder, mp: 187-190 (Freeman et al., 1994. mp: 198-19%

To a rapidly stirred solution of compouBd3.49 g, 18.0 mmol) it-butyl
acetate (36 ml, 268 mmol) at Owas slowly added HCI{1.53 ml, 26.8 mmol). The
mixture was stirred at room temperature for 12dntadjusted to pH 9 by 10 %
Na&CGO; (aq.), and then extracted with @El, (3 x 100 ml). The combined organic
solvent was dried over anhydrous,8@), filtered and concentrated to give an oil.
Silica gel flash column chromatography using,CH as the eluent gauebutyl

Sallylthio-L-cysteinate §P39, 1.10 g, 24%) antbutyl S(t-butyl)-L-cysteinate4,



0.50 g, 12 %) as pale yellow oil respectively. Conmpd5P39: *H NMR (400 MHz,
CDCl) ¢ 5.80-5.95 (m, 1H), 5.25-5.16 (m, 2H), 3.69-3.66 {i), 3.35 (dJ = 7.3
Hz, 2H), 3.10 (ddJ = 13.4, 4.5 Hz, 1H), 2.84 (dd= 13.4, 8.0 Hz, 1H), 1.48 (s, 9H).
¥C NMR (CDCE, 100 MHz)0 172.3, 132.7, 118.1, 81.1, 53.8, 43.7, 41.6, 27.4.
ESI-MSm/z 250.1 (M+ H'). Compoundt: *H NMR (400 MHz, CDCJ) J 3.54 (dd,J
=7.4, 4.5 Hz,1H), 2.83 (ddd,= 19.7, 12.3, 5.9 Hz, 2H), 1.48 (s, 9H), 1.3();
ESI-MS (W2): 234.2 (M + H).
2.2. Reagents and antibodies

LPS (Escherichia coli 055: B5), dexamethasone (DiES¢d as the positive
control in thein vitro experiments) and 3-(4,5-dimethyl-2-thiazolyl)
-2,5-diphenyl-2-H-tetrazolium bromide (MTT) wererpbased from Sigma—Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS) &#MI-1640 medium were
purchased from Biological Industries (Kibbutz Be#&emek, Israel).
Diaminobenzidine (DAB) assay kit was purchased f@gimngshan Jingiao
Biotechnology Co., Ltd (Beijing, China). Dexametbias sodium phosphate injection
(DEX, used as the positive control in LPS-induced model) was purchased from
Chongging Laimei Pharmaceutical Co., Ltd. (Chonggi@hina). The enhanced
bicinchoninic acid (BCA) protein assay kit and lesexlish peroxidase
(HRP)-conjugated IgG were purchased from Beyotidmengsu, China).
Enzyme-linked immunosorbent assay (ELISA) kitsrfmuse IL-6, TNFa and IL-18
detection were purchased from Boatman Biotechnology Ltd. (Shanghai, China).
Myeloperoxidase (MPO) determination kit was pureuagsom Nanjing Jiancheng
Bioengineering Institute (Jiangsu, China). Antib@mgcific to inducible nitric oxide
synthase (iNOS) was purchased from Cell Signalexhmology (Danvers, MA,
USA). Antibodies specific to TLR4, F4/80, MyD88, AR6, phospho-nuclear
factorkB p65 (p-NFkB p65),B-actin were purchased from Abcam (Cambridge, UK).
Antibodies specific to NiB p65 were purchased from Shanghai Abways
Biotechnology Co., Ltd (Shanghai, China). Othegesds used in Western blot were
purchased from Beyotime (Jiangsu, China).

2.3. Animals and ethics statement



Male BALB/c mice (14-18g) were purchased from Shemdlaccas Laboratory
Animal Co., Ltd. (SPF Il Certificate; No. SCXK20D0D05) and housed in the SPF
Laboratory Animal Room with a 12 h light/dark cycle

All animals received humane care in accordance thigh'Guide for the Care
and Use of Laboratory Animals” published by theiblaal Institutes of Health. All
animal experiments were approved by the AnimaldalhCommittee of School of
Pharmacy, Fudan University (No. 2018-03-YL-LH-01).

2.4. Effect of 5P39 in vitro
2.4.1. Harvest and culture of peritoneal macrophages

Male BALB/c mice were intraperitoneally injectedtiviL ml of 5% sodium
thioglycollate medium to activate peritoneal mat¢rages. Mice were killed 5 days
after injection to harvest peritoneal macrophagesse cells were adjusted to 1210
cells/ml with 10% FBS-RPMI-1640 and cultured at 200vell in a 96-well plate.
The cells used for experiment were divided intgyfidups including normal group ,
5P39 (5, 10, 20uM) group, DEX (10uM) group, LPS (Jug/ml) group, LPS (Jug/ml)
+ 5P39 (5, 10, 20uM) group, and LPS (jug/ml) + DEX (10uM) group. The
DEX-treated groups were taken as positive control.

Peritoneal macrophages were cultured at/3i a humidified atmosphere
containing 5% CQ The whole experiment procedures were carriednoaseptic
conditions and all materials were previously stezd and pyrogen-free (Xu et al.,
2015; Wu et al., 2013).

2.4.2. Detection of cell viability and inflammatory mediators

Peritoneal macrophages were treate®®39 with or without LPS stimulation
for 24 h, and the culture supernatants were celtefdr detection. Then culture
mediums containing 0.5 mg/ml MTT were added towledls. After 4 h of incubation,
the mediums were discarded and the formazan csygtalerated by the action of
mitochondrial enzymes in viable cells were dissdliredimethyl sulfoxide (DMSO).
The absorbance of each well was measured at 574&mg a microplate reader (Wu
et al., 2013). The change of absorbance measurdtebyTT method reflected the

effect of5P39 on cell activity.



Nitric oxide (NO) production in the peritoneal mapghages was detected by the
Griess reagent to test its end product, nitrite @val., 2013). Griess reagent
contained a mixture of equal volume of 0.N1-naphthyl) ethylenediamine
dihydrochloride in HO and 1% sulfanilamide in 5%3A0,. Briefly, 50l culture
supernatant collected previously was mixed withubGriess reagent in a 96-well
plate. The absorbance was tested at 540 nm. Tloeetvation of nitrite was
determined according to a standard curve formed satium nitrite.

IL-6 production in the peritoneal macrophages veased by mouse IL-6 ELISA
kit according to the manufacturer’s instructions.

2.4.3. Culture of Ana-1 cell

Ana-1 cells were obtained from ATCC (ATCCPTA-266Pnassas, VA), which
was a continuous cell line of murine macrophagés. @ells in this experiment were
adjusted to 2x1%cells/ml with 10% FBS-RPMI-1640 and cultured at tiwell in a
6-well plate. These cells were divided into 3 guxluding normal group, LPS (0.5
pg/ml) group andP39 (20 uM) group. The culture conditions of Ana-1 cells wer
similar to peritoneal macrophages in section 2Bhk. cells treated by LPS with or
without 5P39 administration for 30 min or 24 h were collected\fdestern blot
analysis (in section 2.10).

2.5. Experimental design of Animals

Male BALB/c mice were randomly divided into 5 graufm = 6): Sham-operated
animals group (sham group), LPS (3 mg/kg) stimdlgeup (model group), LPS (3
mg/kg) +5P39 group 6P39 30 mg/kg group anB8P39 60 mg/kg group), and LPS (3
mg/kg) + DEX (4 mg/kg) group. The doses of LPS dndys were determined based
on our previous experiments and preliminary results

5P39 was ground and dissolved in PEG400. TherbBPg9 solution was diluted
with 1% carboxymethylcellulose sodium (CMC-Na) aabninistered intragastrically
(i.9.). LPS was dissolved in sterilized normal sal{NS). The model of ALI was
established as previously described (Xu et al.52&le et al., 2013). The mice were
anesthetized with 20% urethane (1 g/kg) beforairdcheal instillation of NS (sham
group, i.t.) or LPS (i.t.). 2 h after NS or LPSamment, mice were administrated with



vehicle (1% CMC-Na-5% PEGA400, i.g5P39 (i.g.), or DEX (tail vein, i.v.). The
mice in sham group and model group were given \elmi¢ragastrically.

Mice were killed 24 h after LPS instillation. Superobe of left lung was used
to collect bronchoalveolar lavage fluid (BALF), whiwas flushed four times with
0.5 mI NS. The BALF from each sample was centrifLggeisolate the cells. The
supernatant was collected for subsequent analipiotein, MPO, and
pro-inflammatory cytokines, while the total cellene gathered and resuspended in
100l 0.01 mol/L phosphate buffered saline (0.01 M Ppi$,7.4) for cell counts.
Inferior lobe of left lung and middle lobe of righing were stored at -80 for
subsequent analysis. Superior lobe of right lung taken for histopathologic
examination. Inferior lobe of right lung of mice sveeparated and weighed for
wet/dry weight ratio (W/D ratio) count.

2.6. Histopathologic evaluation of lung tissues

The superior lobe of right lung was immediately omed and fixed in 4%
formaldehyde in 0.01 M PBS (pH 7.4) for histopatiyptal evaluation (Xu et al.
2015). Then the tissues were successively dehytratgraded alcohols and
embedded in paraffin. The paraffin sectionguf® mounted on glass slide were
stained with hematoxylin and eosin (H&E) to obsehe histopathological changes
of lung under light microscopy 200magnification. Four pictures were randomly
taken in each pathological section (n = 6) to mesathe cell-covered area fraction (%)
using the ImageJ system (Cheng et al., 2012). Tdee@vered by cells was
considered as “relative cell area”. The area extteptnajor vein and lung hilum was
considered as “overall area”. The cell-covered &asaion (%) = relative cell area /
overall area x 100%.

2.7. Measurement of the lung wet/dry weight ratio, the protein concentration, the total
cells numbers, and the MPO activity in lung

The inferior lobe of right lung of mouse was weidhemediately to acquire the
“wet weight”, and then dried in an oven to constaaight to acquire the “dry
weight”. Finally, the ratio of wet weight to dry vghit was calculated, called wet/dry

weight ratio (W/D ratio) (Xu et al. 2015).



The protein concentration and MPO activity in BAlWEre measured by BCA
protein assay kit and MPO assay kit respectivetpating to the manufacturer’s
instructions. The total cell numbers in BALF weminted via a hemocytometer.

2.8. Immunohistochemistry

Immunohistochemical staining was performed as presly described (Xu et al.,
2015). First, the high temperature antigen rettiexas carried out in the
deparaffinized slide and the endogenous peroxidasequenched. The non-specific
binding sites of the sections were blocked withBSA. Next, sections were
incubated with rabbit monoclonal anti-TLR4 antibddyl100) or rat anti-F4/80
antibody (1:100) overnight ati4 in a humid chamber. The next day, these sections
were incubated with HRP-conjugated goat anti-rabbénti-rat IgG antibodies for 1
h at 370]. Finally, the sections were visualized with theothogenic substrate
solution DAB and counterstained with hematoxylinem the sections were observed
under light microscopy (Zeiss LSM 710). Four pietugvere randomly taken in each
pathological section (n = 6) and the average olpdeasity (AOD) of positive area
was measure by the ImageJ system (Chen et al.).2808 = Integrated Optical
Density (IOD) / Area.

2.9. ELISA assay of the levels of TNF-a, IL-15 and IL-6 in BALF

The levels of TNFe, IL-1p and IL-6 in BALF were detected by mouse ThF-
IL-1B and IL-6 ELISA kit according to the manufacturearistructions.

2.10. Western blot analysis

Western blot analysis was performed as previoussgdbed (Feng et al., 2019).
Ana-1 cells and lung tissues were treated in radiaunoprecipitation assay (RIPA)
lysis reagent. Protein concentration was determimnetthe BCA protein assay kit. The
protein samples were fractionated on 8% sodium cddeilfate-polyacrylaminde gel
electrophoresis (SDS-PAGE), blotted onto polyvidghe difluoride (PVDF)
membranes. After blocking with Tris-buffered salared Tween 20 (TBST)
containing 5% skim milk for 45 min at room temperat the membranes were
incubated overnight at 4 with the antibodies against TLR4, MyD88, TRAF6,
phospho-NF«B p65, NFkB p65, INOS, an@-actin (1:3000 dilution for TRAF6, 1:



1000 dilution for the others). On the next day, tembranes were washed three
times with TBST, and then incubated with horsefagisroxidase (HRP)-conjugated
IgG (1:2000 dilution) for 3 h. Afterwards, signalere detected by universal
electrochemiluminescence (ECL) reagent and captuitda camera-based imaging
system (Alpha Innotech, Santa Clara, CA, USA). Btaetin protein was served as
internal control. The NikB p65 protein was served as reference of pKBR65.
2.11. Satistical analysis

Experimental data were presented as meagtandard deviation (S.D.).
One-way analysis of variance (ANOVA) was perforni@dmultiple group
comparisons. If data were found to have significdr@nges, post-hoc comparisons
were performed using Fisher's PLID< 0.05 was regarded as statistically

significant.

3. Results
3.1. Effects of 5P39 on cell viability and inflammatory responsesin vitro

The peritoneal macrophages were isolated and edltiar evaluate the influences
of 5P39 on cell viability, NO and IL-6 production. As shavwn Fig. 2A,5P39 had no
adverse effect on cell viability with or without BRstimulation. As shown in Fig. 2B
and C, stimulations with LPSig/ml increased the levels of NO and IL-6 in the
culture supernatants, and were significantly redwegh 5P39 treatment P < 0.05).
The5P39 treatment alone had no effect on NO and IL-6 segreompared with
control group.

Ana-1 cells were incubated wiB#39 and LPS for 30 min or 24 h, then the cells
were harvested to test the expression of key proiai TLR4/MyD88 signaling
pathway. As shown in Fig. 2BP39 administration for 30 min significantly inhibited
the expression of TLR4, TRAF6, INOS and p-KB65 P < 0.05), while the
expression of MyD88 was not affected. As shownig EE,5P39 treatment for 24 h
significantly reduced the expression of MyD88, TL.RRAF6 and iINOSK < 0.05),

but had no effect on the expression of p-&AB-p65.



3.2. Effects of 5P39 on the lung injury in LPS-induced ALI mice

To assess the effects®®39 (30 and 60 mg/kg) on the lung injury in
LPS-induced ALI mice, the histopathological changethe lung tissues were
detected. As shown in Fig. 3A, compared with thenslgroup, the lung tissues of the
model group were characterized by thickening ofalveolar wall, interstitial
hemorrhage, infiltration of neutrophils and macragés, and edemaP39 (30 and 60
mg/kg) administration alleviated these symptome fi@sults of semi-quantitative
analysis also showed that the cell-covered aredidraof lung tissues in the model
group was significantly increased, whlB39 (30 and 60 mg/kg) treatment markedly
inhibited the change.

To further evaluate the severity of lung edemanveasured lung wet/dry (W/D)
ratio (Fig. 3B), a standard index of lung edemadal., 2019). Treatment 6P39
markedly lowered the lung edema induced by LPSuétion P < 0.001).

As vascular leakage is a feature of ALI, we detdtie protein concentration
and the total cell number in BALF. As shown in B¢ and D, compared with the
sham group, the challenge of LPS to mice markegiggulated the protein
concentration and the number of total cells, wa#89 obviously suppressed the
LPS-induced damag® (< 0.001).

MPO activity, a reliable marker of polymorphonucleautrophil infiltration and
activation (Ye et al., 2019), was also tested is $sftudy. As shown in Fig. 4E, MPO
activity in BALF increased dramatically after LP&nainistration.5P39 (30 and 60
mg/kg) obviously inhibited the increasing MPO aityixchallenged by LPSR <
0.001).

3.3. Effects of 5P39 on the production of pro-inflammatory cytokines (TNF-a, IL-15
and IL-6) in BALF of LPS-induced ALI mice

It was found that the levels of TNE(Fig. 4A), IL-1B (Fig. 4B) and IL-6 (Fig.
4C) in BALF were significantly upregulated after &nstillation when compared
with the sham grou@(< 0.01). Administration 05P39 clearly downregulated the

secretion of these pro-inflammatory cytokinBs<(0.05).



3.4. 5P39 attenuated TLR4 expression and inflammatory cells accumulation in lung
tissuesin LPS-induced ALI mice

The effect 0bP39 on TLR4 expression and on the infiltration of nogdrages
(F4/80 expression) in lung tissues of mice waswatad. The results showed intense
immunostaining for TLR4 expression (Fig. 5A) andcnaphages infiltration (Fig. 5B)
in lung tissues of ALI model group. Compared withdal group, ALI mice treated
with 5P39 and DEX showed relatively low levels of stainimghe lung tissues. The

results of semi-quantitative analysis were constsigth the above observations.

3.5. 5P39 inhibited the LPS-activated TLR4/MyD88 signaling pathway

As shown in Fig. 6A, LPS instillation markedly ieased TLR4 expression in
lung tissues, whereas the increasing was inhiltiyesP39 (30 and 60 mg/kg)
administration. As shown in Fig. 6 (B and C), imgmarison to the sham group, LPS
treatment dramatically upregulated the expressidviy@88 and TRAF6 in lung
tissues, whiléP39 clearly suppressed the expressiBrk(0.05).

Similarly, LPS obviously upregulated the expresbp-NF«B p65 and iINOS
(Fig. 6D and E) in lung tissues, wher&®89 (60 mg/kg) significantly inhibited the
expression caused by LPB< 0.01).

4. Discussion

In this study, LPS stimulated an inflammatory Ifesponse in mouse peritoneal
macrophages. The result of cell viability assaystbthatsP39 had no adverse
effect on cell viability at the experimental contration. In addition, the results of
NO and IL-6 detection showed tHzR39 effectively inhibit the secretion of
inflammatory mediators, indicating tha®39 had obvious anti-inflammatory effect.
5P39 inhibited the overexpression of key proteins irRBIMyD88 signaling pathway
when Ana-1 cells were stimulated with LPS for 3Gor 24 h. These results showed
an interference d@P39 with the immediate TLR4 signaling axis.

Based on the results of vitro experiments, the anti-inflammatory effect and

mechanism o0bP39 were further studied by establishing a mouse Abtlel with



LPS. ALl is a common clinical problem with high nbatity and mortality in some
emergency infectious diseases (Li et al., 2018iglet al., 2018). Pulmonary edema,
inflammatory cell infiltration and secretion ofade number of inflammatory
cytokines are the main pathological features of Alan et al., 2018; Lin et al., 2019).
In the present study, we found tiB#39 significantly suppressed lung W/D ratio, the
protein concentration and the number of total dalBALF. H&E staining results
also showed th&P39 administration clearly improved lung tissues hetnage,
inflammatory cell infiltration and alveolar wallittkening caused by LPS. The above
results indicated th&P39 could obviously alleviate LPS-induced ALI.

During LPS-induced ALI, neutrophils are the eatliesmune cells that are
recruited to the site of inflammation and are esakfor host defense (Grommes and
Soehnlein, 2011; Peng et al., 2019). However, eteesctivation of neutrophils
leads to massive release of pro-inflammatory cyte&i destruction of the alveolar
basement membrane, and formation of pulmonary edBerag et al., 2019; Zhang et
al., 2018). MPO is an enzyme mainly found in nepitits, which is proportional to
the number of neutrophils in lung tissues and skagean indicator of neutrophil
influx into tissues (Jiang et al., 2018; Niu et 2D15). Experimental results
demonstrated that LPS markedly upregulated theigectf MPO, while5P39
observably inhibited the upregulation. Additionaftyevious study suggested that
pro-inflammatory cytokines such as TNE+L-1p and IL-6 could activate neutrophils
and macrophages accumulation, induce lung tissyey, then lead to pulmonary
edema (Zhao et al., 2017; Peng et al., 2019). ARS challenge, TNl-is
considered to be the first to amplify the inflamorgtresponse through triggering
leukocyte activation and release of other factoref al., 2018). IL-B, another
important pro-inflammatory cytokine, induces theguction of secondary
inflammatory cytokines (Veerdon et al., 2011). lip®®motes the release of
vasoactive substances and neutrophils, causingcada of inflammation and
aggravating tissues injury (Shin et al., 2015). €tudy showed a beneficial effect of
5P39 on protecting against ALI by reducing these pritaimmmatory cytokines

production, which were consistent with the resaftthein vitro experiments.



Macrophages are widely distributed in various osgamd tissues of the body,
and are non-specific immune cells of the body. Mpbages have
immunomodulatory effects such as antigen presentaind phagocytic necrosis
(Benedetto et al., 2019). However, when the bodgi®usly infected and the
inflammatory reaction in the tissues is too strahg,hyperactive macrophages
release a series of inflammatory mediators and okeres (Niesle et al., 2014).
Subsequently, a large number of inflammatory alish as neutrophils and
macrophages adhere to the lung tissues, causirmgamaulatory disturbances in the
lungs and aggravating the occurrence of lung in{&ilva, 2010). F4/80 is a cell
surface glycoprotein expressed in a variety of meaboacrophages and is a mouse
macrophage marker (Dos Anjos Cassado, 2017). $rethdy, the expression of F4/80
was detected in lung tissues by immunohistocheyidistopathological observation
revealed thabP39 significantly inhibited macrophages infiltration.

LPS has been reported to be a commonly used stioniitainduce ALI in mice
(Lin et al., 2019). After invading the body, LP$ithito the specific receptor TLR4 on
surface of cells such as macrophages and tracpitla¢kal cells, which will lead to
cells activation (Liu et al., 2019). Subsequerdlgeries of downstream adaptor
proteins and protein kinases such as MyD88 and T&=&E activated, resulting in the
activation of transcription factor NkB and the production of a large number of
chemokines and inflammatory mediators, causing lojugy (Wang et al., 2019a;
Zhang et al., 2018).

In the present study, it showed that LPS instdlatiesulted in a significant
increase of TLR4 expression in lung tissbié39 notably inhibited this increase. The
testing results of key proteins in lung tissueseded thabP39 down-regulated the
levels of TLR4, MyD88, TRAF6 and p-NkB p65 activated by LPS, suggesting that
5P39 might inhibit LPS-activated TLR4/MyD88 signalingtbway, which was
consistent with then vitro results. All these results showed that the antammatory
effect of5P39 might be related with down-regulating TLR4/MyD88rsaling
pathway.

Furthermore, the expression of INOS was invest@jatéung tissue by Western



blot. Activation of the TLR4 signal arouses the egsion of many genes associated
with pre-immune and inflammation, such as iINOS @tlal., 2017; He et al., 2017).
INOS is one of the key enzymes catalyzes the ptagiuof NO from arginine in
inflammatory reaction (Wang et al., 2017). NO, arsheed gaseous signaling
molecule, protects against invading pathogens sitlierefore critical for the
inflammatory response and innate immune systenet(al., 2018; Cinelli et al., 2019).
However,high level of NO is released into the blood cirtigla, stimulating
inflammatory cell recruitment and activation in #id (Li et al., 2015). Besides,
under pathological conditions, NO inhibits the'daannel, thereby reducing the fluid
transport capacity of alveolar epithelial celladeng to pulmonary edema (Althaus et
al., 2011). The experimental results displayed tiaexpression of INOS in lung
tissue was significantly increased in the LPS-irdlgroup and clearly decreased
after5P39 treatment, which was consistent with theitro results. The results
indicated thabP39 might limit the secretion of NO by decreasing éx@ression of
INOS, thereby relieving lung injury caused by LPS.

DEX is a corticosteroid that is widely used in theatment of various
inflammatory diseases (Caceres-del-Carpio et @L62Giuliano et al., 2012). It is
also often selected as a positive control in tbdysbf acute lung injury models (Xu et
al., 2015; Xie et al., 2012). However, there areynadverse effects or limited
therapeutic effects for the existing corticostesdiflokra et al., 2019). In this
experiment, 5P39 showed a similar effect to DEXnproving LPS-induced lung
injury and aimed to become an anti-inflammatorygdcandidate in the future.

In conclusion, the present research showedsP3@ significantly improved
lung injury in LPS-induced ALI mice by relievingrg tissue edema, reducing
inflammatory cells infiltration, and inhibiting e@ssive expression of inflammatory
factors. The anti-inflammatory mechanisnmbf39 might relate to inhibition of the
LPS-TLR4/MyD88 pathway. Consequenth39 demonstrated a potential
therapeutic agent for the treatment of ALL.
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Figurelegends
Fig.1. (A) The structures oL-cysteine, allicin and their conjugated derivativi)

The synthesis of compouatP39.

Fig.2. Effects of5P39 on LPS-induced inflammatiam vitro. Peritoneal macrophages
were treated b$P39 (5, 10, 20uM) with or without LPS (Iug/ml) stimulation for 24
h, then the cell viability (A) was detected by M@3say and the culture supernatant
was collected for NO (B) and IL-6 (C) detection.ah cells were treated by LPS (0.5
pg/ml) with or without5P39 (20 uM) for 30 min (D) or 24 h (E), then the key
proteins in TLR4/MyD88 signaling pathway were dédeidoy Western blot. Data
were expressed as means + S.D., n £3% 0.05, P<0.01 and” P < 0.001
compared with the control grouf® < 0.05,P < 0.01 and™P < 0.001 compared

with the LPS group, tested by the One-way ANOVA #rmel Fisher’'s PLSD.

Fig.3. Effects of5P39 on the lung injury in LPS-induced ALI mice. Miceeve
administrated with vehicle (i.9.%P39 (i.g.), or DEX (4 mg/kg, i.v.) 2 h after
instillation of NS or LPS (3 mg/kg). Lung sectionere stained with H&E to observe
the histopathological changes of lung under ligldrascopy 200« magnification.

The semi-quantitative analysis was done by meagtin@ cell-covered area fraction
(A). The inferior lobe of the right lung was colted to get the lung W/D ratio (B).
The protein concentration (C), the total cells nersl{D) and the MPO activity (E) in
BALF were measured at 24 h after LPS challengea atre expressed as means +
S.D.,n=6.P<0.05 P<0.01and P < 0.001 compared with the model group,
tested by the One-way ANOVA and the Fisher’s PLSD.

Fig.4. Effects 0of5P39 on the production of pro-inflammatory cytokineNH-a,
IL-18 and IL-6) in BALF of LPS-induced ALI mice. Mice e administrated with
vehicle (i.g.),5P39 (i.g.), or DEX 4 mg/kg (i.v.) 2 h after instillamn of NS or LPS (3
mg/kg). The BALF was collected to detect the lex#lINF-o (A), IL-1p (B) and

IL-6 (C) 24 h after LPS challenge. Data were exgedsas means + S.D., n =B<



0.05,"P < 0.01 and” P < 0.001 compared with the model group, testechby t
One-way ANOVA and the Fisher’s PLSD.

Fig.5. 5P39 attenuated TLR4 expression and inflammatory @dtzimulation in lung
tissues in LPS-induced ALI mice. Mice were admuaittd with vehicle (i.g.5P39
(i.9.), or DEX (i.v.) 2 h after instillation of N&r LPS (3 mg/kg). TLR4 expression (A)
and macrophages infiltration (B) were detectedrbmunohistochemistry analysis
under light microscopy 400 magnification. The semi-quantitative analysis Wase

by measuring the AOD.

Fig.6. 5P39 inhibited the LPSactivated TLR4/MyD88 signaling pathway and iNOS
production. Mice were administrated with vehicleg.}, 5P39 (i.g.), or DEX 4 mg/kg
(i.v.) 2 h after instillation of NS or LPS (3 mgkd.ung homogenates were prepared
and analyzed by Western blot with antibodies spetfTLR4 (A), MyD88 (B),
TRAF6 (C), p-NFkB p65 (D) and iNOS (E). Th@g-actin protein was served as
internal control. The NiB p65 protein was reference of p-iXB-p65. Data were
expressed as means + S.D., n =< 0.05,” P < 0.01 and~ P < 0.001 compared
with the model group, tested by the One-way ANOWM ¢he Fisher’s PLSD.
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TNF-a in BALF (pg/ml)
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