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Abstract

Backgr Memdhriani cal ventil ation ( MV) can i nduce pul n

investigatenwheedepuMMonary fibrosis is associated

uncover the underl yi ng me&wcyhraunvi asties( krienda Jaet M2 lbwa y .nt e g

Met hd®PKaM2 knockdown orbXnbchkout oor i-nhphgrmhor werdew

exposed mb/ MY)h(26r 2

ResuMitse exposed to MV exhibited i ncrueparseegdu leaxtpiroens s i
ofds mooth muscle actin and collagen | if#inducgdti ssu:
pul monary fibrosis was associated with increased

pul monary fi brobl asotfs ,glaysc oweyltli ca sp ruopdruecgtusl atteisotned by

i ncreased protei fd3alnedve PKM2f wanst egonhfhir med by we s

i mmunohi stochemistry. Double i mmunofluorescence st

i ncreased bmruwmbeecrt | ddf8/afhidt € g rbirmmnectin+/ PKM2+ fibrobl e

Furt her mordeu,c eMV aerobic glycolysis and pul monary fi

with PKM2 -RAYc&mndodwinnhi bi bkomckonuti mmido & exdpri ibm t i on

Concl usilonseRgkr M2n p amehdviaayt ed aerobic gl yicmndyséd cont

pul monary fibrosis. The inhibib®&KM20fpadadmwalyi cnagl pec

promising trielmmdurceend pwlrmovvary fi brosi s.

Key wordeb8myrimvate kinase M2, aerobic glycolysis,

fibrosis



Fibroblast

Graphicall AbebgdPEM2 : pat hway medi ates aerobic glycol)

contr i buitnedsucteod MMul monary fi brosi s.



I ntroducti on

Pul monary fibrosis has become one of the most ¢ ommc

di stress syndrome (ARDS). Most ArRdDISatsaud vg wanlrist ye xgfer

years after theéexawtsee péereiyod,evmd otpl ya fi broprolifer

fibroblast accumul ation apd]l]deposition of coll agen

Mechani cal ventilation (MV) is the most important ¢

tidal voadtuinben viesntwildel y promoted and applied, cycl:i

may be the causduoédvpultmbap2@midniMvdycdd/ Il pul)monary

fibres]i sMV was found to be a risé@ndrmgtbrbfosi g hien dA

subjects, including cor®na9prustdi sechee m2eh@anpamse

MV-i nduced pul monary fibrosis have not been compl ete

Pul monary fibrosis is chataaotari matdirby bhbeeciombalasc
of coll agen deposition. Fi brobl ast s are the princ
homeostasi s. The activation, proliferation, and pe
for mamidon he process of pulmonary fibrosis. I n the j
it is important to figure out the mechanism under|

i ndi cat é@d dtuhcaetd MMI| monaryi edbbypsi scwaasadcgepaneXxpr €

and glycolysis in pulmonary fibroblast. Aerobic gl

fibfdddilPKM2 is the final key 14 ¢lgnud awvgameirf oondet obpt al

ammportant[ d.8]Whaetnh bri3Lsl neaseggeritni al in medi ated aerobi

invol veidndwmcevV pul monary fibrosis is not clear.

I n this study, we constructed a higlutedarlpyul ombaome



fibrosis and used PKM2 kn ®&kndoocvkno uatr oirn hiinbhiitbiicon oann dm

the rol e ®fPKM2 piantthewgaryidni me dMVpul monary fi brosi s.

Mat erials and Met hods

MV model and ani mal procedures

The study protocol was approved by the institutiona
Shanghai Jiao Tong University School o f-0 6Me5d)i.c i n e,

Mal e C57BL13 wéeks) 8wer e amesti tetniezadd iwijtelc tii mtnr of

mg/ kg) and Xylazine (10 mg/kg), and randomly divide
sham and MV groups were an@sahee¢ci zelile ammalliind aarbiamald
vent iVieamtt st a(Chi RWD was wused for mélicbeni oak heeMVi gaoo
were mechanicalhyuwviemgi Fa®oad 0fk@dl ,ah\dT:respiratory r;
breathégBimmwmil e mice in the shanergrionutpu bbaSlifedtnh e(dF i sgpuorr
During the MV process, a ther mal bl anket was wused

the mice were resustti atat@adheaald enxj @bt itaesds.codi aPtKevik k n
virus (AASYB) amsduriee i nfusion of PKM2 inhSli€)tor shik
were administered tbdk nionchkiobuitt niFiKcM2 .welrnet eaglrsion r and o ml
and MV groSipy .(EFigemgitide (858Inhddvla s o8BI B A)perad oinrete
admini stered daily for 3 day&l HelfddibeMeEni anal 38 dves e
sent back to the animal facility with free access t
Upon comphetéxpenifmdnt s, the right l ung was snap f

T8AC for protein measurement s, and the | eft l ung



hi stopathology and i mmunohistochemistry.

PKM2 inhibition by Iknookhdawrd AAV ktornamsf e

AAVs were purchased from Genechem (Shanghai, China
delivered to the mice | gingRB®ycdmitldgpimmgsmbub e @4 t i
weeks before intubation (Supplemental Figure 1B).
Shi konin, as ®RgWMXRgi nimi R0OOat, cbOn oil, was administe
a day for 3 consecutiv8lC)dypgd before intubation (Fid
Singékl analysis

We useededsilnggeiNeAt o anal yze mice p8) man(dw3¥V agealolup sf.r om

The number and viability of prepared single cells
Singtéll ' i braries were dgewgereatGCed [wi3téh Vt2h eC h@Ghri ssmirum
Bead & Multiplex Kit, and Chip Kit from 10x Genomi
suspensions were | oadedxoGenbei €Csr ol ems@onbomndl Lt erg
ldEmul si Ms9 . (BErcoded sequencing |libraries were per

Reagent Kkt &ewm®d8micé)l0 according to the manufacturer

preparation, the sequewanidng ewad md mfgarohe @ nwi tom paier

NovaSeq 6000 per sampl e. Ra w rQ&eandosmiwcesr eC epl rl o cReasnsgeedr

(https://support .-cdegxégeenprmd scssi. acm/nmg sfithvgd ree/ downl oads/

mml0 as the r efcearnenccleu.s tCeerl It hReansgienrgl e cel |l s, i dent i f

and export a matrix with unique molecular identifi

software package Seurat (https: /flwrattigral amaloy gi/ s.eub

parameters were used for mosPl of fbhecwBitEnwamaRabyse



The psemdotrajectory analysis of i SG cteddpnevlals per

| ab.githubebeskemdnodDeeail s were de@FEcgbhJead lien Stlhe sup

Met abol omi cs analysis

Et hanol was added t o BAL(Fa7a&)d, pan dnosnhaarkye nt ivsisguoer csuasmpy

any potenti al Vi bueegaf ettyhehoad.i edhd ndrai ed sampl es
met abol omics analysis (Biomarker Technologies, Chin
adding 300 mL methanol extraction solutieinns The mi)

were denatured and precipitated by centrifugation.

chemical natur e. To ensure the quantity and reliahb

perfor med awigteh men a b orl nanti acrnst. wWeaasc hd iswipdeed i nto four

were wused for anal ysi-gshasigghraur ft wmamaregpear bt guircevehser

( RP/ UMBCMS met hods wnotdlke pd ®icttirwe piratry i oni zation (E

used dloyrsian wi tMS/RFE/ wWURLiCome greotdiev eES | and one for

hydrophilic interaction | i-MS/iMS cvhirtoimame gwtdip\sneES( HI L

Each fraction was then dried underr-eniistsroolgveend gl aast etro

four different reconstitution saeMSV st angtlddrdpsati bl e

Pul monary histopathol ogy

The 1 eft l ung was fixed in 4% PFA and stained witt

Pul mohiabyosis was quantitatively evVhATuBRhedl| umgo@gh

hi stological examination was performed by a pathol o

injury was scored using fivte; g2, admeddmratme;0 3,0 ¢t r(Or

using t he foll owing 9 reference parameters: mi cr



perivascul ar edema, alveolar edema, congestion, alywv

and i nterosrtpphtoinauc Ipecary M eukocytes infil[tltégti on, and

| mmunohi stochemi stry anal ysi s

The sampl es nwrersee cctuitonisntaond5 pl aced onto slides. End

by H202. Mouse mb3&BEAQO®M®HANIBIPGA, t eNa v ns , USA) and PKM2

(AF7244, R&D, USA) were added on the sections as p

with polymer for 30 min and developed in DAB sol

counterstained dwimohu nhteenda twixtyhl i @B rvaenr PIsli s p6. Theofl mag e

applied to select the same tan color as a-uniform ¢

power fields of light microscope was.used to obtair

| mmunofl uorescence analysis

Paraffinem)ecdfi omsl ialnary tissues were rehydrated an

retrieve antigens. Afteth,indbhebasteicdn owist welI@%i BSADb®

antibodiegrd@s8ih909-HKBRAE, Novus, USA) , PKM2 (AF724

fibronectis#h d47@Q0Q61S| agL&T, USA) aobverdibbti oAfboér 1w

sections were i ncubcaanrjdu gnartbehd Adtretxig GFIEbardi 5 €& ygehpr Ca

i nt e3RKM2 and -lcolfllagpeernescein -teoni bpengdneatnEgGFI TC,

(Il'nvitrogen) for fibronec¢tifmratl & dinl uthieondaafk.1:F4Q

count er st adina@chi2gvihre ddyodl e ( DAPAIL)D r(i SihgmaUSA) . Ai pat hwel

(Servicebio, China) was wused to analyze the integr

fluorescent prautasmitng aftorn et taer ad ggmii s .

SDPol yacryl amide gel el ectrophoresis and Western bl



Pul monary tissue was homogeni z ePdAGE tubsiligsadsedinnfif er ,
3 El ectropheRraasi satCell5f0o0(VBLld®0 amd t r ansufoerrirdeed t o p
membrane (Millipore, HVLPO4700). Th eb uniefnebrreadn es aw ai sn ev
(TBS) cont ai A2i0ngan0d. 11% % weoennf at dry mil k before over:
primary antif3Sd)1le9s0 9{6iNBtPBgU sSNho US A) , PKM2 (AF7244, R
col I-lageh2026S,0s@®To,t hUSu)ldENMAe) a(c@ST, (19245), Lactate
(LDHA) (3582, b@8Tj nUEBU5EnNndCST, USAG.) Tme bd @xdkn chayr y
anti bodi es werhe 1t: h6eOmn@uusgeaddl twggset adi sh Peroxi dase (HR
or 1:6000ahgbaHRPag®ir bBenaleldalgSehA H-adt i n, in blocking
for 1 hour at room temperature. The bazmrhxsewere v
(Amersham ECL Western Blotting Detection Reagent s,
Enzylmenked i mmunosorbent assay

Bronchoal veol ar | avage fluid (BBLFht sampdele aerean
washing thetirmghwill migc@®@he PBS, and by pooling and
10 min the recovered BALF. Althe supernatants were st
Bl ood samples were collected from anesthetized ani.
promothiesg amad centrifuged at 3000 gAdQ.or 10 min. The
The |l evels of lactate in serum and BALFs were measu
according to the manufacturerds ioxsteumi hahspepthiedeée
(PICP) in BALF was tested with the PICP ELISA Kit (
FIl ow cytometry

The whole pul monary tissue was enzymati @®&i5ly diges



927, Mil tenyi Bi MACSE WD$Asw ovklme qeretdl € or mechani ca
steps. After dissociation, the samples were applie
particles ftredin shuepeinsgbéal $hepensiogl wab3incubate
(562917, BD, USA) at room temperature for 10mi n, a
(555899, BD Pharm LysecE, USA). After the celll sur f a
Fi x/ Permed by TranscriptDh,onUSA)ctaonrd BiumfdwelatSed wiSt6h -
48308AF488, Novus, US A3 4 5a0n4dA FRBi4brr, o nNeocvtuisn, (WNBAP)2 f or
washing with PBS, the cells were analyzed by fl ow
analyzed with tl®é Blodéwwjaoe(version

Statistical anal ysi s

GraphPad Prism 5.0 (GraphPad Software Inc, La Joll a
done at |l east in trimpanclOBEMDadmalay®i g epforv @i arsc
was used et a hdee thneeramisn of t hr e®t wd etmetsdte (itt rweoa tt ma f te dg r owm
to compare the diff eridrfeagse nitetswavenr et wo ngri @epgse.d st at

<0. 05.

Resul ts

MV i nduces pul monary fibrosis

To cr evdMi v dtulceed pul monary fibrosis modelmlb/nkgri vo, mi
MV f &darr MHi stol ogically, pul monary injury, interstit
hemorrhage were more obvious after MV, if compared

increased in the MV group ¢é8igorentApasddssohl agant



the pul monary i nhREieg st eTthHiiBgm waafst earl sMV associ ated with
and tissBegpa¢cBeAapmpani ed wit h-lu p#SMAu |caotnitoenn tosf icno |
pul monaey( Figsre 1C, D) . I n addition, increase of
(Figure 1E).

Fi broblasts are the major cells responsible for ex:
in pulmonary fibrosibocWwéiahsooinnoéstfi aobdbdd ashe mao k
collagen | in the alveolar septum, as show in Figur
significantly increased the percentaged omi tfhi btrhoenect
nonventil at gi gwmda r$3B)gr oup

MV | eads to upreg@aihnadt PKM2of ni puégumoinary fi brobl asts
To further explore t he -immedcuhcaendi spnusl naosnsaorcyi -& & ébdr owsiitsh, N
RNASeq analyshes patdhwawndniti chment analysis on the
medi ated signaling pathway were significantly diffe
focused on the gene about integri nd[alBdalngd yfcooulnydsi s w
integrin and glycolysis target gene expression of t
(Figure 2B).

To further -cvealli-SBN Aed astian,glvee ex ami ne 8 Aatnlde PKAMP2r d snsi on
MVpul monawsy | uingr ¢ $issue. Consistent with these findi
band PKM2 in pul monary tissue was detected by | HC
amounts of fi br3eamecdii b+ /oineice gmi+trh BKB2+ veidbi abIM¥sigs o)
(Figure 3A, B) . Fl ow cytometry was b8RKM2 uaed to d

fibronectin in pul monary COBREM2+Theelpgesrcandagent e



b3RKM2+/ fibronectin+ fdbsiophiaciscsamwerey alfiei nBlYe@Bieg

Al these elements together G3addc®KdMA t hafi bhebhat

invol veidndwmcevV pul monary fibrosis.

Aerobic glycol ysi s -iwadsu caesds opcuil artoenda rwi tfh bMV s i s

Toclarify the relationshi p -i bnedtunceeedn paud rnmoobniacr yg Ifyi cborloyss

ul prea f or mance l'iquid chromatogr aiMisy MSanduenmt amges e ds

met abol omics approach to analyzeatwerpubhmqguoargdawdt

degree of <consistency and reproducibility in pul mo

projections t-adilsartémi nant DAh@i(eFs igur EORIAZ) and B, Fi

Met abolites of gtucosebmegtyhbol as mdpahoogscplaet,e ,s upcyhr uavsa t!
oxal acetdketoglamdteyeci nat e, were enriched in the
group, while metabolites of aerobic gllyaotl ggtsd si rsuct
BALF samples were more in MV group (Figure 4D). Cor
detected increased protein | evel of LDHA as the ke

pul monary tissue. Thédsade faiemadibngs gdrye o i gnddiusceetmii gdh t t

pul monary fibrosis.

PKM2 inhibition all evi at exdduaerdo lpiud mplnyaa o/l yf g5 ibg osrd N

PKM2 is the final key enzyme regulating aerobic gly

associated with the belglilnNAongedter menebitbegleytekcysios

glycolysis @omud mdwairryd dd-d@AdYswass tsthdPrKdM2ect ed by intr a

to knockdown the PKM2 gen&iith the theuaseapel mdn &KM2t

shown in Figure 5B. PKM2 downregul ation precluded



|l actate and PICP in BALF(Figure 5B, D, E) , accompe
(Figur eFi5gAyrceo | $mA adBdMA downregul ation (Figure ©5B) [
i nduced by MV, and foll owed byl adudalcrpasiet iofe fddlrlc
pul monary ti,ssFuieg drFei gSusrBe 5 C

To further investigdtye awhetrherg PKaM2maaodli orquitd aln i n
i nduced pul monary fibrosis, PKM2 in the mouse pul m
shikonin. Similar to the effect of -PK#Mdckdoekdowned
| aactte and PICP production in BALF (FKi gRirgejreD,S6R) ,

LDHAJSMA and collagen | contents (Figure ©6B) in pu
fibronecti-h dodl cpbbagekiegeereé!l S6BFigure 6C

These findings are suggesting that MV activates PK
pul monary fibrosis. Therefore, the inhibition of PEK
I nt efgBdionrwnregul ati on amedi at ad eydceoH &diZicsi gaddnudc eMV

pul monary fibrosis

To assess whatsherssiemittredpu ¢ etdo PKW2 acti vation and pul
examined the PKM2 expressiob3dardrdcaemobimé cegl, ydoldywyis:
As e x pmecstteed,n bl ot sbhhipwetdeitmaex pmeegiroam i n pul monary
dramaticalb3efncienhegmioe (Figure 7B). Meanwhi | e, (
detected by WB (Figure 7B), dndoirteswaencfebi(Frigrr @o 18
S8A, together with a decreased | evel of LDHA in | ur
MVEi nduced pul monarbydd éi bciosnts mincénweagralhnl evi ated by

depositi o, i (@Rirpeu rSeZod7 AASgMAN clo natnednt s ( Fi gure 7B), fibr



fibroblasts in pu|l mbhnhgiiyen88BUEP(FNgBAEF8BFigure 8L

To further investigate whetbhZect iphat ineud adl maguficeedt | gMVa |

induced pul monab@®afsi bmhsibs t eidnt egntihe mouse pul monal

injection of <cilengiti dbedde fSii eni ¢ mtr mioc & ,hecielfdregitt ii he

group downregul dAedx PK#I@siaond LD | kEingyreang8C€Cacv Bt e8

production in BALF (Figure 8E), along Wighra 8SeBr ea

coll agen | contents (Fligduel 7Pysi tfii be ofye tti ossbsluaestl ¢ a

(Figure&igHiran88PI CP in BALF (Figure 8F).

Therefore, we specul ab&KM2h ptat MWaayc ttiov a&tl ed ait ret egrmior

to mediate pul monary fibrosis.

Di scussi on

Mechanical ventilatéeamnmémMV)f omasranpiefdtecty veaitlrur e,

pul monary fibrosis, and this [[23ni tR4Jiest wndeslps eaxp

to Hig@lume ventilation have been usMMndiuoc eidnvest i ¢

pul monarfy25%,ji ba@gi sur results were consistent with t

mechani sms uindeuded ngulMvonary fibrosis are stildl un

i nt hgPKM2 regul at oV-yngpuwad ddadvagyulimomMary fi brosi s.

Aerobic glycolysis has been increasingly recogni ze:q

many types][ 2If] Bfuitbrtohsei smechani sm that Fiengdwlceetde s aer

pul monary f ielemmosiny ersad gmdtedd | MKMRnigskt haski hal arabe

[ 1.1 ]PKIM2pendent aerobic glycolysis was found partici



and many ot he[r2Z&nfj glam durbr pséwi otuhsats tauedrioebsi cweg | fyacwnr d

pul monary fibroblast was nidruxceldv edi | inred3rdgiiCpaksd Isy ead sh

with these results, this study r evAAdl ead dt hanthitbh & oir

shi konin al lievigdtyecd Ityhse saearnodb pul monary fibrosis inc

PKM@ependent aerobic glycolysis counlddcbébd paovmbrmady

fibrosis.

Resolving the met ablelpiem daelntt e racetripdrmps ogfl yRRKOM2 B 0 8 e ma s t

for antifibrosis therapy. Shi konin i s one of t he

Lithospermum erythrorhizon, widely used in traditio

dylel5]Shi koni ot earst adrsd wpeci[f2ild] PKKAsi beiebhi demonstrr

shi konin has i nteresting phar-maftlohmmattady, pramteir ¢ ¢
antimicrobial, and[ 1ybd wn & o h @a loivreqn 4 fof elic@ s af3€] i n c
Further mor e, shi konin has the additional effect of

fibf®&®4k Shi konin might serve as na utcheedr goppue unt®incaa lyl yf id

I ntegrins are heterodimeric cell adhesion mol ecul e:
mechani cal connection bet we[e3®b7¢ elln sa dadnidt itohne teox ttrhaec ¢
of cells to the exdrhaeél afati matrfupciindoegrin int

center stage in many physidl8qggilORé¢ c3e8Bmtd Pptadw dhiod ® garcea l

that integrins could represent biocthemactal wiatnid BEE@M I

of differ[B88,pPophgl XDreds Kaell.|l y4fGHFured tahhat integrins

mechani cal sensors to mediate VI LB3Iplrregaudratp roenv inoaus:

involved in dei pdpokds padc maindarl v fhialsr dbseiesn reported



activation coul d-depenkdent aaerobi ¢ 48BKM2 ol ytshiiss isn ucday
we found thiBmas iinnmveglfiviratduciend MMul mon avri t hf it lhhreo seinsh,a naxlea
PKM@ependent aerobic glycmImydiigat eepiPHiNMBIndn aefr obnt
glycolysis and pul monary fibrosh&si admeethabycmV, swl
accel er ademge PKM2t aeasr a mi ¢ nglluxeolpwdimonary fibrosis.
I ntegaigsted inhibitors represent a very active are
including phase 2AWbt6NQAOD $3 DB T )dp 6N G Tor4s0 702f315) , and

b1 vb3Mndbe NCT03949530) in pul mon &ubya nfidibtErnotse gsr.i nCi | en

antagonist, displayed an encouraging activity in Pt
Phase |11 trial in patients wliebsgltbhblrastaoma cUNC
evidence about cilengitide being applied in pul mona

be considered for-i mldiuciedalp utl moatamentf iibm oMY s .

Concl usi on

I n summar y,hatrhaics esth@dys ai meehhganncal sensor upregul at
aerobic glycolysis and induce pul monary fibrosis by
met abolically targeted therapi d@s dauoccweldd pbud croomea rpye rfsip

Abbreviati ons

MV : mechani cal ventil ation; PKM2: pyruvate kinase |
VILI: vemdiulkadi pgul 08 MAGsymoiortjhurmu;scl e actin; PICP: t
car btoexrymiempal dp; BALF: bronchoal veolar | avadge fl uid;

UIDAPI :-d i4d miBdpihneony | i ndol e; AOD: average optical dens
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