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1. Introduction and Background
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Figure 1: Early host immune response to sepsis. *>$!.*+,=.+,-'I-DI4"U’l 6,<'.8 61+A5-)<Al
2@CjjL." ("4U&N!+-175-;-+3!I"N 0" P!')*83.5!+5.'68-*.+,-'L.'(1+A)6!D.*,8,+.+3*@+-E,'3!
S(I"#$%!3V75366,-'J14A363!5367-'636!83.(1+-1.",*53.63!,'TU#SZU"SKIYA *Al75-+3*+]

+A3!A-6+16@6+3;!.<.,'6+!7.+A-<3'6!?)+!1.86-!(.;.<3!*388)8.5!*-;7-'3'+6J

4A3!"N O'P!D.;,8@!-D!+5.'6*5,7+,-'ID.*+-56!,"*8)(36!\!;3;?356 *.+3<-5M3(!,'+-1%)!
6)?D.;,8,36 1u%S4A3!"NO' P16)?D.;,8@!,*8)(36 !71S\.'(171SSK!YA,*Al.53!+A3!753*)56-56!
+-1+A31.*+,=317\SL.'(17\%K!53673*+,=38@J!4A363!75-+3,'6!(-I'-+1.*+,=.+3!+5."6*5,7+,-'|
)'8366!+A3@!D-5;!.1A3+35-(,;35!Y,+Al!;3;?35!-D!+A3!U38!6)?D.;,8 @K \'WUIBXK!U3GK!
-5 0U38u%IN8+A-)<AlL.88!"N 0' P!75-+3,'6!*-'+.,'l+ A3IU38!A-;-8-<@!(-;.,''WU/CX! D-5!
(,;;35,M.+,-'L'(1C"I'?,'(,'<K!-'8@!U38!75-+3,'6!*-'+.,'1.1 +5.'6.%+,=.+,-'I(-;.,"!
W4/CX!13'.?78,'<!+5.'6*5,7+,-'J! B,+Al+A3!13V*37+,-'I-DIUEBKIYA *Al-'8@!D-5;6!

\!



A3+35-(,;356!in vivoK!88+A35!6)?)',+6!*.'\D-5;!A-;-  (0.'(lA3+35-(,;356 K!.88-Y,'<!D-5!
Y,(3!(, =356,+@!,"'C"I'?,'(,'<!673*,D,*,+@K!75-+3,'153*5),+;3"+!.+1+.5<3+!75-;-+356K!."(!
(3<533!-D!+5.'6*5,7+,-".8!.*+,= +@P6o%K'I-5(35!+-1753=3"+!)'Y."+3( "N 0" PL.*+,=+@&!+A,6!
+5.'6*5,7+,-'ID.*+-5!,6!63R)36+353(!,'+A3!*@+-78.6;!12@N3!,'A,?,+-5!-DIE.77.IPIW&ZP X
D.;,8@!-DI75-+3,'8"-+.?28@K!7\SG7_\'WQ386!+A3!; [-5!A3+35-(,;35!D-5;3(!,";-6+!
*3886( !,6!753D353'+,.88@*.,'3(!,'"'+A3!*@+-78.6; 1?@'&P! u%TN*+,=.+,-'I-DI+A314 U!
7.+AY.@!83.(6!+-17TA-67A-5@8.+,-'."(/(3<5.(.+,-'-D  1&zPK!3'.?8,'<!"N @P!+-!
+5.'68-*.+3!,'+-1+A3!"*83)6! YA353!,+B'.7836!+5.'6 *5,7+,-' |-D¥F@+-E,'36!6)*Al.6!+);-5!
'3*5-6,6!D.*+-51 'W4"NIXK!,'+3583)E0 'WENXK({! &"Qly!u% K!9aw(,+,-.88@K! "N O' P!
75-;-+36!+5.'6*5,7+,-'I-DI+A3!,'()*,?83!',+5,*1-V (316 @'+A.63! W"#$%XKIYA *Al
3IM@;.+,*.88@!*-'=35€" 05<,",'3!,'+-1+A3!<.63-)6!D533!5.(,*.8K!",+5,*I-V,(3'W"#XJYUA533!
,6-D-5;6!-D!"#$!3V,6+c!'3)5-".8!"#$1K!,'()*,?83!"#$%K!.'(13'(-+A38,.8!"#$T u% !
"#$11.'(""#$T!.53!*-'6+,+)+,=38@!3V753663(!.'(!(373'( 1<53.+8@!-'1*.8%,);!
*."*3'+5.+,-'6!,'1+A3!*388 J19-'=35638@KA3!*.8*)); Q'(373'(3'+! "#$%!,6!,'()*3(1?@!
,'D8.;;.+-5@!'6+,;)8,K! 8.5<38@!=,.I"N' PQ3(,.+3(!+5.'6*5,7+,-'K 1.'(1<3'35.+36!;)*Al
<53.+35!R).'+,+,36!-D!"#J14A353D-58K3.+35!D8)V36!-D!"#!.53!-?635=§|5,'<!,'D3*+,-'K!
.88-Y,'<ID-5!;-53!13DD3*+,=F .+A-<3'*83.5."*31?)+!.86-!;-53!*-'*)553'+1*388)8.5!
(.;.<3J3 !

&'L((,+,-"1+-1(,63*++-V * +@!D5-;I"# K!@+-E,'36!.'(""#! .86-175-;-+3!+A3!
75-()*+,-"1-D  153.*+,=3!-M@<3'L.'(!",+5-<3'1673*,36/WU#$ZU"$ Hu%]I!4A368D533!5.(,*.86!

.531(35,=3(!D5-;1# o.'(Z-5!"#!,'153.*+,-'6! +A.+Y,881?7313+.,83(18.+35!,'+A3!*A.7+35J!



F'(35!-5:.816,+).+,-6KIU#$ZU"$1.531  8,:,+3( 17@%388)8.5!.'+,-V,(.'+(3D3'636 1?)+!
YA3'1+A363!3'M@;36!.53!-=35YA38;3(K*388!(3.+AL'(-5<.(@6D)*+,-'  13'6)3 J!
1<53.+1(3.8!-D!5363.5*AIA.61233')(35+.E3'1,'1+A3!8.6+!TS!@3.56!4:(356+.(!
+A313DD3*+1-DI+:A315367-'63-' +A31-)+*-:31-D! 6376,8,1.':.861.'(IA);.'6 !
W53=,3Y3(!,' L%jKI19%0IQV735,;3'+.88 @) 775366,-'!-DI+A31*@+-E,'31536 7-'63!A.61233'!
3=.8).+3(!," .IY,(3!5.'<3I-D! ;-)63!;-(386!-D! 3'(-+-V3;.l'(  6376,64"N Q L'(1&" QL$!
28-*E.(3!,;75-=3 66)5=,=.81,1;)5,'313'(-+-V3;,.! UTSKITIY(, +,-.88@K! ; ,*3!(3D,*,3'+!
'1+A31.'+, Q'D8.;;. +-5@*@+-E,'3KI& L SK!(,3(!13.58,35!,'.1; -(38!-D!6376,615-()*3( ?@!
*3% 818,<.+,-'1.'(17)*+)53IW97>X!  uTIYMASI+,:3173D-53!YA,*AkA363!;.86!*-)8(1?3!
536%)3(1?@6)5<,*.88@!53;-=,'< I+A3B*5-+,*12-Y 38!Y.6!6,<',D,*.'+8@!53()*3(K!6)<<36+,'<!
+A.+/D8.;;.+,-1.3835.4+36  1+A3175-<5366,-'-D!(,63.63L.'(! A.6+3'61+A3!-'63+!-D!
,553=356,7831637606 #35638@38.@3(1'3)+5.8,M.+,-1-DI& AL S![)6+1%!A-)56!.D+35!9/>!
6376,6!,;75-=3(16)5=,=.8! uTTIL.8).?83!,'D-5;.+,-'1A.6!.86-1233'-2+.,'3(ID5-;!
E'-*E-)+1.'(145.6<3',*; *3]1  N-5!3V.;783KUAU" ® '(19T/Z/301;,*31Y,+Al(3D3*+,=3!
47U 16,<'.8,'<1.531536,6+.'+1+-183+A.81">$1.'(175-+3*+3(ID5-;1;,+-*A-'(5,.8!
(@6D)*+,-'KI* 5(,-:@-*@+3!,:7.,5:3+KL'(1">$  Q'()*3(16A-*E! uTOT_\/-Y3=35 K!
+A36B,*3 1.53!;-5316)6*37+,783!+-18,=31:5.; 03<.+,=3!,'D3*+,-'1()3!+-1+A3,5!,".2,8,+@!+-!
*83 51+A31,'=.(,'<17.+A-<3'6! UT]\JUA,B6)<<36+6!+A. +1+A3I3V.<<35.+3({)'31536 7-'63!
'16376,61(-361*-'+5,2)+316,<',D,*.'"+8@!+-*388)8..;.<3K!?)+!,6!'33(3(ID-5!?.*+35, 8!

*83.5.*31'(! A-6+75-+3*+,-'KI3673*,.88@3.58@+.<36!-D!+A3!,'D3*+,4'J



&'.16,;,8.51;."35K!*  8,'*.81+5,.86!.++3;7+,'<!+-16)775366!+A3!,;;)'3! 5367-'63!
,'163=3538@37+,*!7.+,3'+BA. =31.86-1?33')'6)**366D)8 uTjK!Trds+)(,36!A.=3!3;78-@3(!
S+, B'(-+-V,'L+,?2-(,36! u'SKI4"NQ !'A,?,+-56!u" 1KoK.' (1&" AL!53*37+-5!.'+.<-',6+ 6
U TV+-1?28-*EIA-6+!,'D8.;;.+-5@!5367-'636!?)+!+A363!+53.+;3'+6!Y353!,'3DD3*+,=3!-5!;-53!
(3+45,;3'+.8!1+A."16+.'(.5(16)77-5+,=31*.53]! QDD-5+63'A.”*3!+A3!,;;)'3!53 67-'63 !(,( !
'-+1,;75-=31-=35.88!6)5=,=.8! 3,+A35I8%+A-)<Al83'<+Al-DIA-67,+.816+.@!Y.6!6A-5+35!,'1-'3!
6;.88!+5,.8U " KI'"WIMAZ!-"-*@+3!.*+,=.+-5K!,'"+35D358 @4(,(175-;-+3!+A3 153*-=35@!-D!
. *5-7A.<3ID)™*+,-'L.'(!,;75-=3! 6)5=,=.8!,'L.l 7,8-+%5,8!-DI''317.+,3'+6!u"_\KP)+!'-+!
,'1.18.5<35!+5,.8Y,+A?)5'..'(1+5.);.17.+,3'+6 U)K jvID-883*+,=38@K!+A363!+5,.86!A,<A8,<A+!
+A3!*-;783V,+@!-D!+A3!,;;)'3! 7TA3'-+@736,'"6376,6c!+AP.8.*31?3+Y33' A-6+75-0.'(!
S+, 0'D8.;;.+-5@'5367-'636 !,6%-6+ !,;7-5+.'+ID-5!(3+35;,",'<!-)+*-;3 Jb.+,3"+!
5367-'636!.53I1A3+35-<3'3-)6 K?3<,",'<! Y, +ALIA@735,;;) '3!5367-'63!.'(16A,D+,'< I+-1!
6+.+3!-D!|,;;)'-7.5.8@6,6} W TrKNSKIYA*AL.@!(3;.'(".};-5316+5.+,D,3(  L.775-*Al+-!
) -+A35.7@J! 18+35".+,=38@K!+A3!63R)38.3!-D!3V.<<35.+3(!,;;)'3!5367-'636!;.@!?3!
?3++35!+.5<3+3(!D-5!+A35.73)+,*!,'+35=3"+,-'J!12 +-*A-'(5,.53!-'3!6)*A! +.5<3%D!,;;)'3!
J+.=.+,-'1'16376,6! .'(1+A3,5!(.;.<3K!D)"*+,-'.8153*-=35@K!.'(!53<)8.+-5@!7.+AY.@6! Y,88!

?313V78-53(!D)5+A35!,"1+A,6!(,6635+.H}-'J

GBM N.,&9"8&60%$.18($#-+&6-#(,&(-#+-.¢
2,+-*A-'(5,.1.53!;3;?5.'3 0?-)'(1-5<.'38836! 75363'+!'I13)E.5@-+,*1*3886!+A.+!

75-()*3! rSO\x! -D!+A3!*388h6!.(3'-6,'3!+5,7A-67A.+3!WI4>X!+AL-)«ABI5-*366+D!

j!



-V, (+,=317A-6TA-5@8.+,-' IW-V7A-6MA 612,-3'35<3+,*1 7. +AY.@!(373'(6!A3.=,8@!-!
. +-*A-'(5,.816)7*388)8.5!-5<., M.+,-'Jl  4A31-)+35t +-*A-'(5,.8] ;3;?5 .'31 W#22X! 6!
D53381@5:3.783 1+-16;.88!:-83*)836!?)+! 53<)8.+36!+5.'67-5+1-BI5<35!:-83*)83@Y,+Al+A3!
)631-DI7-5,'61.'(1+5.'68-*.63!  75-+3,'613;23((3(!,'+A31;3;75.'3]]  4A3!,"35!
| +-*A-'(5,.81:3;75.'3! W&22XBIA-;31+-1+A315367,5.+-5@!*-;783V36!-DI+A3!
L +-*A -'(5,.81383*+5-'145 '67-5+ %A, IWQ49XJ!16!383*+5-'8.531<3'35.+3(1?@!+A3!* +5 *!
* (IWAQIXI*@*83!1+A3);.+5,V K1.' 1383*+5-*A3; * 8175-+-'1 <5.(,3'+! ,6!36+.78,6A3(15-66!
+AR22 JUA3B3IT5-+-'61.%%):)8.431 1+A3],'+35;3;75.3167.¥31  23+Y33'1+A31#221.(!
+A3%22 1! )8+,.+38@!7-Y35!+A31;3%A." * 8I5-+.+,-'1-DI+A314>16 @'+A.63IW*-; 783VILX!
IM@:3K!I75-()*,'<!14>  JN

C)5,'<I-V7A-6K!383*+5-'61.53153;-=3(ID5-;1# .61 +1,6!*-;783+38@!53()*3(!+-!
| o#dl/-Y3=35K!,'*-:783+3153()*+ -'1-DI#  o1.86-1-*%)56KI+A)61<3'35.+,'<I6)735-V, (3 IWH XK!
A@(5-<3"1735-V,(3 Whit XKIA@ (5-V@8! #MIXKL'(IA@(5-V@8!5.(,*. 88X JIF'(35!
'.5;.81* 5%):6+.36KI+A363! 53.*+,=31673* 3653!'3)+5.8,M3(1?@!."+,-V,(.'+!3'M@;36!8,E3!
6)735-V,(3!(,6;)+.63IWS$H#CX!.(1<8)+.+A,-'31735-V,(.63]!  /-Y3=35K I+A3!,'D8;.+-5@!
:,8,3) 1'16376,6!ID)"*+,-'.88@!,;7.,56!Q49!*-;783V36!.'(13V.*352.4+36  153.*+,=31673*,35
75-0*+,-  KYA,*Al-=35YA38;6 1+A3!(3+-V,D,*.+,-'1*.7.* +@!./(! D)5+A35!*-;75-;,6 36!

L AHAC(5,.8ID) 4+ -] ]

r!



1.3.1 Sepsis-induced mitochondrial dysfunction
4A31*-*37+1-D1?,-3'35<3+,*1D.,8)53!D5-;!;,+-*A-'(5,.8!(@6D)" *+,-'1,'16376,6'Y.6!
S+5-()*3(1"  S!@3.56!.<-1'(!A.6! ?33')63(1?@!6-;3!,'=36+,<.+-56!+-! 3V78.,' *35+.,']
.673*+6!-D!637+,*I6A-*E!I6@;7+-;.+-8-<@N\LKI\%¥ 5,<," .88@!2#CS!Y.6 +A-)<A+!+-1**)5]
63*-'(.5@!+-1+,66)3IA@7-V,.1?)+1Y,+Al+A3!,'+5-()*+,-'1-DI?3++35!7#63'6-56K!, PB3*.; 3!
3=,(3'++A.+!+,66)31735D)6,-1.'(I-V@<3'.+,-! .531.(3R).+3! .'(-D+3'6)75."-5;.8!
()5,'<!6376,6 IU\T\JI8+A-)<Al+,66)36!.531.2831+-13V+5.*+16)DD,* 3'+I-V@<3B!.?,8,+@!-D!
*3886!.'(1673* D,*.88@!;,+-*A-'(5,.K!+-1 .(3R).+38@}+,8,M3!+A;§ @<3,6!,;7.,53(! u\'vd
4A,6!7A3'-;3'-'K!I  3=3'+).88@*+35;3(I~*@+-7.+A X A@T¥,.hK!;.@!536)8+!D5-;!(,53*+!
JA,2,+,-1-DI +-*A-(5,.81%-; 783V36K!, *53.63(17@5)=.+31.%%);)8.+,-1i18 . *+ *!
*,(-6,6K!;, +-*A-'(5,.81)*-)78,'<K!.'(Z-5!(3783+,-'1-D!D.*+-561'33(3(ID-5!-V, (.+,=3!
TA-67A-5@8.+,-'TW,J3J!"ICaz"IC/X! u\'KN\WJI4A,6!; ,+-*A-'(5,.8/(@6D)*+,-" 536)8+6!}.!
(3*53.63!,"16+.+3!T!5367,5.+,-'L."( L' 1;*53.63!,'16+.+3!'15367,5.+,-' KYA,*Al6)?63R)3'+8@!
*53.636 1 o8.'(/ ot d75-()*+,-'1 u\1\14A31,%53.631,''D533!15.(,*.8!75-()*+,-'1 D)5+A35!
17,561, +-*A-'(5,.8ID)*+,-'1?@!(3*53.6,'< I +*A-(5,.81C" W ;+C"l  XI*'+3'+K!
75--+,'<  LITJIE?L+C" 11(383+,-KL'(1  ++3).+,'< I +-*A-'(5,.81<3'313V75366,-'!
u\_ !
!
1.3.2 Mitochondrial biogenesis
161;,+-*A-'(5,.1.<3K1.531(.;.<3(KI-5!5  367-'(1+-1.'1,%53.63(13'35<@!(3;.'(K!
+A31*388lY,88!.++3;7+!+-13'A."*36!5367,5.+-5@!D) *+,-'1?@!75-;-+,'<!;,+-*A-'(5,.8!

R).8,+@!*-'+5-8IWn9XJ!l4A,6!,*8)(36+-*A-'(5,.81.)+-7TA.<@'W;,+-7TA.<@X!.'(!
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;,+-*A-'(5,.81?,-<3'36,6  J2,+-7A.<@!,'=-8=36!+A363R)36+5.+,-'..'(!(3<5.(.+,-'I-D!
(;.<3(%;,+-*A-"(5,.1.'(%;, +-*A-'(5,.81?,-<3'36,6!,6!+A3!75-*366!?@! YA, *Al'3Y!
;,+-*A-'(5,.1.63!D-5;3(J!!!",6-8,!D)5+A35!(3D,'3(! ;,+-*A-'(5,.8!?,-<3'36,6 .6!+A3.?,8,+@!
+-1,*53.63!-V,(.+,=3!7A-67A-5@8.+,-"."(14>175-()*+,- "1+-1:33+13'35<@!(3;.'(6K!
,*53.63!6@'+A36,6!-D!'3Y!-5<.'3883!*-;7-'3'+6! YA,*Al53!'+3<5.+3 |,'+-1+A3!3V,6+,'<!
5, H-*A-'(5,.KL'(,;7-5+!)*83.5! +5.'6*5,?23(! 75-+3,'6!,'+-1+A3!;,+-*A-'(5,.1+A.+!.53!
'33(3('D-5!.775-75,.+3!;3+.?-8,*ID)*+,-"1  u\]vJ!2,+-*A-'(5,.8!?,-<3'36,6!,6!.*+,=.+3(1?@!
*388)8.5!6+5366!-5!(.;.<3!.'(153R),536!+A3!,'+3578.@D! ?-+A!;,+-*A-'(5,.8.'(11*83.5!
<3'36J14A3!;,+-*A-" (5,.8!<3'-;313'*-(36!T]!<3'36G! 1T!<3'36!D-5049!16)?)',+6 K!%%!+U"|!
<3'36K!.'(1%!5U"1'<3'36J!14A353D-53K!6+ I-DHA3!A) (53(6!+-1+A-)6.'(6!-D! 75-+3,'6!+A.+!
.53153R),53(ID-5!;,+-*A-'(5,.8!D)"*+,-'1.5313"*-( 3(1?7@!)*83.5!C"I1.'(!1;)6+!?3!
L 7-5+3(!,'+-1+A3!;,+-*A-'(5,. J!
&'6376,6K!+A3!<-.8!-D!;,+-*A-'(5,.8!?,-<3'36,6!,6!+-1536+-53!;,+-*A-'(5,.8!;.66!
S(1537.,55+C"II(.;.<3(1?@!,'D8.;;.+,-'JIC.;.<3(!;,+-*A-'(5,.163'(153+5-<5.(3!
6,<'.86!+-1+A3!"*83)6K!,"*53.6," <!+A3!3V75366,-'!-D!")*83.5!D.*+-56!,'=-8=3(!,"!
5, +H-*A-'(5,.81?,-<3'36,6  u\j 0 SWN.<:$#(5XAA3D.;,8@!-D135-V,6-;3!75-8,D35.+-B
J4,=+3(163*37+-5!<,;;. %= Q*+,=.+-5IW>:9X!175-+3,'8,6!.1<5-)7!-DI+A533+ Q*+,=.+-56!
+A.+153<)8.483'36!,'=-8=3(!,'! D.++@!L*,(!-V,(.+,-'K!-V,(.+,=3!7A-67A-5@8.+,-'K!(!
;,+-*A-'(5,.8!?7,-<3'36,6! u_1K! 3A 6!D.;,8@!'*-'6,6+6!-D!>:90l! KI>:9 AL$K!.'(!>:9 QL!
538.+3(1*-.*+,=.+-5IW>UdX 1K! TKIJI4AZDBBI8.*EIE-Y' |,'+5,'6,*I3'M@;.+,*|.*+,=,+@K

?)+!,'6+3.(!D)"™*+,-'.61.16*.DD-8(!D-5!-+A35! 75-+3,'61+A.+!53;-(38!*A5-;.+,'ID-5!
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+5.'6*5,7+,-'ID.*+-512,('<!  u_%N)*83.5!5367,5.+-5@!D.*+-BB..'(1%!W"UNQLL'( I"UN O%X!
531+5.'6*5, 7+ -'ID.*+-561+A +1(5,=313V75366,-'-DI<38!,'=-8=3(1,'l; +-*A-'(5,.8!
5367,5.+,-'KI;+C"l1+5.'6*5,7+,-'1.'(15378,* +,-'KIA3;31?,-6 @'+A36,6K.'(175-+3,!

75441 U_\JD-883*+,=38@MK! *-*+=+-56!'(1 "UN I+5.'6*5 7+ -'1D.*+56l

*5(,' +31+A3! 2,<3'"-: ¥ ¥+ =+ -1-DI; +-*A-'(5,.812,-<3'36,6!2@!75-;-+,'<! "*83.5!
+5./6*5,7+,-'1-DI;, +-*A-'(5,.81+5.'6*5, 7+,-'1D.*+-56!11.'(IPIW4D.;1. ('4NPK!
53673*+,=38@X.QI'!7-8@;35.63 CAW7-8XU\jvJBA,8314NP!,6!,;7-5+.'+ID-5!

[ +-*A-'(5,.8]  75--+35 153*<' +-'K! 4D.;,61*5)*,.81,'l; +-*A-'(5,.812,-<3'36,61.6!,+!
D.*,8,+.+36378,* +,-' I'(1+5./6*5,7+,-'1 -DL+C"Il,"L;.;;.86! u__ 9P, (,'<!-D!4D.:K!

ANPK'(! 7-8C#+-1,+C"11.775-75,.+38@!.*+,=.+36! ;+C"lI! 5378,*.+,-'lu_]\!
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Figure 2: Key nuclear and mitochondrial factors involved in mitochondrial

biogenesis. U#$2U"$ Q'()*3(!;,+-*A-'(5,.8!(.;.<3!6,<".8!+-! )*83)6 !+-1,*53.63!
75-()*+,-'1-D! >>IU @#*-*+,=.+-5 6IW>:9X.'(! C"I ?,'(,'<!+5.'6*5,7+,-"ID.*+-56K!

*83.5!5367,5.+-5@D.*+-56L!.'(! 6'W"UALK!"UND6X4A363!75-+3,'6!D.*,8,+.+3!+A3!
+5.'6*5,7+,-'1-DI')*83.5! <3'36!+A.+!3"*-( 3ID-5!75-+3,'6!+A.+!175-;-+3!;,+-*A-'(5,.8!
+5.'6*5,7+,-'1.'(15378,*.+,-'KI3J<J |;,+-*A-'(5,.8!+5.'6*5,7+,-'1D.*+-56!11."(IPIW4D;K!

ANPX'(! C"I! 7-8@;35.6304)!
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QV+3'6,=31Y-5EIA.6!(3:-'6+5.+3(1+A.+1; +-*A-'(5,.81?,-<3'36,6!,6!53R),53(!D-5!
53645.+,-'1-DI-5<.'ID)"*+ -1 (IA-6+16)5=,=.8]1  >:9 QLKI"UNILK!"UND4K!.'(14D.;!A.=3!
.881233'16A-Y'14-1231,:7-5+ '+ ': +-*A-(5,.8153*-=35@!.'('YA3'+A363/E3@!78.@356!
.53153()*3(1-51.263'+K!'3*5-6,61.'(1-5<.|(@6D) *+,-1753=.,8  lu_jK!_ril&7-5+.+8@K!
4D.;|A3876153<)8.+3!;.::.8,.1;+C"I*-7@!"); 235K.'(1,'l;,*3K14D.;1(,65) 7+,-'!
*)636I*@+-7.+A@K!3;25@-',183+A. 81 #@}23+36!63*-'(.5@!+-1;+C"11(3783+,-.'(!
8-66!-D!-V,(.+,=317A-67A-5@8.+,1u]SVR,*3!(3D,*,3'+!,1>:9  QL! 1Y353!'+175-+3*+3(!
D5-;1. *)+3153'.8!(.;.<3!,15367-'63!+-13'(-+-V3;,. Iu]1\1#)5!8.7!A.61D)5+A35!
(3;-'6+5.+3(1+A +1+A31,'()*+,-'1-D!: +-*A-'(5,.81?,-<3', *ID.*+-56!,6153R),53('D-5!
75-+3%+,-'1.<.'6+18,=3! S. aureus'6376,6u]%KS. aureus!7'3);-',.  WJTKL'(! E. coli 6376,6
u]'vi$)?63R)3'+8@K!<53.+35!3;7A.6,6!A.61233'178.¥3(1-1)'(356+.'(,'<!  A-Y!

L +*A(5,.812,-<3'36,6! ,61.4+,=.+3(1.'(153<)8.+3(16-1+A + +A 6175-+3*+ =3175-*366!4"

7-+3'+,.88@3!3V78-,+3(!D-5!+A35.73)+,*1?3'3D,+!,'*8,",*.816378,6J

1.3.3 Heme oxygenase-1 and mitochondrial biogenesis

/3:31-V@<3'.63 BIW/HXI5314+A3I5 4B+ '<I3M@:3 6!'1A3:31* +2-86: JIAA3@!
:3+.2-8, M31A3;31+-1 2,8,=35(,1 Y,+AlA3175-()*+,-'1-D 1*52-1:--V, (3IW9#X  1'(1,5-'J!!
$,:,8.50+-1 "#SKI *-'6+,+)+,=31.'(1,'()*,783  1,6-D-5;6!-DI/# IA.=31233'(36*5,23(cl/# (L!,6!
J0*3(105,<!,;  D8.p.+,-L'(1-V,(.+,=316+5366!  YA,83/# O%!6!%'6+ +)+=38@!.*+ E3]

I# QUA.6!?33'IE'-Y'I+-1*-'D35!75-+ 3*+,-'1+AL-)<AlL'+, Q7-7+-+*Kl.'+, Q'D8.;;.+-5@K!

im



S+, OF)-5,<3'*1:3*A,6:6 KI;.'@!-D YA *AlL531+A-)<A+1+-1231:3(,.+3(1?@!9#!
u\JR-53153*3'+8@K!/#0L!. (19#!A.=31233'18,'E3(1+-1;,+-*A-'(5,.81?,-<3'36,6J! &1.!
6+)(@!+A.+16)?[3*+3(¥3 1+-197>16376,6KI/H#AZI#75--+3(! >:9 ALl 13V75366,-1.(!
53()*3(!;-5+.8,+@! u]_\IN)5+A35;-53K!-)5!8.21A.6!(3;-'6+5.+3(1+A.+!/# QLZO#! *+ =.+36!
| +-*A-'(5,.812,-<3'36,6!, 1+A3IA3.5+1+A5-)<AI+A3Y o o(373'(3'+].*+,=.+,-1-D!
>&ThZIEHI]|]v]12-53-=35KY3IA.=3 *-'D,5:3(1+A. +19#! *+ = +361+A3!; +-*A-'(5, 8!

2,-<3' X7 +AY.@!,'1A);.16E383+.81,)6*83!  uljv!.'( K'L;,*3K! 75-+3*+6l.<.,'6H
(-V-5)2,*"1* 5(-+-V,* +@! u_j\.' (18,=31S. aureus'6376,61]%91$)?63R)3'+8@K!-)5!8.?!
*'4 )3614-16+)(@!+A3!;3*A ", 6;|D-519#175-+3*+ -1 61.17-+3'+, 88@!+5.'68  .+.783!

+A35.73)+,*-7+,-'1'1A);."16376,6J! !

GBF I"#($&8#(&%(6.9(&0.0#6(-#+-.-

1.4.1 NO and sepsis pathogenesis

A 5<31.;-)'+61-DI"#1.53175-()*3(! 2@!"#$%()5,'<16376,6! .+183=3861+A(+/<3!
A-6+1*38861.'(1-5<.ID)"*+,-'  JB,+A,1+A3!* 5(,-=.6%)8.5!6 @6+3;K!'#!-=3575-()*+,-',6!
66-*,.+3(IY, +Al A@7-+3'6,-' L'(I6A-*E! =, %:2> (Q3(,.+3(1=.6%)8.5!6;--+Al;)6*83!*388!
538.V.+,-' 14, . @!.86-1*-;7 5-;,63,@-*.5(,.8!*-'+5.*+,8,+@!.'( !,;7.,5!
* 5(,-:@-*@+3!6)5=,=.8K!+A)B!75-:-+,'<IA3.5+ID.,8)53!.'(17--5*8," *.81-)+*-:36!  u]rJ1vJ!
"#,;7.,56!;,+-*A-'(5,.81.*+,=+@!?7@! ,'A?,+,'< F@+-*A5-;3!-V,(.63L.'(1)?, R,-'3KI!
*)6,'<1.',"*53.63!,'"! #AM' (Y & Auj%IBA3'3'35<@!6)778,36!.53!8-YKI+AZB()*+,-"1," !
-V,(.+,=3!;3+.?-8,6;! ;.@! ?3!?3'3D,*,.8¢}+-*A-'(5,.8'1n9  I;3*A.',6;6!A.=3!;-53!+,;3!
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+-1537.,51:+C"I1(.;.<3L.'(! 536+-53H-*A-(5,.8ID)*+,-']  1/-Y3=35KIY A3'1"#!
.22, '361Y,+AI3V*3661H1-5!/ ot oKI735-V@',+5,+3WH"4K!, 61D-5:3(KIYA *AM.'L* (!
:8,3)KI(3%;7-6361+-I"#  oL'( A@(5-V@B(,*.86 +A.H.;.<3IC"  IL'(175-+3,!
+A5-)<AlL+5.+ -1(Z-5] -V, (.+,-J14A,6! 3673*,.88@*)56 IY,+A,1+A3L; +-*A-(5,.]
YA353;+C"I!,6!,1%8-636+!75-V,;,+@!+-! U#$ZU"$!<3'35.+,-'1 .'(1.66-*,.+3(1Y,+AlI=35@!
D3Y!175-+3*+ 4@"12,(,'<!75-+3,'6  Iu\_KI[Ty!

18+A-)<Al"#1 61*83.58@!,'=-8 =3(!,'1+A3!7.+A-<3'36,6!-D1*388)8.5!(@6D)"*+,-'1'
6376,6K!1.++3;7+61+-1'A, 2 +I"#175-()*+,-1A.=3!'+ 175-=3' 1+A35.73)+,*.88@!?3'3D,*,.8!,"!
A):.. '6JIN-513V.;783KI6+)(,36!)6,'<!'-'  (673* D, "#$!,'A,?,+-5 6Y353!+35;," . +3(!
()5,'<!>A.631&&1.'(I>A.631&&&!*8,' *.81+5,.86!73*.)63!-D!,*53.63(!;-5+.8,+@;j" J_vJ!
4A353D-53KB!75-+3*+,-'1.DD-5(3(1?@#$%!8,E38@!53D83*+6!7.8. * BT 5-()*+,- 1 +A. +]
*+,=.+3617506)5=,=.8!5367-'6361Y,+Al;,';.81-=35+I"#1+-V/,* +@K!,'D8.;;.+,-  KLI.'(1*388!

(.;.<3J3" !

1.4.2 NO and cellular protection
P.63(!-'1+A3!D.,83(!.++3;7+6!+-1,'A,?,+"#$%!,'16376,6!7.+,3'+6K!<53.+35!3;7A.6,6!
A.6!?733'178.*3(!1-'16+)(,36!3V78-5,'<!+A3!75-+3*+,=3!13DD3*+6!-D!"#A@6,-8-<,*.88 EH 6!
'3*366.5@!D-5!=.6%)8.5!7.+3*@!.'(!," (,673'6,783!D-5!=.6*)8.5!5367-'6,=3'366!+-!
=.6-*+,=31(5)<6J! I8+A-)<Al6-:317-6+ O+5.'68.+,-'.8!$ 0,+5-6@8.+,-'1-D!")*83,*!.* (6K!
8,7,(6K!'(175-+3,'6!;.@!?3!)'(36,5.783K! ;)@ !-(,D,*.+,- 6.53!'3*366.5@!D-5!"-5;.8!-5!
3'A.*3(175-+3,'ID)"*+,-' JIN-5!3V.;783K380,+5-6 @8.+,-'I-D!*.67.630!,"!5.+!A37.+-*@+36!

75-+3*+6!.<.,'6+!4"NQ Q3(,.+3(!.7-7+-6,6! ujjvL'(!/( 383+,-'I-DI#$%! 3V.*357.+36!
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7-7+-6,6!-D!* 5(,-;@-*@+36!.'(!A37.+-*@+36 !UjjK!jrv J'#!A.6!.86-!?33'16A-Y"!+-!
75-+3*+!; +-*A-'(5,.1?7@! ?-+AlL.'+.','<!;3;?25.'317-+3'+,.8 L'( 175--+ <!
?,-<3'36,6! urSKIrlu$73*,D,*.88@$1!.' (I"#$T L*+ = +3I<).'@8.+3I*@*8.63!,"3)5-'6!
M (7 @+36KB3673*+,=38@4353?@!D.*,8,+.#'2> (373'(3'+!>:9 Q! 3V75366,-"
u\]K!Irogr'v J"- 1*-:7.5.28315-83!D-5!"#$%! A.(!?33",(3'+,D,3(!75,-5!+-1+A3!Y-5E!
75363'+3(!,'1+A,6!(,6635+.+,-K?)+!A353!&@7-+A36,M3(1+A'#$%!,6!'3*366.5@!D-5B88!

6)5=,=.8K!,'17.5+R@!-7+,;,M,'<!;,+-*A-'(5,.8!?,-<3'36,6  J!

1.4.3 Transcriptional regulators of NOS2 expression

C367,+3*-'D,5;3(""# Q3(,.+3(!7.+A-8-<@!,'16376,6K!"#$%!,6!'3*366.5@!D-5!
6)5=,=.81,'1.";.81.'(1A);."16+)(,36J14A,61*-'D,5:6!+A.+ 12.8."*3(175-()*+,-'I-DI"#!,6!
53R),53(ID-5!-7+,;.81A-6+16)5=,=.81W<:$#(NKJ!&'6)DD,*,3'+I"#175-()*+,-'*-;75-; 636!
7.+A-<3'! *83.5."*3K!=.6*)8.5!A3;-(@".;,*6 KL'(l;,+-*A-'(5,.8!  53<)8.+,-'l YA,83!3V*366!
"#1% )6361*388)8.5!(@6D)"*+,-'L.'(I6A-*EJI4A3!;-6+153<)8.+3(16+371,1  '()*,783! "#!
75-()*+,-'1-**)56!.+!1+A3!;U"1183=38!6-1+5.'6*5,7+,-'.8! *-'+5-8 1A.61?33'LI;.[-5!

5363.5*Al,'+3536@15!(,63.636!*A.5.*+35 M3(I?@!A,<A!"#$%!3V75366 |-'J!



NF-kB, IRF-1, STAT-1, AP-1, CREB

Nitric oxide

NF- kB repressing factor, ER-a, PPAR-y,
Heme Oxygenase-1 (HO-1)

Figure 3: The balance between 2&- 5 transcriptional activation and repression. 4A3!
45.'6*5,7+,-'.8153<)8.+,-'I-D! Nos2!,6!,;7-5+."+! 23*.)63! ?2.8."*3(175-()*+,-' I-DI"#!,6!
*5,+,*.8!D-51753=3"+,'43+5,;3'+.8! 3DD3*+6!-'I'-5;.8!* 5*)8.+-5@!.'(!*388)8.5! 7TA@6,-8-<@J

|

4A3N0s21<3'3! ,6145.'6*5,7+,-.88@!6,83'4)'6+,)8.+3(1*3886K! ?)+1()5,< 1:5.; 0
'3<.+,=31,'D3*+,-'6KI*@+-E,'361.' (1">$16 @'35<,6+,*.88@!-7+,;,M3!+5.'6*5, 7+,-'1- DI+ AF'3]!
BA,831">$!. %+ =+, -1-DI+A314AU 17 +AY.@! ,'*53.636)*83.5!"N  0' PKI@+-E,'366)*Al.6 !
4"N 0 KI&QNEK!'(1&" AL$!.53'33(3(ID-5 +A3I53*5) +:3'+1-0.((,+,-.8 +5./6%5, 7+
D.*+-564-1+A3N0s2!<3'3! 75-;-+35 lur\vJBN" G4, 61+A3L6+17-+3'+! *- Q*+, = +-51-DNos2!,'!
A>$O0F53.+3(1)5,'31;.45-7A.<36!  ur_\KI735A.76123*.)631-DI+A3!.2,8,+@!-DI&N"6!+-!
)753<)8.+31&N'(63<)8.+-5@!D.*+-51 LIWEMN]K!rjv.. (16,<".8!+5.'6()*351.'(1.*+,=.+-51-D!
+5.'6%5,7+,-" QLIWSAIAQL XUrrv!I*+,=.+-5175-+3,' QLIWISALX!. (1*12>15367-'6,=31383;3'+!
2,'(,'<175-+3,''WOUQPX!.86-17.5+ * 7.+31,"1+A31+5 '6*5 7+ ,-'.813V75366,-"-DNos2lu1 SSIt
4A3631+5.'6%5,7+,-'ID.*+-561*-88.7-5.+,=38@!75-;-+3U" 116 @'+A36,6 KIYA *AIR) *ES@!
+5.'68.+3(1, +-175-+3,'61+A.+1(,;35,M31.'(1.66-*,.+31Y,+Al*-D.*+-5 BKI6)*Al.61A3:3L.(!

*8;-()8,'Kl+-1<3'35.+3]  +A3D)"*+,-'.81 "#$%! 3M@;3J!
1]!



Nos2!+5.'6*5,7+,-'.815375366,-'1,6!.1;)*Al;-5318,;,+3(1.53.1-D!5363.5*AJ!$, *3!
"N (EP!,6!Y388!53*-<',M3(!.6!.!'3*366.5@!*-;7-'3'+!D-5!"#$%!3V75366,-'K!+A3!;.[-5,+@!-D!
6+)(,36!16A-Y,'<!5 3()*+,-'6!,' INos2!+5.'6*5,7+,-"1A.=3!,'=-8=3(!,'+35D353"*3!,'I"N  (EP!
75-;-+351?,'(,'<KIYA3+A35!?@!753=3'+,'<IA3+35-(,;35!D-5;.+,-'KI?8-*E,'<!C"I!
?,'(,'<K!-51,*53.6,'<I*@+-6-8,*|& " PlulSALS%l!#+A35%-+3'+,.815375366-56!-Nbs2!,*8)(3!
"N 0'P!5375366,'<!D.*+-5K!36+5-<3'153*37+-5\W@UX 735-V,6-;3!75-8,D35.+-5Q*+,=.+3(!
53*37+-5!W>>|UM?)+I+A363!A.=3!'-+1?33'Y388!*A.5.*+35,MI(ASSI¥D!673*,D,*!,'+3536+!
A35XK!537-5+6!A.=31.86-16A-Y'I+A.# (1I'3<.+,=38@!53<)8.+B&$% J!!>5-7-63(!
;3*A.,6;6!, *8)(3!(,53*+!,'A,?,+,-'I-DI+A3I"#$%!3'M@; 3!1?@!9#! ulSTV(!.*+,=.+,-"1-D!
7.+AY.@6!+A.+1Y-)8(1)8+,;.+38@?8-*EH5.'6*5,7+,-' uLS VU!F'D-5+)".+38@KA3!673*,D,*!
*A.'<36!,'1+5.'6*5,7+,-'ID.*+-5153*5) +;3'+1.'( 12,'(,'<1.+1+A3! Nos2!75-;-+35!+A.+1.53!

3. +3(17@V# QZ9#!*+,=,+@N.=3!'-+1?33'1+A-5-)<A8@!,'=36+,<.+3(J!

1.4.4 Cross talk between HO-1 and NOS2 pathways

"#1'(19#1.531<.6  3-)6!:-()8.+-56!+A.+1.531;.(3!3'(-<3-)68@".'(1:3(,.+3!
,'+5.%*388)8.516,<'.8,'<!+A5-)<Al+A3,5!,'+35.%+,-'lY,+Al673* D, *!1+.5<3465\U4 A363!<.6 36!
6A.53!63=35.8!*-;;-'*A.5.*+35,6+,*6 JP-+Al<.636!.*+!.6!63*-'(!;3663'<356!,'1*388)8.5!
75-*36638)*Al.6!6;--+Al;)6*831538.V.+,-'K!=.6*)8.5!5367-'6,=3'366K!.'(!.'+, 0
,'D8.;;.+,-"! ulS_#/-Y3=35K!YA3'183=386!.53!+--1A <AKI?-+Al*-'+5,?)+3!+-1(,63.63!
7.+A-8-<@J!I"#!.'(19#1A.=31?33'I6A-Y'I+-1*-:73+,+,=38@!,'A,?,+!#  A?,(,'<!+-!
*@+-*A5-:31-V,(.63KI+A)B!,*53.6, <IU#SI75-()*+,-1Y,+A [ 1+A3L, +-*A-(5,.]  WS]KI1Sjd!

&'15367-'63!+-1:5 .; 03<.+,=3!*A.883'<3Kl/# QL.'(I"#$% !.53!A,<A8@!,'()*,?83!.'(!@,38(!
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A,<A183=386!-DI+A3,5!53673*+,=3I<$FA6IR)3'+8 @ K3B6316,;,8.5,+,36!A.=3175-; 7+3(!
'=36+,<.+,-'6ID-*)63(I-'1  *A.5.*+35 M,'<I+A3!,'+35 *+ -'123+Y331+A3N# QWZ#!.'(!
"HSUZ"HIT +AY.@6I!!

&163=35.8'D8.;;.+ -5@}H(386 KI"#Z'#$%!A.61233'16A-Y'1+-1D)5+A3513'A."*3!
[ OLL*+,= +@(9#175-0%+,-  JI4A,61538.+,-'6A,71A.61233'1*-'D,5;3(!,!
* 5(,-;@-*@+36K!.(53".8!<8.'(K!=.6%)8.5!6;--+Al;)6*831*3886!W$29XK!A37.+-*@+36K. (!
b)7DD35!*388AISAL1TVIL.5,-)61:3*A." 6:61A.=31233'1(36*5,23(1.'(1,"*8) (3!, () *+,-!
-DU# QI?@t2>16,<'.8,<1.(  153*5) +:3'+1-DI+5.'6*5,7+,-'ID.*+-561+-1+A3Tmox1!
75--+35IW,J3J1"I0' PI7\SZZ_\1.'(")*83.5!  "5D%N1SrK!111K!1196\.1536)8+K!;3!-DI+A3!
75-+3*+ =313DD3*+6#W!;.@! 536)8+!D5-H# QLI(-Y'6+53.:16,<'.8,'< I

9-'=35638@KB=35.8!6+)(,36)<<36+A.+# QLl'A,?,+6"#$%! 3V75366,-'1.'(Z-5!
*+,=,+@DV735,;3'+.81(36,<'6!A.=31,%8)(3(!5.+6!6) ?[3*+!+-1,6*A3:,.Z53735D)6,-'1, ) 5@
5I3'(-+-V3;,.l U1l KIL1WIA>$I+53.+3();.*5-7A.<361 u1STK!I11_ KIKII&N AL$0+53.+3(!
6+5-*@+361S UB3=35.83*A.,6;6!  D-5!"#$%!6)775366,-'| A.=31733'1 6)<<36+3(1# OL!
* 1A, 2, +HHS%) 4+ = +@ 17@153()%,'<!+A3.=.,8.2,8,+@!-D'A3;3K!.I*-D.*+-51+A. +1 6I53R),53(!
D-51+A31(,;35,M.+,-'L'(1.*+,=, +@!-DI"#$% K!-51+AB53*+1?,'(,'<!-DI9#!+-1+A313'M@;3!
ULSTKIL1JiO#!*.'1 .86-15375366#$%!.+!1+A31+5.'6*5, 7+ -.8183=38K!.6!633'],'1537-5+6!
8,E, <! [# QD#+1530)*3(17Tjl2  I>b!6,<".8,'<K!I(3.*+,=.+-1-DI$414  QLI-5!$414 OT!
UL KI5I3'A*3(1&N  ALSI75-()*+,-' 011 KI1101%13#++3523,'KI3+!.8J1(3;-'6+5.+3(1+A.+!
9#! "*53.63(1&" 1S!83=386KI+A3TRP!,'< 1635);! 4"N Q 183=38p1">$ 0+53.+3(!;,*3L.'(!

UIB%_"J]!;.*5-7A.<36! ullnd!2-6+!53*3'+8@K!-)5!8.?!(3;-'6+5.+3(1+A.+!/# QLZ9#!A.6!
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+A,6!6.;313DD3*+!,';;-(381-D! ;)5,'3! E. coli!6376,611%%)+!'-1(,53*+1538.+,-'6A, 7!
23+Y33/# QKIGASK!.'(I"#$%!IA.61733'1%'D,5;3(  JR)*AI8366!,6!E'-Y'1.?-)+I+A3!
2,8,+@!-DI-+A35!/AL1;3+.2- 8,+36!+-153()*31"#$%!3V75366,-'-5!.%+,= +@!?)+1.ID3Y!
6+)(,36!A.=31.66-*,.+3(IA@735?,8,5)?,'3;,.1Y,+ AI'#$%! 'A ?,+-1,15.+:-(386  1u1%06
1% !

F'D- 5+)".+38@K!;-6+16+)(,36!6A-Y,'<I"#$%! 'A, 2 + - 1?@!/# (L1.53!,".(3R).+3!
23*)631+A3@!-D+3'1537-566-*,.+3( *A.'<36!,1 +5.'6*5,7+, 817 +AY.@6!+A.+Y353!
'3=35175-=3'1+-1(,53*+8@!53()*3N0s2!.*+,=.+,-'] 14A,6!8.*E!-DI(3D,',+3!8, E!?3+Y331+A3
+5.'6%5, 7+, 8I'3+Y-5E! .(I"#$%!75-;-+35.*+ = +@! :)6+!123! .((53663( 123D-531Y3!+."l
3V73*+-1(3=38-7!: 3.''<D)8!*8, *.81.778 * + -'6J14A353D-53KHASL;I-D!  +A3163*-'(17.5+!
-DIA,6+A36 8 .61+-11X1(3;-'6+5.+3! +A.+I/# (116)77536@8N0s21<3'3!,'()*+,-1  ()5,'<!

‘5. 03<.+,=3*A.883'<3.(19%6X1?3++3%.5*+35 MB-A3!:3*A. 6:ID-5! +A6538.+,-'6A,7!
'18,=351*38@IC)3!+-16,<',D,*.'+18,;,+.+,-'6! -DI+A3!;-(381*A-63'ID-51+A,616+)(@H+).8!
+5.'6%5,7+,-'.8153<)8.+-5@3*A.",6;6!Y353  I'+1.663663(J!/-Y3=35KI+A,6!Y-5E!6)<<36+6!
+A +D)+)538=.8).+,-'1-DI"#$%!+5.'6*5,7+,-' 81*-'+5-8  16A-)8(ID-*)6! ;-531-'1+A3!
53*5),+;3'+1-DI673* D,*1+5.'6*5,7+,-'1D.*+-56KI6)*AlL6!"N PK!$414 QLK!$414 OTK!.'('9UQP K
+1+AN0s2!75-;-+35 J&(3.88@FA,6!E'-Y83(<3!Y-)8(! 3'A.*31)50.2,8,+@ !+-!
+A35.73)+*B@'+.5<3AW QZI#7.+AY.@! !'D8.;;.+-5@!*'(,+,-'6  L'(1+A)6 !

6,,)8+.'3-)68@!.++3").+3 1,D8.;;.+ ,-'1(153*5),+ I +-*A-'(5,8! 537.,5,;3*A.,6;6J! !
GBP N&:-#(;&0#8-( &Yett+-.- (
| ',;.81;-(386!  A.=31233"1)63(!D-5!(3*.(36! +-!53*.7,+)8.+31+ABI@6+3;,1D,'(,'<6!
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,'16376,6J!C)3!+-1+A3!*-;783V!.+)53 I-D!A);.'"'6376,6K!D,'(,'<!.".775-75,.+3!  in vivo!
;-(38!A.61?33'1*A.883'<,'<J!  2-6+!6+)(,36!A.=31?33"1*-'()*+3(!,'!;,*31.'(!15.+6!?3*.)63!
-D!+A3,6!.88!6,M3B1Y!*-6+K!.'(!.=.,8.?,8,+@!-D!<3'3+,*I=.5,.'+6J!/-Y3=35K!+A363)(386!
-D!6376,653!8,;,+3(!1?@!+ARB,DD,*)8+,3@! ;-',+-5,'<!* 5(,- 7)8;-.5@! 7.5.;3+356!.'(!
53*.7,+)8.+,'< I+A3!(@".;,*! ,;;)'-8-<*.'(ITA@6,-8-<,* 15367-'636!+A.+!-**)51 '1637+,*!
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Figure 7: Analysis of mtDNA and mitochondrial function after CDAE!/3.5+6!D5-;!B+K!
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Figure 10: Immunofluorescence for COX8, TLR4, and NOS2 in mitochondrial reporter
mice following CDAE exposure. @#-5;.8, (D,V3(K!7.5.DOB;?3((3(!*.5(,.*1+,66)3!
=,6).8,M3(!D-51#9#sj!W<533'1D8)-536*3"*3X RS U IW53(!D8)-536*3"*3XK!.'(!
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Figure 11: Experimental design for .6(=.=& mouse CDAE peritonitis studies. 2,*3'Y353!
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Figure 12: Induction of 2&- 5 and C;&0G mRNA following CDAE peritonitis in mice.
B+!;,*31Y353!,'[3*+3(!Y,+Al1S I IHKEC!&@MWos2!.'(! UHImox1LU"113V75366,-'!,'1+A3!
8,=35!)6,'<IRUA>9UJIL.8)36!78-++3(!.6!D-8(!*A.'<3!=6!S!A5!*-'+5-86 P[B5IS\I=6!S!A5!
*-'+5-86JIW'nfJT;, *31735!+,;317-,"+X |

T\!



&'1+A,6!:-)63!:-(38!-D!  HKEC!735,+ +,6K# QLl*+=+@!Y.6!3'A.*3(17@!
753+53.+,'<+A31*31Y,+ AIA3; 'I-519#11/3;'1,61.16)76+5.+3ID-51+A3l/#  QIZM@;3L'(! !
7-+3+1()*351-DI+A31<3'3 KI+A)BH+,)8.+,'< I3M@:3L.*+=+@!. /(| +AR'(-<3-)6 |
75-()*+,-1-DIO#K1?,8,=35(,'K!.'(1,5-'  JQV-<3-)6! O#!.*+6!(-Y'6+53.;I-DI+A3/# (!
3M@:31?)+!.86-13V3567-6,+,=3!D33(?.*E!-'175-+3,'13V75366,-'J14A3!,*53.63!,'1/# Q!
*4,= +@!-=35IkEC!.8-'3!,1+A3!18,=35!Y.6!*-'D,5:3(!YA3'.",;.86!Y3531753+53.+3(1Y,+A!
6)?%)+.'3-)6!IW$nX! A3;,'"W\S! 1;-8ZE< XIW<:$#(GM] 8+A-)<AL16,' <83 Al753+53.+;3'+1-D!
SA.83(IW&"/X! 9#1 WOBI77;IVI1IA-)5X 123D-5KEC!(,(I-+16,<',D,*.+8@!,*53.63!/# QL
4= +@FY-1(-6361-DIOHIWIVIHXI(,(13'A.*3 AIM@;3!.*+,=,+@!-=35HKkEC!.8-'3 J
4A353D-53K!6)?63R)3'+!.",;.813V735,;3'+61)63(IA3;,.'(1%VO#!753+53.+:3'+6ID-5!/# 0
1054 =4 2] 18 +43;7+1+ -16)775366!/# OLl*+ = +@KHI5-+-7-57A@5,'IWe'>> KIT!
'<ZE<XIY.6!<,=3'! D-)5!A-)56123D-53HkECI3V7-6)531?)+1+A363!;,*31(3;-'6+5.+3(!'-!

*A'<3 1'13M@;3).*+,=,+@!=35!HKEC!.8-'31 W(.+.I'+I6A-Y' XI'(1Y353I'-+!.".8@M3(!,"

S@!3V735,;3'+6!(36*5,?3(!,"1+A,6! (,6635+.+,-'J



140

[
[
o

=
o
o
e

(nmol CO/g/30 min)
g8 B
-
*

Heme Oxygenase-1 activity
S

[
o

o

HKEC + Hemin +CO +2x CO

B0 hours B4 hours |

Figure 13: HO-1 activity was induced in CDAE-treated Wt liver by pretreatment with
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Figure 14: Hepatic 2&- 5'land C;&0G mRNA expression induced in hemin but
not 2xCO control-treated mice. 2,*3!Y353!<,=3"1 @UHA3;,'I-5 EVHWO#L'(! Nos2!
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Figure 15: HO-1 activation suppressed hepatic 2&- 5 and increased C;&0 GmRNA
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Figure 19: Hemin!and CO suppression of CDAE-induced p65 nuclear accumulation in
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Figure 20: Effects of hemin and CO on CDAE-induced I" B! expression in
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4.2.1. Response of early NOS2 transcription to HO-1 activation
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Figure 27: Conventional RT-PCR quantification of 2&-5(mRNA in LPS-treated Hepa
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Figure 30: Verification of C;&0 Gsilencing in Hepa 1-6 cells.!93886!Y353!+5.'6D3*+3(!
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4.2.2. Response of late phase NOS2 transcription to HO-1 activation
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Figure 32: HO-1 activation attenuates 2 &-5 transcription 24 hours after LPS challenge
in Hepa 1-6 cells. 93886!Y353!753+53.+3(HA!A3;,"-51?,8,5)?,'175,-5! ">$!13V7-6)53J!
L.8)36!.53!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8!.'(15375363'+.+,=3!-D!() 78,*.+3!
3V735,;3'+6JIpISIS\I=6!*-'+5-8KpISIS\I=6!">$IWT! 735!<5-) 7X
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Figure 33: Effect of CORM pretreatment on 24 hour 2 &-5 expression in LPS-treated
Hepa 1-4 cells.!Nos2!;U"IIR).'+,D,3(!,'"*3886!753+53.+3(1Y,+Al9#U2K!," *+,=.+3(!

9#U2K!-5!" Q*3+@8*@6+3,'3IW"I9X!75,-5!+-19%"1A-)5I">FI*A 883'<3]!L.8)36!78-++3(!.6!
D-8(I*A.'<31=6!*-'+5-8]12-(35.4+3153()*+,-'1-DI%"IA-)5! Nos2!+5.'6*5,7+,-'1?@!9#U2!
(373'(6!-'19#15383.63!.'(1,6!5  3=3563(1?@!"19J!pplSIS\I=6!*-"+5-8J'W'mT!735!<5-)7 X
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#+31(,DD353'*361,1/# (L153<)8.+,-'1-'1+Y-1=356)6!%" 0A-)5! Nos2!13V75366,-'1
Y353!,(3'+,D,3(K!.12441+388!<5-Y+A!.66.@!Y.6!)63(!+-1(3+35;,'3I YA3+A35!+A 6!V .6!
63*-(5@!+-1*3881*@+-+-V,* +@JM4A3.+;3'+153<;3'6!)63(ID-5 1/37.11 0 1*388H1353!'-+!
66-%,.+3(1Y,+AL'@!6,<',D,*."+1*388!(3.+AL ++Y-1-51%"IA-) 56 M/, <:$#(MKI&'*53.63(!
*.'=356,-'1-DI+3+5.M-8,);|(@3!Y.6!-2635=3(1.+! +Y-1A-)56!Y,+Al+A31+53 +;3'+1-D!
9#U2a">$1.'(1.+19%'1A-)56!Y +AINSSI-'8@J!1$,*3l+  AJ244! .66.@!)8+,;.+38@!53D83*+6!
[, +-*A-'(5,.81;3+.2-8 %+ = +@KI+A36R,(,'<6 *-55-2-5.+3+A3I(-*);3'+3(1.2,8,+@!
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Figure 34: MTT assay evaluating metabolic activity and toxicity in Hepa 1-6 cells 2
and 24 hours after LPS. 93886!%)8+)53(!,'Ir_0v388!78.+361Y3531753+53.+3('Y,+AIA3;,'K!
9#U2K!.'(12,8,5)?,1Y,+Al-51Y +A-)+11>$11244153 <3'+1Y .61 ((3(! A+HY- -519%"1A-)56!
(1*-8-5!(3=38-7;3'+1+35;,' +3(!  D-)5!A-)56!8.+35J!176-5?."*31=.8)36! Y353!1-2+.,'3(!.+!

\|S!; L' (178-++3(1.6!735*3'+.<3!-DI)'+53.+3(1*3886J!:5.7A!,6!5375363"+.+,=3!-D!() 78,*.+3!
3V735,;3'+6J!pISIS\I=6¥F-'+5-8 Kib|SJS\!=6!">$!-'8 @I

N5-;1+A3lY-5E!75363'+3(!,'I+A,6!1,;K!,+! 6!13=,(3'+I+A.+!/# (QL!53<)8.+,-'-D!Nos2
+5.'6*5,7+,-'1 ,61;-531*-;78 3VI+A.'l-5,<,".88@!A@7-+A36,M3(K!6A-Y,'<!=.5,.?,8/H@+3!
=356)6!8.+316+.<i@! vivo!,'D8.;;.+,-'IN/# QL!.*+,=.+-56!Y353!)'.783!+-1,'A,?,+13.58 @K!+¥-
A-)51'(*+,-'I-D!'  Nos2!.8+A-)<Al+5.'6*5,7+,-"1Y.6!3'A."*3(!,'1*3886!(3D,*,3'+!,'l/# aLJ!
&'1*-'+5.6+KNo0s2!13V75366,-'1Y.6!53()*3(!Y,+AlA3;,'KI9#U2K!.'(1?,8,5)?,"!
753+53.+;3'+1YA3'13=.8).+3(1% |A-)56!.D+35!">$!3V7-6)53H4A363!+3;7-5.8!(,DD353*36!
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A-)56!.D+3513'(~+-V, I*A 883'<31?)+!'+1 +1+Y-1A-)56]! $)<<36+,-'6!D-5!:-(,D,*.+,-'6!-D!
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5. Conclusions
PBGB)6,#$+$#,1,.&6&96H#(;1.6(%.60.6<- (160(,"#.$(8.:.,1,.&6- (
4A3IY-5EI75363+3(1,1+A,61(,6635+.+,- 75, '<6l ++3"+ -'1+-1 +Y-17--58@!(3D,'3(!
53.6!Y,+A,'1+A318,+35. +)F3&I+A316) 77-5+,=315-831-DI"#$%!,'l: +-*A- (5, 81?,-<3'36,6!
J19%XI+A3IZ*A.,6:12@IYA YAl +A3A3;31-V@<3'.63 AZ9#16@6+3;K!.-+A35/E3@!
53<)8.+-51-DI;, +-*A-(5,.812,-<3'36,6K I;.@!*-)'+35 IN0s2!+5.'6%5,7+,-"1 *+ =+ '| +A3
8,=38BA3IY-5E175363'+3(IA353!(3;-'6+5.+3(1+A.+"#$%! 7.5+ * 7.+3@-+!-'8@! ,'1*388)8.5!
(...<31()5,<!6376,6  K?)+!6.86-I'3*366.5@!D-35-;7+! 53*=35@!D-88-Y,'<I+A .+, )5@J!
"#$%!,6!53R),53(ID-5!-7+,;.81.%+ = + -'1-DI+A3l: +-*A-(5,8]  ?,-<3'36,6! 7.+AY.@JI&+A3!
2633 1-DN0s2K!(.;.<31+-L:+C"I1*."-+1231537. 53(1?3*)631+A3!3V75366,-1-DI?-+Al
"Y*83.51.(1: +-*A-'(5,.8175-+3,'61"33(3(ID-5!+A,6!75-*366!,6!(,;,, 6A3(J! I((,+,-.88@K!
7.,53(I)*83.51.'(1; +-*A-(5,.8175-+3,'1.%%):)8 .+, 1"#$% Q3D,%3+1;,*31,6 |
66-*,.+3(1Y,+Al(3*53.63(1.*+,=.+ -'1-DI+A3175- (6)5=,=.8IE, .636K!IE+!.(I12>1E, .63J!
4A3L66-*,.+,-' 1-DI"H#$%!Y +A+A363IE, 6361 "3*+6I"#$% 1+-I: +-*A-'(5,.81?,-<3'36,6!
?2)+1.86-1-DD356!.17-+3'+,.81.=3)312@! YA *Al"#$%!:.@!,+35.*+!Y,+ALl");  ?35!-DI-+A35!
75-06)5=,=.817.+AY.@6!6)*Al.6K8)*-631:3+.7-8,6:K1.'<,-<3'36,6K! .'(1*3881*@*83!
75-<5366,-'1 u1\\ QL\jv J'3=35+A38366@!8.7!A.6!.86-1(3;-'6+5.+3( +A.+I"#$%! 6!
'3+366.5@!D-5!.*+,=.+,-'1-DI; +-*A-(5,.8! ?,-<3'36,6! 1+A3I8,=3K[17.5+1?@D.* 8, +.+,d
75-43,1:7- S+ |¥5-661+A30; +-*A-(5,81:3;75.'3  6JIP,+5-6@8.+,-1-D!/67_SIY.6!
6A-Y'1+-1231'3*366.5@!D-5!+A3!,:7-5+.+,-1-DI4D. ;1 +-1+A3l; +-*A(5, ID-88-Y, <!
HKEC!735,+-' +,6U1TWIN)'(.;3'+.88@ +A3K!I"#$%!,6!'(,673'6,783 |B5!;,+-*A-(5, 8!
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537.,5.D+351.:)+3!,'D8.;;.+,-  KB-1Y.@6!+-153<)8.+31"#175-()*+,-1.'(-7+,;,M3I"#$% 0
673*% D, **@+-75-+3*+,=317.+AY.@6!6A-J8#,)3!+-1?3! 3V78-53(!,'1+A3D)+)53

4A3163*-'(! 1,; 1-DI+A,6!(,6635+.+,-'1Y.6!+-13V78-531+&3+3'+,.8153<)8.+-5@!
538.+,-'6A,7123+Y33'HAM AZIH6@6+3:!(1"#$%JI4A,61.775- *Al+-1  Nos2!
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6376,6!D-5!53.6-'6!6+.+3(1753=,-)68@J!/-Y3=35R,)6+1*-'6,(35!+A.+, D/# QLI*.'
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+A3T-66,?783!%-)'+35(53<)8.+,-'1-DI+A3!+Y-16 @6+3;6!-DH'35368'16+.5B4-'+5.6+!+-163=35.8!
6+)(,36!537-5+,'<!/# QLlL.++3).+,-'1-DI"#$%K! +A316+5.+3<@!)63(!A353!+-13'A.*31/#L!
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A-)56J14A533!+A3-5,36!;.@!3V78.,'YA@'!+A363!+3:7-5.8/(,D¥368.@!3V,6+JIN,56#K Q!
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©)+36 1.D+351">$I3V7-6)531+3881%)8+)53U1\vK!6,;)8+.'3-)68@!+.5<3+,'<12-+ANos2!. (!
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A-)5I75,-51+I18581.(;, 6+5.+,-';. @!'-+! FA34  (L13.58@!3'-)<Al+-128-*EI"NO PI-5!
~+A35!45.'6%5,7+,-'ID.*+-561+A.+1D.* 8,+.+3!,' +, .81 ) NBk2!75-;-+35] *+ =.+,-' ] $3*-'(K! +!
61.86-175-2.2831+A. N0s2(673*,D,*1+5.'6*5, 7+,-'.81*-: 783V36!3:78-@3(.+!% 1A-)56!(,DDS!
6,<',D,* +8@!D5-;1+A +! +1+Y-1A-)56J1&+!,6!Y388!)(356+--(1+A. +163=3686*5,7+,-' |
D.*+-5653!53R),53(ID-5!-7+,:.813V75366,-'1-DN0s2!?)+1YA3+A351*35+. '1*-:2 ' + -'6]
A.=31.%+ =+,'<I1=356)6!,'A,?,+-5@!5-836!,6!)'*83.5JIN,".88@A3!(-63!-DI">$!)63[D-5+A, 6!
6+)(@:;.@'-=35YA38:l'@!/# Q!(373'(3'+!5375366,-'1+A.+:. @!A.=31-*%)553(13.58@!,"!
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*8,',*.813'(-+-V,"! 3V7-6)53K!?)+!Y,+AlI6)*AlA,<Alos2!,'()*+,-'1633'!,'I+A,6!;-(38K!,+!,6!
7-66,?83!+A.+!;-5316,<',D,*.'+I/# (Q1!53<)8.+,-'1Y-)8(1?3!3=,(3'+!.+!18-Y35!">$!(-636J !
$)<<36+,-'6!D-5n vitro!;-(38! .([)6+;3'+6!.'(!,(3.6!D-5!7-+3'+,.8!13V735,;3'+6!  +-!
3V78-5316-;3!-D!+A363!+A3-5,3!75363'+3(!,''+A3N)+)53!C,53*+,-'6! 63*+,-' 1?38-YJ
4A3!Y-5E!75363'+3(!1A353+36! 75-=,(3!.((,+,-.8!,'D-5;.+,-'1.?-)+!+A3!5-83L.'(!
53<)8.+,-'I-DI"#$%!()5,'<!:5.; 03<.+,=3!*A.883'<3J!&+!(3;-'6+5.+3(1+A.+!"#$%!
75-+3*+6!.<.,'6+!;,+-*A-'(5,.81.'(1*388)8.5!(@6D) *+,-'1+A5-)<Al; ,+- *A-'(5,.8!
?,-<3'36,6J!N)5+A35;-53K!,+16)<<36+6!+AH+AY.@!E'-Y'l+-  175-;-+3!;,+-*A-'(5,.8!
?,-<3'36,6!*.'1.86-1-DD35!'3<.+,=3!D33(?.*E!5%)8.+,-'I-'l  Nos2!+5.'6*5,7+,-'JI/# (!
.773.5 61+-13V35+!'3<.+,=3153<)8.+-5@!*-'+5-8!N0s2!,';-)63!8,=35 K?)+!.((,+,- '.8!
*'D,5;.+-5@! 6+)(,36!6A-)8(1?3!7.,53(1Y,+A I;-53!.(=."*3(16+)( ,36!-D!+A3!;-83*)8.5!

;3*AC,6; 11 *3881%)8+)53!;-(386]
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ID+35!6);:.5,M,'<I+A3!*-*8)6 -'61D5-:1+A, 61(,6635+.+,-'175-[3*+K!6 3=35.8!
R)36+,-'6153<.5(,'<I+A318,=38673* D, (QLZ#$% !538.+,-'6A,7IY353!'-+1.'6Y353(1()3!
+-18,;,+.+,-'61-DI+A3n vitrol.(! in vivo!;-(386 J&'+A3L-)631-(38KI/#  QLL*+ =.+-56!
Y353L.(;,,6+353(175,-51+-1 HKEC!?)+!1:-(3816)775366,'<!/#  QLl.*+,=+@!Y.6!
<3'35.+3(ID-51*-:7.5,6-'J14A 61*-)8(1231.-;,78,6A3(!,  '163=35.8!Y.@6J!98.66,*.88@K!
*A3;%.8 1'A2,+,-1-DI# QLIY.61.**-;78, BA3(1+A5-)<A+A3!)63!-D8+.88-7-57A@5, 6K!
B)*AL6! M, * 75-+-7-57A@5, 1&SWs'>> X!I'( 1+,175-+-7-57A@5,'1&SW$'>>XIA363!

*:7-)(6 1.5317-+3'+1'A,?,+-561-DIA3;31-V@<3'.631?)+1.86-1,+35DB3IY +A#S$! *+ = +@!



ul SK!1 KMVE |'< I+A3;117--5*A- *31D-51)63!,'16+)(,36!3=.8).+,'<!?2-+Al/#1.'(1"#3$!
3'M@;36JI'-+A35!-7+, -'1,61+A31)63!-D!<3'3+,*.88@!3'<,'3353(!;,*3J12,*3!Y,+Al
A-;-M@<-)6!(383+,-'I-D! Hmox1'A.=3!8-Y!7-6+'.+.8!6)5=,=.81.'(1(,678.@!.'3;,.K!,5-"!
2%):)8.+,-'L'IE,('3@!.'(18,=35K!.'(I*A5-"*1,'D8.;;.+,-' lul_9%VW-Y3=35K!Hmox1!
*'(+,-  BIE-*E-)+!;,*3!  A.=3!?33'(36*5,?3(!D-5!6+)(,36!,'l;@38-,(!*3886ul_TW(!
*.)8(1?313V78-53(!D-5!8,=35!673*,D,*!|(383+,-'I-D!/#1J!2,*3!Y,+A!8,=3%73*,D,*!.?8.+,-'I-D!
Hmox1'*-)8(1+A3'1?3!*A.883'<3(!Y,+A!8,=3!-5!HKEC!+-1(3+35;,'3!3DD3*+6!-'Nos2!
+5.'6*5,7+,-'JI/# (QL1*.'.86-1?3!+5.'6,3'+8@6,83*3(!,' IB+!;,*3 1)6,'<! in vivo'6,U"1J'F63!
-DIU"I','+35D353'*3!A.61?33'18,;,+3(1+-1*388!*)8+)53!?3*.)63!-D!5.7,(!(3<5.(.+,-'K!
., 73(3(!1*388)8.5!) 7+.E3K!.'(!A3,<A+3'3(!,;;)'3!5367-'636! YA3'I8-'<!U"[!63<;3'+6!
A.=31?33'L(;,',6+353(" in vivo ul_"\J!/-Y3=35KI235*E!i!9-IKI&*J!A.=3!6)**366D)88@!
L 75-=3(1+A,61+3*A' R)3!1?@!*53.+,'<1.18,7,(1"."-7.5+,*83IW"">X1(38,=35@!6 @6+3;! +A.+!
3DD3*+,=38@!(38,=356!6,U"I!=,.1+.,81£33*+,-'1Y,+Al;",;.8!,:;)'3!153.*+,=,+@ lul \K!
1 \J!&D!735D-5;,'<I+A,6!3V735,;3"Hkhox1!6,U"I'Y-)8(1?3!(36,<'3(!.'(!.663;?83(!
SH-INS6L(G,,6+4353(1+- 10\ PAZ_L *¥31?7@!1+.,81=3, ' '[3*+,-']! 4A363!;,*3!*-)8(1+A3'1?3!
)63(1+-13=.8).+31+A3!,;7.*+I-Dl/# QL!/(3D,*,3*@!-'! Nos2!3V75366,-'.'(!)76+53.;!
53<)8.+-5@!7.+AY.@6J

4A3Yn vitrol(.+.175363'+3(!,"! 9A.7+35!'1*-)8(1.86-173! 3'A.*3(! ?@!'D3Y!
((,+,-.813V735,;3'+6J! 4A31+3;7-5.8!13V75366,-'-DI/# QL!75-+3,'Y.6!'-+!13=.8).+3(!
D-88-Y,'<!A3;,'KI9#U2K!.'(1?,8,5)?,1?)+!  +A,6!;,<A+!.((5366!'YA3+A35!+A363.<3'+6!

6+,;)8.+3!/# QL!D)*+,-'13.58,35!+A."I">$!.8-'3! {1?3D-53V0s2!+5.'6*5,7+,-'1,6!,",+,.+3(J!
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4A353D-53KBI753+53.+:3'+61-)8(I 23!<,=3'1;-531+A.'1.1A-)5123D-531">$!  +-13'6)531+A. 4
J# QL161.*+ =.+3(173D-53V0s2!,613V753663(18+35'.+, =38 @K!+A3!<-8(16+.'(.5(ID-5!
3=.8).+,'<! 7-+3+,81+A35.73)+ M QLl*+ =+ -1Y-)8(1?31+ -1)63!.1-=353V75366,-']
=3*+-51+-13'6)531/# QLI75-+3,1,6!3V753663(175,-5!+-13'(-+-V, 1*A.883'<3 JI&'L((,+,-"1+-!
+A316AU"I1*-'6+5)*+6 1)63(!,1+A,6175-[3*+K!#5,<3'3175-=,(361." |Hmox1*C"|I1#UN!*8-'3!
S 792 09 QN>M8-' <l =3*+-5l+A +1%)8(12315.'6D3*+3()/+-1/37.11 0 1*3886J!&!
%145 6+KL.((,+,-.8!3=.8).+,-'1-DI+A313DD3*+!-DI/# AL!,'A, ?,+,-'1Y-)8(1?31)63D)8J! Hmox1!
6,83'+3(1*3886¥ 3531)63(1+-13=.8).+31N0s2!3V75366,-'1+Y-1A-)5617-6+">$I*A.883'<31?)+!
+A31(3<533!-D!+5.'6*5,7+,-'.8!5367-'631Y.6!'-+IR).'+,D,3(l. +1%IA-)56J!9-;7.5,6-'1-D!
No0s213V75366,-'1.+1+Y-1.'(196'1A-)561,'1+A 616 @6+3;!;. @!A.=3!53=3.83(IYA3+A35!,'/A353"+!
+5.'6%5,7+,-.81*'+5-81Y.616,<',D,*.'"+8@!(,DD353'+!()5,'<!3.58 @!=6!8.+3!,D8.;;.+,-'J |
#31-DI+A316,<',D,*.'+18,; +.+,-'61-DI75,-5!6+)(,361538.+'<|+A3!/# QLZI#!.'(!
"#$%!7.+AY.@6!,61+A31*A.5.5+35 M.+,-'1-DI673* D, *1*A.'<36!,1+5.'6*5, 7+ -'.81*-: 783V/36!
+1+AN0s2175-:-+35J1U37-5+6!A.=316)<<36+3(I+A.+I"R PL'(1$414  (L1.53!.DD3*+3(1?@!
J# OLL*+,=+@!?)8%)(,36!A.=3!,".(3R).+38@!36+.78,6A3(I+A.+1+K,63*+8@Y.*+6! Nos2!
+5.'6%5,7+,-'1()5,'<!,'D8.;;.+,-' JIN)+)5313=.8).+,-"16A-)8(1+A353D-5313=.8).+31*A.'<36!
1(,53*+1+5.'6%5, 7+,-'1ID.*+-51?,'(,'<K!,J3J1?@!"NO PK!$+@EKIQUQP!L'({&UNILI? @ *A5-;.+,'!
)-T53%7,+.+,- IWOA&>X  JIN* D35.63!537-5+35!6@6+3;61.864)63D)8!D-5!(3D,’,'<!
75-:-+35153<,-'61.'(1*-)8(123!)63(!, 1+A,6!*.63J1>355388.  K!I3+1.8J1A.6!(36,<'3()5,3! B+
S+ 43(1 "#$%! 8)* D35.63!537-5+356!+A +1Y-)8(1231,(3.8!D-5!.778,*.+,-'1,'1+A 6!*388!

*)8+)531;-(38! ul_]K!1_jJA363!*-'6+5)*+6!Y3531)63(!,':.*5-7A.<36!*A.883'<3(lY,+A!
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ASHI+-16A-YI+A +I+AB!(,6+.;@*, KL+, ?2-(@!+A.+!?,'(6!1+A3!C"I!;,'-51<5--=31.'(!
,'+35D3536!Y,+Al&MIN '(,'<K!53()*36! Nos2!3V75366,-'!.'(175-+3*+6!D5-;!">$!
3'(-+-V3;,.!  ul _ndl4A,6!6)<<36+6!+A.+!.((,+,-.8!3=.8).+,-'I-D!,'(,=,().8"."(!
*.88.7-5.+,=31?,'(,'<!-D!+5.'6*5,7+,-'ID.*+-56!-'1+A3! Nos2!75-;-+35! Y-)8(! 75-=,(3!;-53!
(3D,',+,=3!,'D-5;.+,-"I-"l ;. [-5153<)8.+-5@!+.5<3+!D-5!+53.+;3'+!-D!,'D8.;;.+-5@!
(,63.636!6)*A!.6!6376,80

F8+,;.+38@K!+A3!,'D-5;.+,-'1<.,'3(!D5-;! 6+)(,36!," I;-)63!;-(386!Y-)8(1'33(!+-!
?3145.'68.+3(!+-1.1A);."16 @6+3;!D-5!*8,',*.815383=."*3J!'BA,83!A);.'l/37:%!-5! 75,,.5@!
A37.+-*@+36!*-)8(1?3!)+,8,M3(!Diblvitro'6+)(,36K!*.)+,-'1;)6+!?3!+.E3'16,*31+A3!A);."!
S(1-)63!  Nos2 75-;-+356!=.5@!<53.+8@!.'('6A.53!8,++83!A-;-8-<@®@-B!,'6+."*3K!+Y-!
((+,-.8!1>  Ql'6,+36!.'(-'3I"N 0 P!6,+3!.53!,;7-5+."+ID-5!A);."1  Nos2!75-;-+35!
J4,= +@N+1.53!"-+175363'+!,'1+A3!;-)63!75-;  -+35U1]SV!4A353D-53K!3=.8).+,-'I-D!+A3!
673*,D,*14+5.'6*5,7+,-'.8!*-;783V 36!,'=-8=3(!,"! No0s2!3V75366,-"1Y,88!"33(!+-!

(431 +A363!(,DD353%36J!
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Appendix: Materials and Methods
K#1<#6,-(

A>$IWDS5-;1QII-8,IS111GP KIS, <; KI$+JIn-),6KI2#X!Y.6!(,66-8=3(!, 16+35,83!Y . +35!
A()63(1.+1ID, .81*-3'+5.+ 1-DILS  p<ZAI4'N @ IY.6!-2+.,'3(ID5-;1>5-673*IP !
\B65.38XKI53*-'6+,+)+3(1, 1Y . +35KL'(1)63(1. +11SI'<Z;AJI3;,1,1SI1 XIC2$#IWS,<;. XK!
Y.6)63(1.+N\S! 1;-8ZE<!,'1.,;.816+)(,36!. (\KI1%J\KI-519%\!  |i2!,'1*3881)8+)53I8A3!
75-75,3+5@HU2 OF1-7-)(1  WOH#U2XY.6LI<,D+ID5-IN.?,-l 2,1 +1+A3IF',=356,+@!-D!
*)5,*AL/(1Y.6!)63(!.+1.ID, .81*-*3+5.+,1-D!  96\l2!,1SIL xIC2$#! U1\SU4A3!A 8[B,D3!
-D!9#15383.63!D5-;19#U2!,61%S!;,)+36K!6-ID536A!0#U216-8)+,-1Y.6!7537.53(!
113(,+38@!75,-51+-135A13V735,;3"+]! 4-1,".%+,=.+319#U2KI9#1Y .6!5383.63(?@!
/#)?2.4+,-1DI+A37-)( 113(,.  ID-BITSI;,)+36!173D-531.778@,'<!+-1*3888,B,5)?, !
WF$PI9-57.61(,66-8=3(,1SJL "I"#/  1+-LIY-BE'<I%-%3'+5.+1.DI\;2  L(
(;,',6+353(+-138861.+ LID,.81*-*3'+5 +,-1-DILSKI%SKI-5I'§2 I 0*3+@8B@6+3,'3!
WS$,<;.X!Y.6!(,66-8=3(!,1Y.+35 ID-5D,".8!*-*3'+5.+,-1-DI1S2)  IP.@!10S|%!Y.6!
536)673'(3(!,"1Y.+35!.(1)63(.+1.ID, .8!*-*3'+5.+,-'1-DI\S! H2J 1A, 7-D3*+.,'316SSS!
W&'=,+83' X!Y.6!)63(ID-5!6AU"|1+5.'6D3*+,-'6J!

I'+,2-(,361)63(!D-5!B36+35'128-+6!,8)(3(!  "UN QLK!>:9 QL! K!4D.;KI>-8HKIA6-'3!
ITKI'N O P17_\KI8P! IW$.+.195)MXKESI6IW2,88,7-53KKU" (1 /# QLIWS+5366:3'XK!
I>CIW  :3'343VXKL(14)?7)8,1W$,<;.XJ! 4.R;.5  3.80,;31U4 0>9U! WRUOUXYS, ;356!
Y3531.881-7+.,'3(ID5-;!1778,3(IP,-6@6+3;6L.'(1,*8)(3  (%-)63! Nos2KHrmoxIK!

*@+-*A5-;3!1bKINF-q, IL-6, ICAM-1, IL-16, IFN-y,!.'(! IL-10d
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N&:-#(4,:0.#-B (

O\|PA Z O("#$% @; *31)63(!,'.",;.813V735,;3'+61Y353!1-7+.,'3(ID5-;!
O.*EB-'I".?-5.+-5,36!WP.5!/.5?-5KI2QX."(I+A3!"#$%!;,*3!?253(1.+!-)5!,'6+,+)+,-' Jiarygo
4. *31Y353! <3'35-)68@!75-=,(3(!1?@!C53JIE,5.I-D'#6.E.IF',=356,+@ul1SKITY!+A3"
6733(1*-'<3' *.88@!?.*E*5-663(I-'+-1.19\|PAZ_O!?.*E<5-)'(J!  N-5!,;;)'-D8)-536*3*3!
6+)(,36K!+5.'6<3',*I537-5+35!;,*3!13V75366,'<!<533'D8)-536*3'+!75-+3,''W:N>X!3V*8)6,=38@!
S +-*A-'(5,. W +:N> Or<X!Y353l.I<,D+!D5-;!/,5-6A,1$A,+.5.1.'(1/,5-;,*Ale  -'3E.Y.!
-DI4-E@-!123+5-7-8,+.""&'6+,+)+3!-D!123(,*.8!$*,3"*3! u1]1\JR,*3Y353!E37+!,'17.+A-<3' 0
D533IA-)6,'<!-'I(5@!73((,'<!.'(16+)(,36!Y353!*-'()*+3(1Y,+Al%S  f%\I<!;.836!-'
775-=3(175-+-*-86!+A.+!*-'D-5;1+-1+A3!"&/!"),(3!D-5!+A3!9.53!.'(!F63!-DI*.?-5.+-5@!
I;.86J !

$)5<,*.8!,;78.'+.+,-'I-DI.ID,?5,'1*8-+!  *-'+''<I1S 11I9NFE. colilY.6 !735D-5;3(!-"!
;,*3! U'36+A3+,M3(Y,+A,'+5.735,+-' 3.8!E3+.;,'3..'(!'V@8.M,'3J!14A3!.?(-;3'Y.6!
6A.=3(1.'(1*83."3(1Y,+Al7-=,(-'3 Q-(,'33!1';,(8,'3!8.7.5-+-:@!'Y.6!735D-5:3(1.'(!
+A3!,'D3*+3(1*8-+!,'635+3(!,'+-1+A3!735,+-'3);JI4A31735,+-'3);1.'(1.?(-;3'1 Y 353!
*8-63(1Y,+A!75-8,'316)+)536!.'(1;,*31Y3531536)6*,+.+3(lY,+Al1l;N-DI6) ?*)+.'3-)6!SIrx!
".98J12,*3! "*8)(3(!,'1+A316)5=,=.816+)(@! Y353!;-',+-53(!D-5!63=3'1(.@6 !Y,+AID533!
#*3661+-1D--(1.'(1Y.+35  JI2,*31)63(ID-5!R).'+,D,*.+,-'1-DI?.*+35,.81?)5(3' Y 353!
6.*5,D,*3(I%4A-)56!D-88-Y,'<!6)5<35@!?@!-=353V/7-6)53!+-!,6-D8)5.'3!.'(1?78--(1Y .6!

*-883*+3(D5-;!1+A3A3.5+!)6,'<l6@5,'<3!.67,5.+,-'J!!
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2,*31453.+3(1Y,+Al1IVI1ISHKEC!Y 353!, [3*+3(!,'+5.735,+-'3.88@!Y,+AISI\I:A!
2.%+35,.1'l 6+35,8818,'3J!I',;.86!Y353!A.5=36+3(1.+!'K!_KI-5!9%"1A-)56!D-88-Y,'<!+A, 6!
J[3*+,-'1?@!-=353V7-6)53!+-1,6-D8)5.'31.'(18,=35!-5!A3.5+1Y353!6'.7 (D5-M3'.'(16+-53(1.+!
JSi9J/3.8+A@!*-'+5-86Y353!.86-16.*5,D,*3(1,1+A,616.:31;."35]!  >53+53.+:3'+6+)(,36!
'=-8=3(16 )?7%)+.'3-)6!,[3*+,-'1-DIA3;,'! j'A-)56123 D-53HKEC!3V7-6)53J19#1Y .6!
J'A.83(I D-51-'31A-)5! .+196\SI77;! D-)5!A-)56!23D-53!(1.<.,",:;3(,.+38@!D-88-Y, <!
HKEC!,'[3*+,-'J14A,6!(- 631-DI9H#IA.61233' 1.66-*,.+3(IY,+Al1SX!*.52-V@A3;-<8-?,'!
83=386K!I1x!;3+A3;-<8-2,'KL'(}, )*+,-'1-D;,+-*A-'(5,.81?,-<3'36,6 u1]%3

2,%31,'[3*+3(1Y,+Al HKEC!Y353!E,883(!)'(35!.'36+A36,..+ISKI'K!_KI!% KL.'(1]%!AL (!
+A31A3.5+61-518,=356!*-883*+3(!,;:3(,.+38@J!4A3!-5<.'6!Y 353 DEDGAM3'!, 18, R), (!
' +5-<3'ID-51.881:U"11.'(175-+3,"1.".8@6,6!.'(16+-53(. +KjS!+9! )'+,8175-*3663(J!/3.5+6!
D-51,:;)'-D8)-536*3'*316+)(,36!Y353!D536A (M,V3(!,11Sx!D-5;.8,'1D-5!% 1AL'(1+A3'!

6+-53(1,1]SxI3+A.-8L.'(17TA-67A.+3  0?)DD353(!6.8,'3!)'+,8!75-*3663(1.6!(36*5,23(1?38-YJ

U19 #$.18(1$#+1$1,.&6

A =312 *+35,.1Y3531<5-Y'ID5-;18@-7A,8,MA E. coli!6+-53(1.+0S 9! W635-+@73!
Sj_.Gb_1c!1:35,*.14@73!4,66)3!9)8+)5319-883*+,-'KIU-*E=,883KI2CKIF$IX2@!,'-*)8.+,'<!
+A3;1-'16+35,831.<.5168.'+61.'(1,*)2.+,'<L.+IT]  iD-51j!A-)56J!P.*+35,.1Y3531536)673'(3(!
+-11%%3'45 + 1-DI1S  rIONF Z:A +A31:-5''<I-DI+A316)5<35@)6 ,'<! 753=,-)68@!(36*5,?3(!
:3+A-(6! U1]TVN,?5,'1*8-+61Y35317537.53(17@!6)673'(,'<! 1S19NF IE. coli!,\SS! uAID,?5,'!
W\SSN-DI1S!; <Z;M12-=,'31D,?5,-<3'178)611S!  p/-DI1I%IRE 17-=,'3178.6;.1+A5-;2,'K!
$,<. XJu
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4-17537.53!A3.HE,883(E. coli\MIKECXK!.16-8)+,-'1Y ,+Al'l .775-V,;.+3!
*.%3'4+5 + -'1-DI1IVILS 199NF ZAY.61A3.+ Q' *+,=.+3(l.+! \ {9ID-5!11A-)51.'(16+-53(1.+! O
iSi9!)'+,8))63J!IN,".8IR)."+,D,* +,-'I-DI+A3!?.*+35,.816-8)+,-'1Y.61.*A, 3=3(12@!*-)'+,'<!
7-)5178.+31*-8-",36!-D1.16.;783153;-=3(175,-5!+-1A3.+,'<JIIQDD,* *@!-D!A3.9" *+,=.+,-'l
Y.6!w!rrdrx!.61=35,D,3(1?@!7-)5!78.+36 HKEC!Y353!+A.Y3(I-*31.'(1(,8)+3(!Y,+Al6+35,83!
SJIrx!".981+-1.1*-*3'+5 + 'I-DI%,1S  '9NF Z;L'(ISJ\;81Y.6!.(;,',6+353(1?@!6,'<83!
,'+5.7 35,+-'3.81,'[3*+,-'1+-1<5-)761-DI+A5331+-16,V!; *31735!+,;317-,'+J1>538,: ' 5@!
6+)(,36!6A-Y3(I+A.+1+A,6!6)?83+A.8!(-63!-D!1?.*+35,.1Y.6!6)?'3*5-+,* 'IA3 5+1.'(18,=33
/(18.*E3(1;-5+.8,+@!,'1+A3!;,*3)63(ID-5!+A,6!6+)(@J!

4-1(3+35;,'317.*+35,.812)5(3'K1?8--  (ID5-;!*.5(,.*1.67,5.+,-'1Y.6!;,V3(lY,+Al
A37.5,'1+-1753=3"+1*8-++,'<K!635,.88@!(,8)+3(1)6,'<!6+35,83!Y.+35K!.'(178.+3(I-"1"P!.<.5!
78.+36J1&'-*)8.+3(178.+36!Y353!,)?.+3(1.+!T]; 9!D-5!1j!A-)56!.'(-?2635=3(ID-5!*-8-'@!

<5-Y+AJ

E#88(E:8,:$%

2-)63!12%  (1%!*3886353!-2+.,'3(ID5-;114991W2.".66.6KILIX!.(1*)8+)53(!,'!
WI9# 1'1C2Q2ZN QL%!:3(,);!'W:&P9#X16)7783;3'+3(1Y,+AILSXINP$KN  L<Z:71'6)8, K!
\l U<Z;M+5.'6D355, KI\I'<Z:A16383",):KI'SI'<Z:A(3V.:3+A.6-'3K L. (11VL. +,: @*-+,*1
14,2,-+ MW &PO#XJ1938861Y 3531453, +3(1Y, +AINSSIMEZSAX 1al4"N @ IW1SI'<Z;AX1)7-'1
53.%A,'<!]S (Sx!*-'D8)3*3J!/37.11 0 1*3886!Y353!-?+.,'3(ID5-;/1499!W2.".66.6KILIX!
J(1%)8+4)53( 1,'\xI9#!,1C2Q21:3(,);W:&P9#X16)7783;3'+3(1Y,+Al1SXINP$!.'(11V!

S @F-+ ML+, 2 -+ * D145 6D 3%+, -16+)(,36! Y3531+ ()*+3(1.+\Sx!*-'D8)3"*31 YA, 83!
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-+A35!16+)(,36!Y353!," +,.+3(1.+!]SJSx!*-'D8)3'*3] IN-88-Y,'<!+53.+;3'+K!*3886!Y353!D5-M3'!
+10S{9!)'+,8!7 5-*3663(ID-5;;U"1-5!75-+3,'] |
/3;,'KI9#U2K!.'(1?,8,5)?,1Y353L.(;,,6+353(I-'31A-)5!23D-53L.((,' <! >$!+-1

+A3!;3(,.JIP.@!110Sj%!Y.6!<,=3"1TS!;,)+36!?3D-53">$J !

E#88(1$16-%#9,.86

Hmox11.(16*5.;283(!  6AU"I178.6;,(6!Y3531-2+.,'3(ID5-;1#5,<3'3IWU-*E=,883K!
2CX1'(1 .:78,D,3(! 2@!D,56+!+5.'6D-5;,'<!+A3!78.6;,(6!,+1"QP\ ! 16)735*-:73+3'+! F.
coli*3886!.**-5(,'<!+-1+A3!: ')D.*+)535h6!75-+-*-81 WP,-8.76KI&76Y,*AK!2I&195, 3DK!
45.'6D-5:3(12.*+35,.1Y353178.+3(I-1"P1.<.5IY +Al%\! p<ZE..;@*,1-=35',<A+!.D+35!
YA,*AL16,'<831*-8-'@!Y.616383*+3(ID-5!3V7.'6,- JIP.*+35,.1Y3531<5-Y'1-=35' <A+, 'I"P!
:3(,):1Y,+AI\ f<ZNE. " @*,'1.(173883+3(17@!*3'+5,D)<.+,-'1.+]_KSSS<!  D-B1\!
:)+36 J1>8.6;,(6!Y353!7)5,D,3(1)6, <!+A3!Q'(-D5331>8.6;,(12.V, b, +1.**-5(,'<I+-1+A3!
.)D.*+)535 h6!75-+-*-8IWn,.<3'XJ!&'1?5,3DK!?.*+35,.1Y35318@63(l.'(17.663(1+A5-)<AL.!
6@5,'<3!D,8+35!+-153;-=31*388)8.5!(3?5,6JIN,8+353(!8@6.+3!Y.61. 778@[;!(,'<!
*.8):"KIY.6A3(K!.'(138)+3(1Y,+Al,6-75-7.-8JIC"I1Y.61*3'+5, D)<3(l.'(1+A3!73883+!
Y.6A3(,1]Sx!3+ A.-8123D-53123,'<1536)673'(3(!,13'(-+-V,’  (D533!?)DD35J1>8.6;,(!
%345 + 1Y .61(3+35;,'3(17@!673*+5-TA-+-:3+5@!.+1%_SI'1'(IR).8,+@!'Y.6I*AZ*E3(!
)6,'<!.<.5-631<381383*+5-7A-536,6J!>8.6;,(61Y353!(,8)+3(1+-1.1*-*3'+5 + -'1-D!  1lu<Zu"!
D-51+5.'6D3*+,-'60!

/37.11 0 1*3886!Y359B+)53(1+-\Sx!*-'D8)3™*31.'(1+A3'1+5.'6D3*+3(1)6,'<!
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D)*+,-'L'(1,'A,?,+,-'J! Biochemical Journal 357:\rT 0_1\c!%SSI1J

u%lv  4A."*E.8KILJIOJc!IN.'?)5<KIPJINI3.*+,=3I-V@<3'673*36!,'*388!6,<'.8,'<J!
American Journal of Physiology-Lung Cellular and Molecular Physiology 279:*1SS\C*1S%jc!
%SS8J

u%jv  >.55,6AK!BJ!UJc!:.88-Y,+664)35+.K12Jc!9M)5.K!19J!0Jc!45.*3@K!bJI0J!IQV735,;3'+.8!
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jT!



?.*+353;,.1.'(1637+,*16A-*E!Y ,+Al/l QaLilA);.;-'-*8-".8L'+,?-(@!.<.,'6+!
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J3ICICIb-VKIBJI2-"-*@+31(3.%+,=.+,-1,1637+ *17.+,  3'+6GI536+-5.+ - 12@I&0!:;.!
+53.+:3'+JNat Med 3:_Jj 0 jlc!1rr]J!

ulvl  >-8EK!/J!19Jc!9A3.(83K!BJ!:Jc!,=,'<6+-'KICJ!/Ic!U-(5,<)3MK!IOJIINIc!$+.5E-K!bJ!12Jcl&M)K!
1J!QJc!O.DD3K!/JI$Jc!$-"3'D38(K!:JN5. (-;,M3(175-673*+,=3!*8,",*.8!+5,.8!+-1(3+35;,"3!

]!



+A3!13DD@®!-D!,'+35D356K.;;.1,'163=3538@!,[)53(!7.+,3'+6J!  Am | Surg 163:1r10Lr_c!
1rr%J

ujv!  B.6635;.'KICJc!&-."-=*AK!IOJ!ICJIc!/,'M;."KIUJICJc!C3,*A638K!:Jc!$+3,";."K!:J!
:J1&'+35D35-0<.;;.!,"1+A3!753=3'+,-"1-D!63=353!?)5' (638.+3(!,'D3*+,-'6G!.!Q)5-73."
7A.631&&8&!;)8+,*3'+351+5,.8J14A3!$3=353!P)5'6!$+)(@!:5-)Zak Care Med 26:" T O0Trc!
1rrjJd !

u'rvl  BA33835KICJ!$Jc!e,'<.5388,KIPJc!BA33835K!IBJ!IOJC!B-'<K!/JIUJI"-=38!7A.5;.*-8-<,*!
.775-*A36!+-1+A3!;.".<3;3'+!-D!6376,6G!+.5<3+,'<!+A3!A-6+!,'D8.;;.+-5@!536 7-'63J!
Recent Pat Inflamm Allergy Drug Discov 3:r_(Q0L1%c!%SSrJ

u\Svy  #6)*A-Y6E,K!2JINJc!B38*AK!bJc!$,((,R),K!OJc!U3;, *EKICJ!:J!19,5%)8.+,'<!
*@+-E,'3Z,'A,?,+-5!75-D,836!536A.73!+A3!)'(356+.'(,'<!-DI+A3I$&USZIUS!*-'+,"));1,'"!
6376,6!.'(1753(,*+!;-5+.8,+@JJournal of Immunology 177:1r_] QLr] c!%SS 1J

UMV 238.KINJcIP.*.8M-KINJILIC!I2,8835KMNJICIIC3D3%+,=31-V, (.+,=3!:3+.7-8,6;1-D!5.+18,=35!
L +*A-(5,.11A3;-55A. <, *1.' (13 (++-V/, 16A-*EJ! Am ] Physiol 220:]1 0]]c!1r]1J !

U\%Y  b.'+5-YKI$JI!>Jcl4.@8-5KICIIQIC!9.55.Y.@KI2J1$Ic!>, . +.(-6,KIOINIIHV, (.+,=3!
:3+.2-8,6;1,15.+1A37.+-*@+36.'(;, +-*A-'(5,.1()5,'<!6376,6J! Arch Biochem Biophys
345:9%]j Mbjjc! 1rr]d !

u\Ty  M)6AK!9J!BJc!b=,3+@6K!>J!1UJ!2,*5-=.6*)8.5!(@6D)"*+,-'1,'"'6376 Md¢rocirculation
7T ALS1cl%S$SI

u\'vl  NEKI2J19@+-7.+A*IA@7-V,.1,'16376,6G!.1+5)3!75-?83MInerva Anestesiol 67:%r®
%rlc!%S$1J

ullv!  95-)635K!QJ!2,+-*A-'(5,.8!/(@6D)"*+,-','1637+,*I6 A-*E!.'(!;)8+,783!-5<."]
(@6D)*+,-"16@'(5-;3J! Mitochondrion 4:]%r(Q 1c!%SS1J

ul VM $)8,;.'K!/J1PJc!9.55.Y.@K!2J!$Jc!>,.'+.(-6,K!9J!1J!>-6+8,7-7-8@6.**A.5,(3!
-V, (.+,=3!(.;.<3!-DI;,+-*A-'(5,.8!C"1J! Am | Respir Crit Care Med 167:\]S O]rc!%SSTJ

i\ !



u\Jv!  ",6-8,KIQJC!9.55)2.KI2J14#J1" +5 *1-V,(3L.(;, +-*A-'(5,.812,-<3'36,6]! ] Cell Sci
119:%j\\ Bh_%c!%SS_J

u\jv!  $)8,;.'KI/JIPJc!9.55.Y. @K!2J!$Jc!B38+@-8DK!bJ!QJc!BA-5+-'K!IJ!UJc!>,."+.(-6,K!
9QJNIN7-7-8@6.**A.5,(3!6+,;)8.+36!;,+-*A-'(5,.8!?,-<3'36,6!=,.1.*+,=.+,-'I-D!')*83.5!
5367,5.+-5@!D.*€19] Biol Chem 278:"1\1S01\1jc!%SSTJ

ulrv!  $)8,;.'KI/J  1PJc!B38+#8)8DK!bJ!QJc!9.55.Y. @K!2Jc!4.+5-KINJc!>,.'+.(-6,K!9J!J!
NT-7-8@6.%*A.5,(3!,'()*36!-V,(.+,=3!*.5(,.*!;,+-*A-'(5,.8!(.;.<3!.'(1?,-<3'36,6J!
Cardiovasc Res 64:%]r0%jjc!%SS!J

u_Sv  $)8,;.'K!/J!PJc!B38+@mB-8DK!bJ!QJc!9.55.Y.@K!2J!$Jc!$*AY.5+MKICJI!IIc!
/-88,'<6Y-5+AK!OJ!BJc!>,.'+.(-6,K!9J!1J!4-88B,E3!53*37+-5!"1;3(,.+36!;,+-*A-'(5,.8!C"I!
(.;.<3L'(1?,-<3',*I5367-'636!.D+35!A3.+  Q'.*+,=.+3(1QJI!*-8,JFASEB | 19:1\T1QL\TTc!
%SSWJ

u_1v  N,*EKIPJI"Jclb388@K!CJ!>J1>35-V,6-;3175-8, DB5#5+3(153*37+-51<.; ;.|
* %4 = +-5 QLIW>:90LX!53<)8.+-5@!*.6%.(3!,'1*.5(,. ITA@6,-8-<@!.'(!(,63.63J! Circulation
115:9%\ S0\ jc!%SS]J

u_%v >),<635=35K!>Jc!l(38;.'+K!:Jc!B)K!«Jc!N.'K!2Jc!s)K!OJc#...2.883@K!PJc!$7,3<38;.'KIPJ!
2%+, =.+,-'1-DI>>|U<.;;. 1% *+ = +-5 (L!+A5-)<Al+5.'6*5,7+,-'ID.*+-5!(-*E,'<J!
Science (New York, N.Y 286:1T_jALT]1c!1rrrJ!

u_Tv ~/'KlOJc!>),<635=35K!>Jc!C-'-=."KIOJc!4-3B6K7,3<38;.'KIPJ!2]J!>35-V,6-;3!
75-8,D35.+®&"+,=.+3(1563*37+-5!<.;;.I*- *+ = +-511?3+.1W>:9  QL?3+.IXK!L.!'-=38!>:9010
538.+3(1+5.'6*5,7+,-"1*-*+,=.+-51.66-*,.+3(!Y,+AlA-6+!*388!D.*+-§dkrnal of Biological
Chemistry 277:1_"\ QL_ jc!%SS%J

u_v  1'(3566-'KIFJ c!$*.57)88.KIUJI9J!I>&(B38.+3(!*-.*+,=.+-5K!.I'-=38K!635);0
,'()*,?83!*- *+ = +-51-D!)*83.5!5367,5.+-5@!D.*+-5!10373'(3'+!+5.'6*5,7+,-"1,'!
;55.8,.'1*3886J! Mol Cell Biol 21:T]Tj OT] rc!%SS1J

u W $*.57)88.KIUJIOJI45.'6*5 7+ -.817.5.(,<;6!,1:.;;.8,."1;, +*A-(5,.8!
2,-<3'36,6!.'(ID)"*+,-"Jl  Physiol Rev 88:_110 Tjc!%SS}J



u_Vv L,57.6,)6K!I0J!ILJc!$*.57)88.KIUJI9J!I*+,=.+,-'I-DI+A3IA);.'l;,+-*A-'(5,.8!
+5.'6*5,7+,-'ID.*+-5!11<3'31?@!")*83.5!5367,5.+-5@!D.*+-56G!.!7-+3'+,.8153<)8.+-5@!8,E!
?3+Y33'1)*83.51.'(I;,+  -*A-'(5,.8!<3'313V75366,-'!,'-5<."3883!?,-<3'36,6J!  Proc Natl
Acad Sci U S A91:1TSIALT1Tc!1rr'd

UM P-LY,+MK!"JICJc!98.@+-'KICJIIICISA.(38KI:JI$II& +,.+,-'.'(123@-'(G!;)8+,783!
D)'*+,-'61-DI+A3IA);. 1 +-*A-'(5,.8145.'6*5, 7+ -': A, '35@J! Molecular cell 24:1T §%\c!
%SS! J

UV $)8,;. ' KI/JIPIC!9.55.Y.@K!2J1$c!I8,K!1JI$Ic!U3@'-8(6K!9J12Jc! B3B-EDK!bJ!IQJcC!
>, '+.(-6,KI9JNJI4A3IHZ/#16 @6+3;153=35636!,'A,?,+,-'1-DI;, +-*A-'(5,.81?,-<3'36,6!
(1753=3'+61;)5,'3!(-V-5)?,*'1* 5(,- @-7.+A@J! ] Clin Invest 117:T|TSOT] 1¢!%SS}J

unt  /.(3KICIBJIc!$)8,;. KI/IIPIC!9.55.Y.@K!2J1$Jc!B38+@B-8DK!bJIQJc!8,K!IJI$Jc!
$A,+.5.Kl/Jcle-'3E.Y.KI/Jc!>,. +.(-6,KI9J11J12,+-*A-'(5,.817,-<3'36,6!536+-5361-V, (.+,=3!
:3+.2-8,6;1()5,'<I$+.7A@8-*-**)6.)53)6!6376,6J!  Am ] Respir Crit Care Med 176:]_j QJ]c!
%SS]J

ulSy  ~.566-'K!"J!:Jc!B.'<K!0Jc!B,8A38;66-'K!/Jc!#8(D-56K!Jc!U)6+,'K!>Jc"3Y.'(-6E,K!
2Jc!P.56AK!"J!$Jc!98.@+-'KICJ!JI2,+-*A-'(5,.8!45."6*5,7+,-'ID.*+-5!11,6!'3*366.5@!D-5!
;+C"I%L+3.*31L(13;?75@-<3'36,6!,'1;,*3J! Nat Genet 18:%T®o6T_c!1rrjl

ullv  45.K!2Jc!4.;KICIc!P.5(,.K!IcIPA.6,'K!2Jc!U-Y3K!:J19Jc!bA35K!Jc!l«63'<38835K!J!bJc!
IEA.=" OBA.5,DKI2JIUJCIbA.'E,'KIQJ!LIc!S.,'+<3',3MK!2Jc!C.=,(K!$Jc!P)56+3,'K!CJc!
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"*83.515367,5.+-5@!D.*+&!?@!"NE.77.P!./((9UQP!8,'E6!">$ Q'()*3(!,'D8.;;.+,-"1+-!
| +-*A-(5,.812,-<3'36,6J! ] Cell Sci 123:%\_\®6\\c!%S18J

ul\v!  U@+35KI$JBI8.;KIOJCcI9A-,K!J12J1/3;3!-V@<3'.63 ALZ*.57-"1;--V,(3G!D5-;!
?.6,*16*,3*3!+-1+A35.73)+,*1.778,*.+,-'6J! Physiol Rev 86:\|T 0 \Sc!%SS_J

ul_v A*38KI$Jc!/.66-)'KI$II2IcIN.=-5@K!UJc!IC3*-6+35K!PJc!2-++358," K!UJc!"3=,353K!UJ!
9.5?-'12-'-V,(3!U36*)36!2,*3!D5- ;IN3+A.81$376,6!?7@!$)77-5+,'<12,+-*A-'(5,.8!
Q'35<3+,*123+.?7-8,6;L."(II*+,=.+,'<12,+-*A-'(5,.8!P,-<3'36,6J! Journal of Pharmacology

and Experimental Therapeutics 329:_"10 jc!%SSiJ

ullv!  $)8,;.'KI/JIPJc!9.55.Y.@K!2J!$Jc!4.+5-KINJl:Jc!>, . "+.(-6,KI9JNJNI3Y!L.  *+,=+,'<!
5-83!D-5!19#1,"1*.5(,.*!;,+-*A-'(5,.81?,-<3'36,6J! J Cell Sci 120:%rr0T Sjc!%SS]J

uljv!  UA-(36K!2J!1Jc!9.55.Y.@K!2J!$Jc!>,.'+.(-6,K!9J!1Jc!U3@'-8(6K!9J!12Jc!9A355@K!IJ!
CJc!B36+35K!4J!QJc!".+-8,K!12J!0Jc!2.663@K!QJ!BJc!2--'KIUJIQJIc!$)8,;.'K!/IIPJI9.52-
;-'-V,(3KI6E383+.8!;)6*83!-V,(.+,=3!6+5366K!.'(!;,+-*A-'(5,.8!?,-<3'36,6!,"!A);.'6J!

Am | Physiol Heart Circ Physiol 297:/Tr% OTrrc!%SSt]

ujrv!  P53.83@KI!CJc!P5.'(K!2Jc!/.5<53.=36K!&Jc!/3.836K!$Jc!".'(K!OJc!$;-83'6E,K!UJc!C.=,36K!
"JNJcl9--735K!19J3!1QJc!$,'<38RI!N66-*,.+,-'1?73+Y33';,+-*A-'(5,.8/(@6D)*+,-".'(!
63=35,+@!.'(!-)+*-;3!-D!1637+,*I6 A-*EJLancet 360:%10%%Tc!%$S%J

ujS¥  N3'<KInJc™)K!sJclO-'36KICINICI$A3'KIOIC!IS'-8(K!0J!I2J!&*53.63(!,'()*,?83!",+5,*!
-V,(316@'+A.63!13V75366,-"1*-'+5,?)+36!+-1;@-*.5(,. 8!/(@6D)*+,-'1."(A,<A35!;-5+.8,+@!
.D+35!,@-*.5(,.8!,'D.5*+,-'l,'l;,*3J!  Circulation 104:]SSQS c!%SS1J

Ujlv  F885,*AKIUJC!I$*A3EERE?,3K!2Jc!P8-*AKIDJICICI&*A, -63KINJIC!".E.[,;.K!/Ic!>, * 5(K!
231/Jcls. 7-8KIBJ12JcIN)3M. (-K1eJ12J1"319-'<3" +.81(3D,*,3*@!-D  I' +5,*-V,(316@"+A.63!%!
75-+3%+61.<.'6+13'(-+-V," Q'()*3(1;@-*.5(,.8/(@6D)"*+,-1,";,*3J! Circulation
102:1°SQL"_cl%SSBJ

uj%V >-(35-6-K!0JI0Jc!9.5535.6K!2J!19Jc!”,6(35-K!19Jc!U,-?-K!"Jcl$*A-7D35K!INIc!P-=35,6K!1J!
" +5,%1-V,(3!,'A,?,+6!383*+5-'1+5.'6D35!."(!,*53.636!6) 735-V,(3!5.(,*.8!75-()*+,-"1,"15.+!

A3.5+!; +-*A-'(5,.1.'(16)?;,+-*A-'(5,.8!7.5+,*836J! Archives of Biochemistry and

Biophysics 328:)\ @%c!1lrr_D
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UTV  P-<3'A.<3'KICJINJc!U-)663.)KICJICIP)SE3K!$II4A3I8. @353(16+5)*+)53!-DIA);.
5, +-*A-'(5,.8!C"I!") *83-,(6JYournal of Biological Chemistry 283:T__\OT_]\c!%SS}J

uj'v!  :5-=35K!UJcle.**.5(388,KICJc!9-8,*3K!:Jc!:)'+)7.88,K!bJc!B.+6-'KICJcIL, *3'+KIOJINJ!
I'-73'"  (B.238!(-63!136*.8.+,-'16+)(@!-D!+A3!" +5,*1-V, (316 @'+A.63!,'A,?,+-5KI"VI3+A @8
AQ5<, " 3IA@(5-* A8-5,(3IW\"_9jiXK!,'17.+,3'+61Y,+Al637+ *I6A-*EJ!:8.V-1B388*-;3!
&'+35'.+,-'.81$37+,*ISA-*E!$+)(@!:5-)7J! Crit Care Med 27:r1TQ%%c!1rrid

ujwv! A 73MK!IJc!M-53'+3K!I0J!1Jc!$+3,'<5) ?KI0Jc!P.EE35K!0Jc!I2*M)*E, 3K !1Jc!B,88.++6K!I$Jc!
P5-*EY.@K!2Jc!I'M)3+-K!lJc!/-8M.7D38K!*Jc!P533'KICJc!$,8=35;.'K!12J!1$Jc!4.E.8.K!OJc!
C-'.8(6-'K!0Jc!15'36-'K!9Jc!:5-=3K!:Jc!:5-66;.'K!$Jc!:5-=35K!UJ12)8+,7830:3'+35K!
5.'(-;,M3(K!78.*3?-  0~-'+5-883(K!(-)?830?8,'(16+)(@!-D!+A3!",+5,*I-V, (316 @'+A.63!

A2, +-51\"_9jjG!3DD3*+!-'16)5=,=.8!,'17.+,3 '+6!Y,+Al637+,*I6A-*EQ¥it Care Med 32:% 0T Sc!
%SS1J

uiV  P.EE35K!0Jc!:5-=35K!UJc!2*N*E,3K!IJc!/-8M.7D38K!NJc!I'(3566-'K!OJc!-(.+-K!UJc!
B.+6-'K!CJc!:5-66;.'K!$Jc!C-'.8(6-'K!OJc!4.E.8.K!I0Jc!:5-) 7K!: JIBJI&JI$II$II$J!
I(;,',645.+,-'1-DI+A3!" +5 *I-V,(3l6@'+A .63!,'A,?,+-5!": Q3+A@8*05<,','3!
A@(5-*A8-5,(3IW\"_9jjX1?@!,'+5.=3")6!,'D)6,-'ID-5!) 7!+-1]%!A-)56!*.'175-;-+31+A3!
536-8)+,-'I-DIBA-*E!,'I7.+,3'+6!Y,+Al63=35316376,6G!536)8+6!-D!.!5.'(-;, M3(K!(-) 888, (K!
78.%37- 0-'+5-883(!;)8+,*3'+35!6+)(@!W6+)(@!"-1" (BS%X#ft Care Med 32:101%cC!%S5"J

ujjv!  b,;Kled!2Jc!b,;K!4J!/Jc!9A)'<K!/J14]c!4.8.",.'KIUJ!LJc!e,'K!sJ!2]c!P,88,.5K!4J!UJ!
" +5.*1.V/,(31753=3"+6+):-5!'3*5-6,6!D.*+-5!.87A. Q'()*3(15.+!A37.+-*@+3!.7-7+-6,6!7@!
+A3!,'+355)7+,-'1-D!;,+-*A-'(5,.8!.7-7+-+,*16,<'.8,'<!+A5-)<Al$  0,+5-6@8.+,-'!-D!*.67.630
jJ!Hepatology 32:]]S 0]jc!%SSSJ

ujjv!  «A)KIsJcleA.-K!/Jc!:5.=38,'3K!IJIUICIP) @6K!QJI!$IC!I$*A;,(+K!IFIc!P8-*AK!bJICJc!
U-63'MY3,<KI!IJc!9A.-KIBJI2@Cjjl.'(I"#$%!.53!3663'+,.8!D-5!+-88,E3!53*37+-50'
;3(,.+3(16)5=,=.8!3DD3*+!,'*.5(,-; @-*@+36J'Am | Physiol Heart Circ Physiol 291:/1rSS 0
1rSrc!%SS J

ujrv!  [.+.-KlIQJc!P3"3++KIPJc!2.",'<K!lJc!n,.'K!4Jc!"3;.6+356K!I0Jc!P53"35K!ICII'IN
E.77.P!6+,;)8.+36!,'()*,?83!",+5,*-V,(316 @'+A.63!+-175-+3*+1;-)63!A37.+-*@+36!D5-;!
4"N Q87A.0."(IN.6 Q3(,.+3(!.7-7+-6,63! Gastroenterology 120:1%\101%_%c!%$S1J

urSv  ",6-8,K!QJcIN.8*-'3K!$Jc!4-'388-K!9Jc!9-MM,K!LJc!>.8-;?.KI"Jc!IN,-5." KI2Jc!>,6*-'+,K!IJc!
P5)'388,K!$Jc!9.5(,83K!IJc!IN5."*-8,',K!2Jc!9.'+-" | K!#Jc!9.55)?.K!12J1#Jc!12-"*.(.K!$Jc!
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983;3'+,K!QJ!2,+-*A-'(5,.8!?,-<3'36,6!?@!"#!@,38(6!D)"*+,-.88@!.*+,=3!;,+-*A-'(5, .1l
;;.86J1 Proc Natl Acad Sci U S A 101:1_\S]QL_\1%c!%S$&"J

urly  P38+5.')KIPJc!2.+A)5K!Jc!C)*A3'K!I2J1UJc!Q5)6.8,;6 E@K!OJ!ICJIc!2-"*.(.KI$JI4A3!I3DD3*+!
-DI',+5,*1-V,(3!-'1*388!5367,5.+,-'GI'E3@!+-!)'(356+.'(,'<!,+6!5-83!,'*388!6)5=,=.8!-5!
(3.+AJProceedings of the National Academy of Sciences of the United States of America
97:1"_S%l"_S]c!%SSISJ

ur%V 1)+6.3=.KICJIUJC!9.55.Y.@K!2J!$Jc!$)8,:. ' KI/JIPIcIC3;*A3'E-KI&JII4ICI$A, +.5.K!/Ic!
e-'3E.Y.KI/Jc!>,. +.(-6,KI9011J145 6,3 +IA@T-V,.16+,:)8.+36!;,+-*A-(5,.8!7 - <3'36,6!
125.'16)?*-5+3V12@!.1'3)5-".8!" +5 *1-V, (316 @'+A.63 (Q373'(3'+:3*A.",6;J! ] Neurosci
28:9%S1W6S% c!%SSjJ

urTy  /.'Kled!sJc!?,'K!eJ!4Jc!s)KI0JI0Jc!9.-KINJINJc!In )K!sJ!IBJc!O,.'<K!/JC!9A K« JINJ!$+.+)6!
37,837+,%)6!6+,;)8.+36!735-V,6-;3!75-8,D35.+& *+,=.+3(1563*37+-5!<.;;.I*- *+ = +-5!11 0
.87A.Z;,+-*A-'(5,.81.'+,-V,('+16@6+3;!7.+AY.@!?@!.!"+5,*I-V,(3  Q373'(3'+!

;3*A.,6;J! Neuroscience 186:1%[LT c!%S11J

urvl  ",6-8,KIQJc!983;3'+,KIQJc!>.-8)**, K19Jc!9-MM, KILJc!4-'388-K19JC!$* -5.+,K19Jc!P5.*.83K!
UJcIL.88,-K!IJCING.'*-8, K12Jcl2-'*.(.KI$JC19.55)?.KI2J12, +-*A-'(5,.812,-<3'36,6!,
.;1.86GI+A315-831-DI3'(-<3"-)6!",+5,*1-V,(3J!  Science 299:jr_ Qrrc!%SSTJ

urlv!  C)=.8K!CJ!"Jc!2,8835K!CJ!UJc!9-88,35K!0Jc!P,88,'<6KIUJIQJI9A.5.*+35,M.+,-'I-DIA37 .+,*|
',+5,*1-V,(3!16 @'+A.63G!&(3'+,D,*.+,-'.61+A3*@+-H)'9*,?83!D-5;!75,;.5,8@!53<)8.+3(!
?2@!-V,(."+6IMolecular Pharmacology 50:%]]®%j c!1rr_J

ur ¥ C,'<KIJJIc!".+A.'KI9JINJc!$+)3A5K!ICJII0JIU383.63!-D!53.*+,=3!',+5-<3'1,'+35;3(,.+36!
L(153.%+,=3!-V@<3','+35;3(,.+36!D5- ;!;-)63!735,+-'3.8  (Q.*5-7A.<36! (1*-;7.5,6-'1-D!

J4 =4, <@ +-E,'36!.'(13=,(3*3!D-5!,'(373'(3'+!75-()*+,-'J! Journal of Immunology
141:% S0 1%c!1rjj0

urjv!  N8-(6+5-;K!2Jc!Q,M,5,EKICINI&'+35D85-" Q'()*3(!,'+35D35-'153<)8.+-5@!
D.*+-BW&ONK!3V7E®H,-'!,'15-(3'+1.'(1A);.",683+!*3886!753*3(36!",+5,*!-V,(3!
75-()*+,-"J!  Endocrinology 138:%] ] ®6\Tc!1rr]J!

urjv!  b.;,[-KIUJC!/.5.(.K!/Jc!2.+6)@.;.K!4Jc!P-68.'(K!2Jc!:353*,+."-KIOJC!$A.7,5-K!CJc!
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D-5145.'6*5,7+,-'ID.*+-51&UM!, I"#16@'+A.631,'()*+,-'1,'1; *5-7A.<36J! Science
263:1_191_1\c!1rrJ!

urvl  0.%-26K11J14Jcl&<'.55-KINJI0JIN, 7-7-8@6.**A. B(3*3(13V75366,-'1-D!,'+35D35-' 0
23+.1:3(,.+36!1+A31+,;,'<I-DI)()*,?  83!'+5,8V,(316@'+A.63!,'()*+,-', 1UIBI%_J]!
. *5-7A.<36J! ] Biol Chem 276:' 1S 0]\]c!%SS1]

ulSSv >.)+MK!Jc!I5+K!0Jc!/.A'K!$Jc!"-Y.<K!$Jc!L-66K!9Jc!b83,'35+K!/JIU3<)8.+,-'I-DI+A3!
3V75366,-'1-D!,'()*,?83!',+5,*I-V,(316 @'+A.63INitric Oxide 23:]\ QTc!%BSI

ulS1iv b83,'35+K!/Jc!Q)*A3'A-D35K!9Jc!&A5,<P,3(35+K!&JcIN-56+35;."KIFJI:8)*-*-5+,*- (6!
JA? H1+ABL () +,-1-DE,+5, %1V, (316 @'+A.631&&!1?@!(-Y' (B3<)8.+,'<!I*@+-E,''()*3(!
F+,=,+@!-D!+5.'6*5,7+,-'I1D.*+-5!")*83.5!D.*+&&.77.!PJ! Molecular Pharmacology 49:1\ ®%1c!
Irr_ J!

ulS%v C3!L35.K!12J!QJc!4.@8-5K!PJI$Jc!B.'<K!InJc!$A.7,5-K!UJI!NIc!P,88,.5K!4J!UJc!:38835K!CJI!IJ!
C3V.;3+A.6-'316)77536636!,"#%$!<3'3!13V75366,-'1?@!)753<)8.+,'<!& (E.77.!PL.87A.L'(!

VA2 +<I"N E.77.!1PJ'American Journal of Physiology-Gastrointestinal and Liver Physiology
273::1%rSQ1%r_c!1rr]J!

ulSTv $.Y83K!>JcIN-536+,K!UJc!2."KIPJIQJc!O-A'6-'K!4J!UJc!:533'K!9J!0Jc!2-++358,", KIUJ!
9.5?2-'1--V,(3 (5383.6,'<!;-83*)836!W9#0J26X!.++3").+3!+A3!,'D8.;;.+-5@!5367-'63!
38,*,+3(1?@!8,7-7-8@6.**A.5,(3!,""UIB%_"J]';)5,'3!;.*5-7A.<36J!  British Journal of
Pharmacology 145:)SS{1Sc!%SS\J

ulSv $A3'<KIBJI$Ic!/)K!I$IIsIc!"3++836K!JIIUICIN-EZ'6<.5(K!0J!UIC!IL35*388-++,K!:J!12]c!U-*EK!
UJIPJI/3;,1'A,?, +6I"#I75-()*+,-"1?@1&"  QL173+05+,;)8.+3(!A);.'1.6+5-*@+36!+A5-)<Al

;' ()*+,-'I-DIA3;3I-V@<3'.63  QLL'(!153()*+,-"I-DI7TjI21>bl.*+,=.+,-'J! Journal of
Neuroinflammation 7¢!%S1SJ

ulS\W B.'<KIUJIAY-...6"-; 7. @K!+A533...6L.1*5-Y(G!*."/%$!?31+A3!+A,5(!3'(-<3'-)6!
<.63-)6!+5.'6;,++35%! Faseb Journal 16:1]r%0QL]rjc!%SS%J

ulS v >)'KI>JIPJINIcMK!IOJc!b.'K!IQJ!12Jc!2--*AA.8.K!$J!:.636!,"1+A3!; ,+-*A-'(5,.J!
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ulSly P5-Y'K!:J!9Jc!9--735K!9J!QJ!"."-;-8.5!*-"*3'+5.+,-'6!-D!',+5,* 0V,(3!53=356,78@!
JA? +16@'.7+-6-;.815367,5.+,-'1?7@!*-;73+,'<lY +Al-V@<3'.+*@+ -*A5-;3 0V,(.63J! Febs
Letters 356:%r\Q%orjc!lrr J!

ulSjy «)*E3575.)'KIPJI$ICI9A,'KIPJleJc!P,87.'K!2Jc!(...1=,8.K!0J!9Jc!U.-K!O0Jc!P,88,.5K!4J!UJc!
#++3573,'KINJIQJI9.57-';-'-V,(3!16,<'.86!=,.1,'A,?,+,-'I-DI*@+-*A5-;3!*I-V,(.63!.'(!
<3'35.+,-'I-DI;,+-*A-'(5,.8!53.  *+,=3I-V@<3'1673*,3@HUseb Journal 21:1SrrAL1S_c!%SSE]J

ulSrv A, Kindch)-KleJc#)KInJcl9),K19Jc!B)KIBJIc!4. KIBJIclA)KIsIc!, *3+.KINc!
$.'<.".8;.+AKI$ICIC.Y'KIPICI$A, )5.KIbIcIU-E-6AK!:Jc!B.'<K!$JIc!P-88,KIUJ!:3'31+5.'6D35!
-DI,'()*,783!" +5,*1-V, (316 @'+A.6 3.DD-5(6!*.5(,-75-+3*+,-'1?@!) 753<)8.+,'<|A3;3!
V@<3'.630L!=,.1.1N*83.51D.*+-5 GhoE.77.SK373'(3'+17.+AY.@J! Circulation 120:1%%%
1%TSc!%SSrJ

ullSv :5,-'K!"JclU373++-K!QJ!2Jc!>-;35.",3*K!eJc!9.83[;.'K!9J!12Jc!16+-5+KINJc!$. *A3MK!IUJc!
>,<".+.5-KI#J!1>Jc!l5,.6K!>Jc!l9@;35@,'<K!9J!IPJI&' ()*+,-'I-DI',+5,*-V, (316 @'+A.63!.'(1A3;3!
-V@<3'.63!.*+,=,+,36!?@!3'(-+-V,'l,'1+A3!5.41.(53".8!*-5+3VG!,'=-8=3;3'+!-DI?-+Al
6,<'.8,'<l16@6+3;6!,'+A3!;-()8.+,-'1-D!194/ Q373'(3'+16+35-,(175-()*+,-" ! Journal of
Endocrinology 194:110/08!%SS]J

ulllyv ~)Kl!sJi2Jc!>3@+-'K!bJ!0Jc!Q'63'.+K!CJIc!B.'<K!/Jc!/."'EK!2Jc!I8.;K!0Jc!C)5.'+3K!
BJ!",+5,*I-V,(3!6+,;)8.+36!A3;3!-V@<3'.63 (L!<3'3!+5.'6*5,7+,-'I=,.1+A3!"5D%ZIUQ!
*-:783V!+-175-;-+31=.6*)8.5!6;--+A!;)6*83!*388!6)5=,=.8J!  Cardiovascular Research 75:Tj10
Tjrc!%SS)

U11%v 9A-,KIPJ12Jc!> 3K/ JI#clb,;KledI2JcI9A) <K1/JI4J1", +5 *1-V/,(303(,.+3(!
*@+-75-+3%+,-'1-DIA37.+-*@+36!D5-;1<8)*-63!(375,=.+,9'()*3(1*@+-+-V,* +@G!
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ullTv &;;3'6*A)AK!I$J c!4.'K12Jc!U.;.(-5,KEJ!", +5,%1-V (3! 3(,.+36!+A3!
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ull’v b.,M)K!4Jc!&E3(.K!IJc!".E.-K!IJc!46)'<K!lIcl4-@-EY.K!/Ic!F3E,K!$Jc!:38835K!CJ!Ic!
2)5.63K!"JI>5-+3*+,-'-DI+5.'678.'+ Q'()*3(!A37.+,*,6*A3;,.253735D)6,-',')5@!Y,+Al
*57-'1;--V,(3!=,.12QbZQUDb1Z%!7.+AY.@!(-Y'53<)8.+,-'J! American Journal of
Physiology-Gastrointestinal and Liver Physiology 294::%T_Q% ~ c!%SSjJ
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American Journal of Physiology-Gastrointestinal and Liver Physiology 296::1T_SQ1T_r c!%SSrJ
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75-+-7-57TA@5,".'(IM,™*  O75-+-7-57TA@5,"-"16+35-,(-<3'36,6G!+,'075-+-7-57A@5,",6!.!
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Research 31:1r_C%S1c!1rr%J
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53)+,8,M.+,-'"Proceedings of the National Academy of Sciences of the United States of America
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ul Tv 4M,;.K!$JclL,*+-5.+-6K!>Jc!b5.",(,-+,K!bJc!I83V,-)K!2Jc!b-88,.6K!:J12@38-,(!A3;3!
V@<3'.630L153<)8.+36!,".+31,;:) +@!./(1.)+-,;) , +@!?@";-()8.+,'<I&N" 0P3+.!
75-()*+,-"3! Journal of Experimental Medicine 206:11_]QL1]rc!%SSH]

ul v $,-)(KI2J!1>5-;,6361.(1*A.883'<36!,'1(3=38-7,'<IU"],.61.15363.5*Al+--81.'(!
+A35.7@Mlethods Mol Biol 703:1]TQLj]c!%S11J

ul_\W 1?5.;6K!2J3!4Jc!b-635K!2J1"Jc!$3,+M35K!0Jc!B,88,.;6K!$J!9Jc!C,>,3+5-K!2J!Jc!B.'<K!
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ul v >355388.K!2J!1Jc!>.++356-'K!9Jc!4.'KI"NIcle3+K!$JIINIc!/6,3AK!9]!12]cle-6A,M);,KI2Jc!"33K!
2J'QJ!$)775366,-'I-D!,'+3583)E,'AL!?3+0Q'()*3(!",+5,* OV,(3!6@'+A.63!
75-;-+35Z3'A."*35!.*+ = +@!?@!+5.'6D-5;,'<I<5-Y+A!ID . *+-83+.11!,'1=.6%)8.5!6;--+A!
;)6*831*38860Q=,(3"*3!D-5!;3*A.",6;6!-+A35!+A.'I"N  (E.77.!PJ!Journal of Biological

Chemistry 271:1T]]_ QLT]jSc!1rr_J

ul ju 9A3'K!ed!//Jc".@'3K!2J!ICJIc!9A)'<K!$J!BIc!Q[,;.K!bJc!P.5-'KIUJ!2Jcle3+K!$IINJIC!
>355388.K!2J!1JIQAHE,6!.1+5.'6*5,7+,-'.815375366-5!-D!"',+53V,(3!16 @'+A.63!%dkrnal of
Biological Chemistry 278:Tr\]% 0rmn\]]c!%SSTU

ul_r¥ P.5-'KlUJI2Jc!9.5=.[.8K!&A)c!",)KIsIINIcIHE. ?3KIUJI#ICINS3(3'?)5<AKINIQIC!2.*,.6K!
13113c!9A3'K!ed!/Ic!Ql,;.KlbJc!h. @'3K!12JICJc!>355388.K!12J!1J1U3()*+,-'I-D!',+5,*1-V,(3!
6@'+A.63!%!3V75366,-'1?@!(,6+.,@*,'l!,;75-=3616)5=,=.8!D5-;!3'(-+-V3;,.J!  Journal of
Immunology 173:"1"] 01\Tc!%SS1J
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*A.5.+35,M.+,-'I-D!(,DD353*36!?3+Y33'IA);."."(!;-)63!,"#$!75-;-+356 J! Biochem

Biophys Res Commun 248:j]1 QJjc!1rrjJ !
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>, '+.(-6,KI9JNJI4A3IHZ/#16 @6+3;153=35636!,'A,?,+,-'1-DI;, +-*A-'(5,.81?,-<3'36,6!
(1753=3'+61;)5,'3!(-V-5)?,*,'1* 5(,- @-7.+A@J! ] Clin Invest 117:T]TSOT] 1¢!%SS}J

ul]Tv B38+@B-8DK!bJIQJc!9.55.Y.@K!2J!$Jc!/).'<K!eJ!9Jc!$,;-'6-'K!$J!:Jclb.'+5-YKISJ!
>Jc!>,.'+.(-6,KI9J!J!P.*+35,.8!75,;,'<!,*53.636!8)'<!,')5@!,'I<5.; 03<.+,=316376,6 Am
] Respir Crit Care Med 158:_13) 1rc!1rrjJ!
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;-'-V,(3175-()*+,-'J! Analytical Biochemistry 168:T10Tjc!1rjjJ !
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*A,8(53'I-DII5+A)5!$5J!.'(12.5<.53+!U3@"'-8(6J! $A3!<53Y1)7!,'/.8,D.V!9-)'+@K! LI !
YA353!A35!7.53'+6!6+,88!536,(3J!ID+35!<5.().+,'<!D5-;!/.8,D.V!9-)'+@!/,<Al$*A--8!.6{]!
,'IA35!*8.66K!6A3!;.+5,*)8.+3(!+-!"-5D-8E!$+.+3!F',=356,+@'W"$F X!, "1 1rrr'Y,+A!.!D)88!
6*A-8.56A,7!+A5-)<AI+A3!IC-M-53+M!".+,-'.8!&'6+,+)+3!D-5!2,'-5,+,36!,"1778,3(!$*,3"*36!
WC"&21$X!75-<5.;J1$A3!<5.().+3(16);;.1*);!18.)(3!D5-;I"$F!Y,+ALIPI$JI!, !
9A3;,6+5@!>5@3(,*,'3!,'12.@!%SSTJID+35!7.5+,*7.+,'<! '1+A3!>-6+ (P.**.8.)53.+3!
U363.5*AlQ()*.+,-"1>5-<5.;IW>UQ>X!.+IC)E3!F',=356,+ @K!6A3!6+.5+3(!;3(,*.8!6*A--8!.+!
C)E3!,"1%SS JI$A3!+A3'13'+353(1+A3!>.+A-8-<@!:5.().+3!75<5.;!,'11)<)6+!%SSjJI$A3!
53+)5'3( +-1+A3!$*A--81-D!123(,*,'3! ,'12.@!%S1T+-1*-;783+ 3!A35!D,".8!@3.5!-D!;3(,*.8!
6*A--81.'(1<5.().+3!,'12.@!%S1°J!$,"*3!?73,'<].+IC)E3K!6A3!53*3,=3(1+A3! 23(,*.8!$*A--8!
N.*)8+@!B,=36!$*A-8.56A, 7'WUBEBS_ KR!I'h6!4),+,-'I1$*A-8.56A,7!D-5123(,*.8!$*A--8!
W%SBoSSjXKIC)E3!Q'(-Y;3'+IN388-Y6A,7!.'( 10.;36!PJIC)E3IN388-Y6A,D-5!:5.(!
$*A--8IW%SPBpS11XK!'(I+A3IF"9INZ235*E!:5.().+3!C,6635+.+,-'IN388-Y6A, 7' W% BB T X!
.61Y388!.6123;?35!-D!+A3!e3.5!.'(IC)E3!9A.7+35!-D!+A3!e3.5!D-5!+A3!$+)(3'+!".+,-'.8!
23(,*.8!166-*,.+,-'"W%SS]XJ!I$SA3!A.6!-'3!D,56+!.)+A-5!7)?8,*.+,-'K!|' ,+5,*-V,(3!6@'+A.66
%!,'()*+,-"1-7+,;,M36!*.5(,.*!;,+-*A-'(5,.81?,-<3'36,6!.D+35!3'(-+-V3;,.} lulT_M(!,6!
1*- Q)+A-51-1j1-+A3517.7356!D3.+)53(!,"t  Am ] Respir Crit Care Med, | Biol Chem, | Cell Sci,
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