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Probiotic-derived polyphosphate improves the intestinal barrier function 

through the caveolin-dependent endocyticpathway 
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H~ if i7'J fC fi 1OOOli!~~x.15 H~ i7'J *-fH Iii ;'.J~ ff ft L' ill±~ (!) f§ 1[ it ffl Jc J:: ~ H~ if(!) t[ ~'r± ~ * "J ~ IRl a~ f c , ~ < (!) ~~ 1t; ~ * ,~ (!) m J'ij f c 5:9i < oo j!F; -r- 0 = ~ ;a~ ~ P~ 6 n -c v \ 0 . H~ ~ J: Ez 
fc::Jo~t0H~i7'J*-Bllii<J)~jj~fji11J~ L-C, Toll like receptors (TLRs) ~Nodsft,!:'.'(!),1"?7-
/~B5t?t¥{2js: (pattern recognition receptors; PRRs) iJ~3BJi 2: .h-C::Jo ~, ±fcfpJ]JR]ii 

G7)jij~~0~~~-BL&if~~~~~T0. 
- jj ' m ± f c ~ tt ft Iii ( 7° p /-\ -1 TT -{ !7 A ) fC )<;j- T /5 •• fj m ic --5 v \ -c Ii ' :c (!) - $ 

;a~mDRm ~ 1RJ;J:*fcPRRs~fr-t-0*;En-cdb 0 = ~ ;a~5;J:J Gn-cv\ 0 ;a~, y~ ~ (!):k$~(!)m-c1i 
~ 8 fj t~ iJ~ /F l3Jl --CO db 15 . :]X k (!) 1iJf 5-E ~ --CO Ii , 7° P ,1-\ -1 ;t 7 -1 !7 7- --CO db 15 ,1-\ ~ 7. 7- Iii EE * (!) 
competence and sporulation factor (CSF) iJ~, H~~J:Ez(!)~fj{2js:1'7~7'~-::9-fCJ:: 

"'.) -c J:Ez i7'J fC 1& ~ ~ ~ n 15 ;:_ ~--co• a~ 6 ;h' H~if {l]Hf ft Jtl ~ 3BwT 15 ;:_ ~ ~ l3Jj G ;'.J> fC L tc 
ij I ~ ~ v \ -c ' ;JfL Wk Iii 7P G 0 w 6 n 15 H~ ~ 1* gf ~ jf ~ v v /'Wk~ IRJ JE L' ;:_ n ~~ H~ ~ ~ ~ 

~ff,,.~t-i{I'.; ~ i!)(~T 15 ;:_ ~ ~~ ~ ~ liJ k. ;:_ (!) 00 EE*~ V V /'~ liH~if l:.Ez (!) integrin p 
fC ~it L -c {tffl ~3BwT 15 ;:_ ~ t l3Jj G ;'.J> IC ft ~ ' PRRs ~ Ii~ ft 15 *In-c H~~ J:Ez *fH ij§ fC ~ 
~~ 2: h ft Jtl ~ 36 w T 15 ;:_ ~ ;'.J~ ~ p~ 6 n tc ;'.J~ ' :c (!) g'.HfH ft 7 jJ _::::. _;;( A Ii /F l3Jj --co db 15 . 

;zjs:1i}f §'-E-C Ii, ~ V V /'~ iJ~ H~if l:.Ez integrin 81 fc ~;gB 6 ,h k i~ (!) H~if l:.Ez ~ G7) f§ 1L {t 
Jtl fc "':) v \ -c l3Jl G iJ> fc T 15 . 
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1. ~ .9 9 / ® 0) it PX; 
i.filit?-!5Z (50mM Tris -HCl (pH7. 4), 40mM ammonium sulfate, 4mM MgCl 2 , 40mM c.reatine 
phosphate, 20ng/ml creatine kinase, lmM ATP(pH7.2), lUO)polyphosphate kinase 
(PPK) :a:- lX fit 2: it~ !) 1J /rot :a:-15- PX; L-fc. 
2. *81 J1§1* 
Caco2/bbe i%firne!. ( t: 1' H~W J:Su!=f *¥BlHeH-*) :a:- Jt:l v\ tc 
3. sh RNAO)~)\ 
v /Tr/ -{ Jv :A%~ r::: :::7 31 - :a:- ffl v \ --C Caco2bbei%Bl H?H;::. integr in 81, caveol in-1 C7) shRNA :a:­
~A L,fc. / ';! :::7 ;;t' r/ /5<"}1$ f:iReal -time PCR:B J:: {}Western blottingl;::. --C~t~-E L,fc. 
4. 7 / :=. }- - Jv $ fB ~ ~ 
r7/;:z..ry.::r:;vl;::.Caco2/bbe i%BJH?!.:a:-:t:S:::it:L~!J !) /~;BJ::U'PBS:a:-:&:-9---90. 1, 2, sa~FFl9 

1!2 1;::. 3Ht~ ~~ 7 /.:::: }- - Jv :a:- J: $we 111;::. :&'. -9- L, T well""-~ /±1 L k 7 /.:::: }- - Jv :a:- {JIU !ET 0 
=. b 1;::. J:: IJ H~ 'if/" !J. 7 t~ §!§ :a:- ~Hiffi L tc . 
5 •. 32P ~ 9 !) / ® 0) ill~~ !lf§t . 
32pt~~~ATP:a:-Jt:lv\--CJ:ilcl. b[RJ;j;,lfte7):1J¥!--C 32pt}j~~!J !) Y~:a:-{'fJli:Ltc. Caco2/bbe i%BJH§ 
1;::. 3 2 pt~ J~ ~ !J !J / ~ :a:- :&'. -9- L , ¥Bl H§ r*J :71- C7) ~ !J 1J / ~ C7) 57- l'fl :a:- ~Hiffi L tc . 
6. Western blotting 
Ait.tJT.Xt*C7)*flJH§ird:i:ms:a:-m:Jli:LSDS-PAGEl;::.--cm~~i<ilJ:a:-1T0ko.:::: t- P~JvP-.:A.) Y 

7 v / ""- lfii ~ L T il[H;::. ~ T - tJz m {2js: :a:- Jt:l v \ --c !f,f • a"J ft :m B :a:- t~ 1±1 L ' JOO {~ ~ tJT '/ 7 )' 
image J--C.J6~S,.:a:-~f{iffiLtco fflv\fc-?Jzm{2Js:l:i, !) /rot{l:::p38 MAPK, HSP27, tumor 
necrosis factor alpha-induced protein 3(TNFAIP3), thymosin beta 4(TMS84) l;::.)<;J--90 
• :::7 P - Ym{2Js:--C db 0. 
7. Real-time PCR 
Ait. tJT M * C7) i%Bl 8t 7J:. G RNA :a:- 51 /f1i L, ~ fi ~ 1;::. --C cDNA :a:-1t Jli: LJc. ;:_ h :a:- 7 / 7° v - 1' b L 
--Cintegrin 81, caveolin-1, TNFAIP3, TMS84, dual specificity phosphatase 2(DUSP2) 
C7) cDNAi§c ylj 1;::. !f,f A a"J ft i§c ylj :a:- 19'---::i 7 7 -1 7 - :a:- Jt:l v \ --C PCR :a:-1-T 0 k. 
8. High-throughput sequencing 
Caco2/bbe i%BJB§l;::.~!J !) Yrot:BJ::U'PBS:a:-:&:-9-L24a~FFl~1!zl;::.RNA:a:-57-/ilfELtc. =.n:a:-7/7° 
v-1' b L--C%~S,.7J~~{l:::T0mRNA:a:-*Jij*fa"Jl;::.A¥.fJTLtc. 
9. 1ftJftjB~~-B 
Caco2/bbe i%BJB§l;::..~1J 1J Yrot:a:-JJox_, ~!J !J Yrot~if:ms:f3J::lJ=.O):mS0)~:::7 P-/m 
{2js: :a:- Jt:l v \ --C H~ 'if J: &: r*J :71- C7) ~ 1J 1J Y rot C7) ilJ ffj :a:- ~f {iffi L k . 
10 .. ~m-~;im 
fr~~~!E 1;::. l:iStudent's t-test:a:- Jt:l \,\, p(O. 05 :a:-¥Jc~t"¥=a"Jf)~~ db IJ b i'!J[:l;IT Ltc. 

1. ~ 9 9 / ® 0) *81 Jl§ r*J ""- 0) I& ~ )b Jj. 

3 2 pt~~~ ~ 1J !J Y ~ l:i ia~ FFl9 1!2 1;::. ¥Bl B§ r*J """ I& IJ Jb 'i tG , .:C C7) 1& a~ FFl9 ~ J&J b b t 1;::. ¥Bl B§ :71- """ ~ 
1-T L, 48 a~ FFl9 1;::. l:i Ii b Iv b" ?J~ ¥Bl B?!. :71-""" b ~F 1±1 2: ;h, k. '.lK "Jt ~ ~ ~ 5 --c t lRJ 1* 0) ¥Bl B?!. r*J :71- C7) 
~ i1J :a:-~ 60 k ?J~, integrin 81 % ~ ;j:JjJ f!Jljl;::_ J:: IJ ~ !) lJ /rot C7) ¥Bl B§ ""- C7) ~3l:iif~1;::. ff& T L k 
. integr in 8U:i J:&: ¥Bl B§H~J: C7) Hfil if( 7 7 1' :a:-% )J)G--9 0 caveolin-1 b 0) ;t§ 1L 11' Jt:j 7)~ db 0 =. b 
7):. G, ~ !) lJ /~7J~caveolin-lft::fftl:O):::r: / ~'-1:.J-.-{ }- -/:A I;::. J:: I) ¥BlB?!.""-I& IJ Jb 'i;h,0 b 
{B[!EL, ~JM:a:-1T--::ik. ~~tt~western blotting:a:-1-T--::itc~*' ~!) lJ Yrot7J~Caco2/bbe 
¥Bl H?!. ~ 1;::. :to v \ --c caveol in-1 b C7) rl 15- {2js: :a:-% PX; T 0 =. .!:'. ?J~ ijjj G 7J:. 1;::. ft 0 k. ;:_ C7) 11i if {2Js: l:i 
integrin 81-JB~;j:Jpf!JiJl;::_ J:: IJ %P.JG7J~ff~l;::.{f&T Ltc. 32Ft~~~ !) !) /rote7))%f1JB§r*JI& I) Jb]j. 
t caveol in-1-JB~;jfpf!Jlj 1;::. J:: 0 --C ff~ f;::_~y L tc. 
2. ~ 9 9 /®0)*8Jjj§f*if{'fffl 
Western blotting f;::_ --C ¥Bl H§ {iF: ~f :m B Hsp27 :to J:: lf !) /rot {t:; p38 MAPK C7) 36 ~:a:-~ JM L tc ~ 

*, ~ lJ lJ / ~ :&'. -9- I;::. fi!ii * .!:'. t if~ 1;::. % ~ ?J~ ~ ~ 2: ;h, k. =. 0) 11' Jt:l l:i integrin 81, 
caveol in-136 ~;j:JJJ f!J!Jl;::_ J:: IJ if~ 1;::. ;j:JjJ f!Jlj 2: h tc. 7 /.:::: }- - Jv1,ffi 1±1 ~~ --C H~'f /" !) 71'~ §!§:a:-
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~ ~ LJc ~ *, ~ '.J '.J / ~ :J)t if. IC J: VJ H~ 'W ,1'( !J 7 ~~I§ 0) ~ 5~ ii~~~ lib G n tc ii~ , .:C- 0) ft JiHi 
integrin Bl, caveolin-13Bm1fnf!liJ IC J: VJ ~~lc:jJ:pfljlj ~ ntc. 

3·. ~ 9 9 /~fklj.~;: J: 0TNFAIP30)~m~~ 
high-throughput sequencing~~tJT IC --C ~ !J !J / ~:j)t if. IC J: VJ ~~ IC3B m ~ii~~ ftT 0 JI 

{~-=f:8:tmt±\L, ,1'(!} 7t~~i§~5~ftJiHcMJiT0TNFAIP3, TMSB4, DUSP2:8:f1*1ffi0--=f~ L--C 
[RJ IE L tc . .:c- 0) 5 fj ' ¥ffi Hfil t*-" 0) ~ !} !} / ~ :j)t if. IC J: VJ mRNA, )7 / /~ ;;r 3B m It ~ t IC~~ 
IC 3B m ii~ 2£ {t L tc )j--=f IJ: TNFAIP3 0) J;. 'C' liiJ -::i tc. 

:::$:1iJf1'l':ICJ:-::i--C, ¥ffiMi=f3*0)~'.J !J /~ii~integrin-caveoliriflX:ff:•riO)x./ FY--11'-/.A 
fC J: VJ H~'W 1::£$[¥ffiH?l fc I& VJ Jb ~ n, p38 MAPK ~ Hsp27 O)ffl•ri{t IC J: VJ ¥ffiH?l{;~~if'f ffl :8:%wT 0 ~ 
v\ 5 *JTtcft:fs'± - ¥aiooillliftffl; :JJ ::=.A'Jd~~ G ii,lcft-:i tc. 0.M#:k 1J:,1-\/7 .A MJ=f3*0)0--=f 
ii~ ¥ffiH?lB~ 1' 7 /A~- )7 - IC J: 0 I& VJ Jb:J-;. :8: 11' L --c~:g~ ~ n 0 :::. ~ t ~ G ii, IC L. --c :i3 VJ ' 7° ]:1 ,1-\ 
-1/.tr4 ;;r .A 0)~£~1c IJ:PPRs :a:-:fr ~ft v\m¥nii~1¥1±-t 0 ~ 15 :t G n 0. 
~ tc, high-throughput sequencing~~tJTlc J: VJ~ !J !J /~:j)tlf.lc J: -::i --C3Bm~ii~2£1tT 0 ±ft 

)j--=f ii~ TNFAIP 3 'C' liiJ 0 :::. ~ :8: ~ ~ 11: 61) k. TNFAIP3 IJ: TNFa/NF-KB / ::;l T Jv :8: 5~ 1J IC :jJ:jJ fljlj T 0 :'::. 
~' B~"f,1'( !} 7tj~i§:8:~5~T0:::. c!:: ii~%! Gh--C:B VJ' ~ !} !} /~IJ:TNFAIP30)3Bm~~:a:-:fr 
L --c H~ ~ i:1Z ~ ~ H~ 'W ,1-\ !J 7 tj ~ 0) @J ii lt 2=' 0) ~ ~ ft ft ffl .:;r 3B w T 0 ~ ~ ;t G n 0 . 

:::. IT) *JT m 0) m :± - ¥ffi m Fl'l9 IT) ;j:§ ]i ft ffl ii~ ~ G IC~~~ ~ n 0 :::. ~ 'C'' PRRs IC ~JS: IE ~ n ft v \fl :a: 
~ ;t km:± - ¥ffi m Fl'l9 ;;r ]:1 A 1' - ;;rm~ IC rPJ It tc*JT)j-!lff 0) ;W!JJl~ ii~ Wl f~ ~ n 0. 2: G IC IJ:' ¥ffi m 
i=a *O)ttbJ~O)~~~I& VJ JbJ;.~m fc;t § L, mft%a:*,~ 0) *JTtc ft Ns~tl~ 0) f,ij3B ii~Wlf~ ~ n 
0. 

~ ~1¥fl 
¥L~M i=f3 * ~ !J !J /~ IJ: caveol in{&:ff:·ri IT) x. / F Y--1 1' - /.A IC J: VJ H~'W 1::£$[¥ffi B?l lc I& VJ 

Jb ~ n, ¥ffiH?Jf;~lliftffl :a: ~T 0 TNFAIP31T) 3Bm :a:~~ L' B~If J:::[$[,1-\ !} 7~~ ~ J:W 5~T 0. 
Jts:1iJf 5'E fc J: VJ , ¥aim a:i *·ttbJ ~:a: m :± ¥ai H?J ii~ I& VJ Jb u ~ v \ 5 , ~ L v \ m :±-¥mm 0) ;t§ 1i ft ffl 

I :fJ ::=. ;( ld~ ~ G ii, IC ft -::i tc . 4-1~ ~ !J '.J / ~ ~ ffl v \ k *JT m ~~ {t %a:* ,~, riH~ ~ 0) 00 3B ii~ :AA f~ 
2:h0. 
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11t~~ ~ ~1 ;J, m Rfk 1't @ 

11t~~ ~ \ Ld lf \9 n i_ t@[}\ 

'¥ {lr. ~ffii x ,m § 
Probiotic-derived polyphosphate improves the intestinal barrier function 

through the caveolin-dependent endocytic pathway 

rn~J:&::::r. / F-!T-1 1"' ~~ ;qc J:: g*ffiiif±I*~ !J !J /®O)l& ~ i6Jj.~fr LJcE~;g /'\ 

v Yt~1m~s~wm O)iiJf~) 

Vif¥L~O)n~;gfct'i, tp. < O)ff~P"J#:ffiiil~f?:tE L, *l€*0)ft~t~n~;g~q~pf~ 

r10):1:~s9i, •~,r~ft~t, lfn. ;g*;r1:, n~;gO) v //~*ll•0)3flJ¥tt c'fc/fRJxO)f?:ff-c 

lb Q ~ ~ *- Gt1;·(v\go 2:_;h G O)ff~fi'J#:ffiiO)ft7'.PfC, ~~l:;fr~tt~}J*~ Lci:i--9 
~ ~ *-. G;hg !iiO)f?ffi'.J~}gtj@j ~ h, 7°P /'\/f' ,:;d--7 -1 !7 .A~ Wfli:h-Cv \go 7°P /'\/(' 

,:;d--7 -1 !7 _A f'i, *~1H~E~*' m1:1fU!Eal!H~E~*' *~1H~E~*tt c'O)ff~*'~'~7 v Jv 
~~tt C: O)c~1(&fc~}J*i'.J~ lb Q ~ v \:bh -Cv \go tf;!ffc, Wk~ G f'i, E~*'~,fc:to ft g 7° 

o /'\/(' ;ty- -1 !7 .A O)~j]*fC-'-:)v \'"(, Bacillus subtilis O)~j]*i'.J~, miiA:7°'T FC' 

lb Q Competence and sporulation factor (CSF) fC f±I *T Q :_ ~ i'.J~¥R1a- L, ili::lf:.~ 

"3¥¥L®ii (Lactobacillus brevis SBC8803) O)ff~;g{;~~f~j]*i'.J~~ !J !J /®fc£~ < 
:_ ~ i'.J~¥R1a- L-Cv\go /fs:ii}f~C'f'i, ~ !J !J /®i'.J~E~;g l:Sl integrin /31 fC~ITT'&~ 

htc:f_&O)E~;g J:&:fc:toft g fi::ffl fC-'-:)v \'"(, *ffiE§ v~JvC'~~i~1i0 tea 
4-@L $~w~f'i, ~ !J !J /®~1fp)G L, E~;g J:&:*ffiE§:f* ~ L-C Caco2/bbe *ffiE§~ 

fflv \, *ffiE§~ integrin /3 1 ~ caveolin-1 ~ / y !7:~i1// L, ~ !J !J /®WUi!t1.&fc 

:Bftg*ffiE§O)~{t:~~~;fffLtca *ffiff§O)~{t:fC-'-:)v\-Cf'i, Q)-y/.::: t-~;v{ffimt±:\7.A }­
f;: J:: gff~~/'\ !J 7~tl~~~;fff, ®~ !J !J /®O)*ffiE§P"J~O)jfJ~jfilj~, @Western blot, 

real-time PCR, High-through put sequencing fC. J:: Q ~{t:T Q, mRNA ~13-fi)Xfit 



J;l //~)ff O)~~fJf /[?::f-J" ":J ko 
.:CO)ffi* ~ L -cm;r, !J !J /®fi, 1 a~rFl~--c*mB?lr7'1 fc~:J& VJ~* n, 4 s a~rFl~--c*mB?l 

Jf-""-1)pt±:\2:.htco *k, 2:0)f$11Jfi, integrin /31 ~ caveolin-1 0)36ffl.1J:j)f!jljf;:J:: 
VJ, ~].'-§:2:.hko *ffiE§NC'O)J& VJ ~dj.f;:fj:, If, !J !J /®~ caveolin-1 ~ tJ~:f<li?;-{;$: 

1[?%!JXT 0:. ~ tJ~ fJ)j G tJ:\f;: ft ":J ko @If, !J !J /®O)*ffiE?l1:%~l{1Fffl C'fi, If, !J !J /~ 
7L:!:~f;:J:: VJ, Hsp27, p38 MAPK 0)36ffl.~~tJ~~6b G.h, .:CO){lpfflfi, integrin /31 

~ caveolin-1 ~1¥·rie';b":J ko * fc, 'Y /.::::: 1' ~;v¥,ffit±:\7 .A H=:. J:: .:SE~Fif r\ !) 7 
f~§!gf;:.iJt;'-Cb, /-\ !) 7f~f:jjg0):!:~5~;6~~60 G.h, IRJ:1*f;: integrin /31 ~ caveolin-1 

~1¥·riC';b--JfCo @If,!)!) /®f=:.J::0, 36ffl.mRNA 1C~1[?~7frT:S*~~s"Jft~~tff--C 
fi, {1*1m~-T ~ L -c TNFAIP3 tJ~fJ}j G tJ:\f=:.ft"J ko 

£),J::O):. ~ tJ:\ G, $ ~wtlfi, Bj!if J::&:*ffiB§ Caco2/bbe f;:.iJi, '-C, If, !J !J /®fi 
integrin /3 1-caveolin-1 ~1¥·rif;::r. / F'"!T-1 1' ~~A l[?§t vt' *mE?2{%~f{lpffl /[?~ 
T 0 Hsp27, p38 MAPK O)i?f·rift:l[?fJE: L, *JTtcftffi±1:%~lf1Fffl l[?~~T 0 RJ§Mi l[?fJ)j 
G tJ:\f;: Lfco * tc, High-through put sequencing f;: J:: VJ, If, !J !J /®tJ~~~T 0 
*JTk ft*m~§{%~lf1Fffl /[?~T Q f1*1m ~ L -c TNFAIP3 ![? fJ)j G ;6:\f;: L tco 

-*-1iffJ'E--CfJ)j G zpf;: 2:.hk/f, !J !J /®O)flpfflm£.nf:t, £J-M#IRJ-1iff9'Et! G tJ~, Bacillus 
subtilis O)m!ii~7°T F Competence and sporulation factor (CSF) f=:..tovt 0*ffi 
E§ 1' 7 /A ;r,~ l;l ~ f;: J:: Q {lpffl ~ fi.ft Q' *JT L v '*ffiE§{%~0)m£n0)1¥1£ ![? ;b ~ G 
fJ:\f;: L kt 0) C' ib 0 o 2: 0)36j'lfi, 7° o /-\--{ .T7 '1 ) .A 0)3'.<°j)*O)~~fJ)j fifJ:\ VJ --Cft < , 
Wift:tg*,~O)*JT1J!i~~~~36"" tWJ1~2:.h, ~;;f(s"Jf;: t~~r~v' ~ ~*- Gntco 
* k, ~JttJH±Jtff;:)<;J-9 0 ~Fr:i~W~f;:.iJ1; '-Ct, Jl9JfJ:\~~~m!.s"J@J~iJ~ ft 2: n, 
~Jl~Jtf;:~T 0+~ft~o~I[?~ L -Cv' 0:. ~ tJ~~JB.60 G.htco 
£J,J::O)i7'J$7J:\ G, -*W~~~~fi-*~~JttJ~l2fi:f:tf±O)i:f:{ft~~Jt ~ L -CfW!T 0 t O)C' 

<b 0 ~ *UIE Lko 


