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1. Introduction  and  Background  

GBG 4#+-.- H(!"#(E8.6.918(I$&78#;(

$376,6!,6!(3D,'3(!?@!+A3!6@6+3;,*!,'D8.;;.+,-'! +A.+!-**)56!YA3'! =,5.8K!?.*+35,.8K!

-5!D)'<.8! 7.+A-<3'6!- =35YA38;!+A3!'-5;.8!A-6+!?.55,35!(3D3'636K!6753.(!6@6+3;,*.88@K!

.'(!+5,<<35!.!5-?)6+!75- 0,'D8.;;.+-5@!,;;)'3!5367-'63J!!4A,6! ,''.+3! ,;;)'3!5367-'63!

,6!'3*366.5@!D-5!+A3!A-6+!+-!*83.5!+A3!7.+A-<3' K!?)+!YA3'!6)6+.,'3(!.'(!(@653<)8.+3(K!

;.@! 83.(!+-!*388)8.5!(.;.<3! .'(!-5<.'!(@6D)'*+,-' J!Q.*A!@3.5K!.'!36+,;.+3(! ]\SKSSS!

I;35,*.'6!(3=38-7!63=353!?.*+35,.8!6376,6J!#D!+A363!7.+,3'+6K!6-;3!%SSKSSS!(,3!D5-;!

;)8+,783!-5<.'!(@6D)'*+,-'!6@'(5-;3!W2#C$XK!;.E,'<!6376,6!+A3!83.(,'<!*.)63!-D!

(3.+A!,'!'-' 0*.5(,.*! ,'+3'6,=3!*.53!)',+6!W&9F6X!.'(!1S+A!.;-'<!.88 0*.)63!;-5+.8,+@!,'!

+A3!F',+3(!$+.+36!u1K!%vJ!

$376,6!*.'!R),*E8@!75-<5366!+-!;-53!63=353!6+.<36!6-!3.58@!,(3'+,D,*.+,-'!.'(!

+53.+;3'+!-D!6@6+3;,*!,'D3*+,-'6!,6!*5,+,*.8!D-5!7.+,3'+!6)5=,=.8J!4A3!(,.<'-6,6!-D!6 376,6!

53R),536!+A.+!*35+.,'!*8,',*.8!*5,+35,.!?3!;3+J!!4A363!,'*8)(3!+A3!,(3'+,D,*.+,-'!-D!.!6-)5*3!

-D!,'D3*+,-'!,'!*-''3*+,-'!Y,+A!*5,+35,.!D-5! 6@6+3;,*!,'D8.;;.+-5@!5367-'63!6@'(5-;3!

W$&U$XJ!$&U$!,6!(3D,'3(!?@!+A3!75363'*3!-D!+Y-!-5!;-53!- D!+A3!D-88-Y,'<!;.',D36+.+,-'6G!1X!

+3;735.+)53!wTj¡9!-5!lT_ ¡9c!%X!A3.5+!5.+3!wrS!?3.+6!735!;,')+3c!TX!5367,5.+-5@!5.+3!w%S!

?53.+A6!735!;,')+3!-5!>.9# %!-D!lT%!;; /<c!.'(!`X!BP9! l`KSSSZ;; %K!w1%KSSSZ;;%K!-5!

w1Sx!,;;.+)53!'3)+5-7A,86! uTvJ!$376,6!*-;78,*.+3(!?@!-5<.'!(@6D)'*+,-' K!A@7-+3'6,-'K!

-5!A@7-735D)6,-'!,6!*.883(!severe  sepsisJ!!N)5+A35;-53K!YA3'! A@7-+3'6,-' !7356,6+6!(367,+3!

.<<5366,=3!D8),(!536)6*,+.+,-'!.'(!7.+,3'+6!53R),53!A3;-(@'.;,*!6)77-5+!6)*A!.6!



!

%!

=.6-75366-56!-5!,'-+5-7,*!.<3'+6K!+A,6!,6!(3D,'3( !.6!septic  shock  uTvJ!$3=353!6376,6!.'(!

637+,*!6A-*E!.53!.66-*,.+3(!Y,+A! A,<A35!;-5+.8,+@!()3!+-!2#C$!.'(!A.=3!+A353D-53!?33'!

+A3!D-*)6!-D!;-6+!6+)(,36!,'=36+,<.+,'<!+A3!7.+A-<3'36,6!-D!6376,6J!

4A3!7.+A-7A@6,-8-<@!-D!6376,6!,6!R),+3!*-;783V!.'(! -D+3'!,'=-8=3 6!63=35.8!-5<.'!

6@6+3;6!W53=,3Y3(!,'!u`vXJ!>.+,3'+6!;.@ !75363'+!Y,+A!(,663;,'.+3(!,'+5.=.6*)8.5!

*-.<)8.+,-'!WC&9X!*A.5.*+35,M3(!?@!,'*53.63( !*8-++,'<!+,;36K!8-Y!78.+383+!*-)'+6K!.'(!

*-;75-;,63(!-5<.'!?8--(!D8-YJ! Q'(-*5,'3!.?'-5;.8,+,36!,'*8)(3!,'6)8,'!536,6+.'*3!

83.(,'<!+-!A@735<8@*3;,.!.'(!.(53'.8!,'6)DD,*,3'*@ K!6-;3+,;36 !53R),5,'<!<8)*-*-5+,*-,(!

.(;,',6+5.+,-' J!9 .5(,-=.6*)8.5! W9LX!(@6D)'*+,-' !,6!*-;;-'c! -D+3'!?3<,' ','<! Y,+A!. !

*.7,88.5@!D8),(!83.EK!.'(!.D+35!.(3R).+3!D8),(!536)6*,+.+,-' K!;.',D36+,'<!.6! .!

A@735(@'.;,*!5367-'63! YA353!*.5(,.*!-)+7)+!,6!A,<A! .'(! 6@6+3;,*!=.6*)8.5!536,6+.'*3!,6!

8-YJ!4A,6!75-<536636!+-!. !A@7-(@'.;,*!6+.+3! +@7,*.8!-D!637+,*!6A-*E!u\vJ!I *)+3!53'.8!

D.,8)53K!A37.+,*!3'*37A.8-7.+A@K!.(53'.8!,'6)DD,*,3'*@K!.'(!?.*+35,.8!+5.'68-*.+,-'!.*5-66!

*-;75-;,63(!<)+!37,+A38,);! .53!.86-!*-;78,*.+,-'6!-D!63=353!6376,6J!4A353D-53K!*)553'+!

*8,',*.8!;.'.<3;3'+!-D!6376,6! 75-=,(36 !6-;3!?.6,*!6)77-5+,=3!*.53!YA,83!,'*-57-5.+,'<!

+A35.7,36!673*,D,*!+-!+A3!.DD3*+3(!-5<.'!6@6+3;6J!

4A3!*)553'+!6+.'(.5( 6!-D!*.53!D-5!+53.+;3'+!-D!7.+,3'+6!Y,+A!63=353!6376,6!.53!

(3+.,83(!?@!+A3!%S1%!$)5=,=,'<!$376,6!9.;7.,<'! u_v!.'(!6);;.5,M3(!A353J! &;;3(,.+38@!

.D+35!(,.<'-6,'<!63=353!6376,6!-5!637+,*!6A-*EK!.775-75,.+3!.'+,;,*5-?,.8!*-=35.<3K!?8--(!

*)8+)536K!.'(!3.58@!<-.80(,53*+3(!=-8);3!536)6*,+.+,-'! .53!,',+,.+3(J!&D!A@7-+3'6,-'!

7356,6+6K!D)5+A35!A3;-(@'.;,*!6)77-5+!,6!75-=,(3(!)6,'< !=.6-75366-56K!,'-+5-7,*!.<3'+6K!
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.'(!*-5+,*-6+35-,(6J! I((,+,-'.8 !+A35.73)+,*!-?[3*+,=36!;.@!,'*8)(3!536+-5,'<!A3;-<8-?,'!

.'(!78.+383+!*-)'+6K!75-=,(,'<!+,<A+!<8)*-63!*-'+5-8K!;3*A.',*.88 @!=3'+,8.+,'<!7.+,3'+6!

Y,+A!.*)+3!8)'<!,'[)5@!.'(!.*)+3! 5367,5.+-5@!(,6+5366!6@'(5-;3!WIUC$XK!.'(!

75-7A@8.*+,*.88@!75-+3*+,'<!.<.,'6+!(337!=3,'!+A5-;?-6,6!.'(!6+5366!)8*356J!C367,+3!+A,6!

?)'(83(!*.53!.775-.*A!D-5!6)77-5+!-D! 6@6+3;,*!-5<.' !D)'*+,-' K!6376,6!,6!6+,88!.66-*,.+3(!
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Figure  1:  Early  host  immune  response  to  sepsis.  ^>$!.*+,=.+,-'!-D!4^U`! 6,<'.8 6!+A5-)<A!
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1.3.1 Sepsis-­‐‑induced  mitochondrial  dysfunction  
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,'+5-()*3(!` S!@3.56!.<-!.'(!A.6! ?33'!)63(!?@!6-;3!,'=36+,<.+-56!+-! 3V78.,' !*35+.,'!

.673*+6!-D!637+,*!6A-*E!6@;7+-;.+-8-<@!u\1K!\%vJ!# 5,<,' .88@K!2#C$!Y.6 !+A-)<A+!+-!-**)5!

63*-'(.5@!+-!+,66)3!A@7-V,.!?)+!Y,+A!+A3!,'+5-()*+,-'!-D!?3++35!7#%!63'6-56K!,+!?3*.;3!

3=,(3'+!+A.+!+,66)3!735D)6,-'!.'(!-V@<3'.+,-'! .53!.(3R).+3! .'(!-D+3'!6)75.'-5;.8!

()5,'<!6376,6 !u\TvJ!I8+A-)<A!+,66)36!.53!.?83!+-!3V+5.*+!6)DD,*,3'+!-V@<3'K!+A3!.?,8,+@!-D!

*3886K!.'(!673*,D,*.88@!;,+-*A-'(5,.K!+-! .(3R).+38@!)+,8,M3!+A,6!-V@<3'!,6!,;7.,53(! u\`vJ!

4A,6!7A3'-;3'-'K! 3=3'+).88@!+35;3(!~*@+-7.+A,*!A@7-V,.hK!;.@!536)8+!D5-;!(,53*+!

,'A,?,+,-'!-D!;,+-*A-'(5,.8!*-;783V36K!,'*53.63(!7@5)=.+3!.**);)8.+,-'!i!8.*+,*!

.*,(-6,6K!;,+-*A-'(5,.8!)'*-)78,'<K!.'(Z-5!(3783+,-'!-D!D.*+-56!'33(3(!D-5!-V,(.+,=3!

7A-67A-5@8.+,-'!W,J3J!"ICaZ"IC/X! u\`K!\\vJ!4A,6!; ,+-*A-'(5,.8!(@6D)'*+,-'! 536)8+6!,'!.!

(3*53.63!,'!6+.+3!T!5367,5.+,-'!.'( !.' !,'*53.63!,'!6+.+3!`!5367,5.+,-' K!YA,*A!6)?63R)3'+8@!

,'*53.636!# %0!.'(!/ %# %!75-()*+,-'! u\1vJ!4A3!,'*53.63!,'!D533!5.(,*.8!75-()*+,-'! D)5+A35!

,;7.,56!;,+-*A-'(5,.8!D)'*+,-'!?@!(3*53.6,'< !;,+-*A-'(5,.8!C"I!W ;+C"I X!*-'+3'+K!

75-;-+,'< !.!TJj!E?!;+C" I!(383+,-'K!.'(! .++3').+,'< !;,+-*A-'(5,.8!<3'3!3V75366,-'!

u\_vJ!!
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1.3.2 Mitochondrial  biogenesis  

I6!;,+-*A-'(5,.!.<3K!.53!(.;.<3(K!-5!5 367-'(!+-!.'!,'*53.63(!3'35<@!(3;.'(K!

+A3!*388!Y,88!.++3;7+!+-!3'A.'*3!,6!5367,5.+-5@!D)'*+,-'!?@!75-;-+,'<!;,+-*A-'(5,.8!

R).8,+@!*-'+5-8!Wn9XJ!!4A,6!,'*8)(36!;,+-*A-'(5,.8!.)+-7A.<@!W;,+-7A.<@X!.'(!
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;,+-*A-'(5,.8!?,-<3'36,6 J!2,+-7A.<@!,'=-8=36!+A3!63R)36+5.+,-'!.'(!(3<5.(.+,-'!-D!

(.;.<3(!;,+-*A-'(5,.!.'(!;, +-*A-'(5,.8!?,-<3'36,6!,6!+A3!75-*366!?@!YA,*A!'3Y!

;,+-*A-'(5,.!.53!D-5;3(J!!!",6-8,!D)5+A35!(3D,'3(! ;,+-*A-'(5,.8!?,-<3'36,6 !.6!+A3!.?,8,+@!

+-!,'*53.63!-V,(.+,=3!7A-67A-5@8.+,-'!.'(!I4>!75-()*+,- '!+-!;33+!3'35<@!(3;.'(6K!

,'*53.63!6@'+A36,6!-D!'3Y!-5<.'3883!*-;7-'3'+6! YA,*A!.53!,'+3<5.+3( !,'+-!+A3!3V,6+,'<!

;,+-*A-'(5,.K!.'(!,;7-5+!')*83.5! +5.'6*5,?3(! 75-+3,'6!,'+-!+A3!;,+-*A-'(5,.!+A.+!.53!

'33(3(!D-5!.775-75,.+3!;3+.?-8,*!D)'*+,-'! u\]vJ!2,+-*A-'(5,.8!?,-<3'36,6!,6!.*+,=.+3(!?@!

*388)8.5!6+5366!-5!(.;.<3!.'(!53R),536!+A3!,'+3578.@!-D!?-+A!;,+-*A-'(5,.8!.'(!')*83.5!

<3'36J!4A3!;,+-*A-' (5,.8!<3'-;3!3'*-(36!T]!<3'36G! 1T!<3'36!D-5!Q49!6)?)',+6 K!%%!+U"I!

<3'36K!.'(!%!5U"I!<3'36J!!4A353D-53K!;-6+ !-D!+A3!A)'(53(6!+-!+A-)6.'(6!-D! 75-+3,'6!+A.+!

.53!53R),53(!D-5!;,+-*A-'(5,.8!D)'*+,-'!.53!3'*-( 3(!?@!')*83.5!C"I!.'(!;)6+!?3!

,;7-5+3(!,'+-!+A3!;,+-*A-'(5,. J!!

&'!6376,6K!+A3!<-.8!-D!;,+-*A-'(5,.8!?,-<3'36,6!,6!+-!536+-53!;,+-*A-'(5,.8!;.66!

.'(!537.,5!;+C"I!(.;.<3(!?@!,'D8.;;.+,-'J!C.;.<3(!;,+-*A-'(5,.!63'(!53+5-<5.(3!

6,<'.86!+-!+A3!')*83)6K!,'*53.6,' <!+A3!3V75366,-'!-D!')*83.5!D.*+-56!,'=-8=3(!,'!

;,+-*A-'(5,.8!?,-<3'36,6 !u\j 0_Sv!WL.<:$#(5XJ!4A3!D.;,8@!-D!735-V,6-;3!75-8,D35.+-50

.*+,=.+3(!53*37+-5!<.;;.!*- 0.*+,=.+-5!W>:9X!75-+3,'6!,6!.!<5-)7!-D!+A533!*- 0.*+,=.+-56!

+A.+!53<)8.+3!<3'36!,'=-8=3(!,'! D.++@!.*,(!-V,(.+,-'K!-V,(.+,=3!7A-67A-5@8.+,-'K!.'(!

;,+-*A-'(5,.8!?,-<3'36,6! u_1K!_%vJ!4A,6!D.;,8@!*-'6,6+6!-D!>:901! K!>:9 01$K!.'(!>:9 01!

538.+3(!*-.*+,=.+-5!W>U9X!u_1K!_TK!_`vJ!4A3@!.88!8.*E!E'-Y' !,'+5,'6,*!3'M@;.+,*!.*+,=,+@K!

?)+!,'6+3.(!D)'*+,-'!.6!.!6*.DD-8(!D-5!-+A35!75-+3,'6!+A.+!53;-(38!*A5-;.+,'!D-5!
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+5.'6*5,7+,-'!D.*+-5!?,'(,'<! u_%vJ!")*83.5!5367,5.+-5@!D.*+-5601!.'(!%!W"UN01!.'( !"UN 0%X!

.53!+5.'6*5,7+,-'!D.*+-56!+A.+!(5,=3!3V75366,-'!-D!<3'36!,'=-8=3(!,'!;,+-*A-'(5,.8!

5367,5.+,-'K!;+C"I!+5.'6*5,7+,-'!.'(!5378,*.+,-'K!A3;3!?,-6@'+A36,6K!.'(!75-+3,'!

,;7-5+.+,-'! u_\vJ!9-883*+,=38@K!>:9! *-.*+,=.+-56!.'(! "UN !+5.'6*5,7+,-'!D.*+-56!

*--5(,'.+3!+A3! ?,<3'-;,*!.*+,=.+,-'!-D!;,+-*A-'(5,.8!?,-<3'36,6!?@!75-;-+,'<! ')*83.5!

+5.'6*5,7+,-'!-D!;,+-*A-'(5,.8!+5.'6*5,7+,-'!D.*+-56!I!.'(!P!W4D.;!.'(!4NPK!

53673*+,=38@X!.'(!C"I!7-8@;35.63 0#!W7-80#X!u\jvJ!BA,83!4NP!,6!,;7-5+.'+!D-5!

;,+-*A-'(5,.8! 75-;-+35 !53*-<',+,-'K! 4D.;!,6!*5)*,.8!,'!;,+-*A-'(5,.8!?,-<3'36,6!.6!,+!

D.*,8,+.+36!5378,*.+,-' !.'(!+5.'6*5,7+,-'! -D!;+C"I!,'!;.;;.86! u__vJ!P,'(,'<!-D!4D.;K!

4NPK!.'(! 7-80#!+-!;+C"I!.775-75,.+38@!.*+,=.+36! ;+C"I! 5378,*.+,-' !u_]vJ!!

!

Figure  2:  Key  nuclear  and  mitochondrial  factors  involved  in  mitochondrial  
biogenesis.  U#$ZU"$ 0,'()*3(!;,+-*A-'(5,.8!(.;.<3!6,<'.8!+-! ')*83)6 !+-!,'*53.63!
75-()*+,-'!-D! >>IU 0#!*-.*+,=.+-5 6!W>:9X!.'(! C"I 0?,'(,'<!+5.'6*5,7+,-'!D.*+-56K!
')*83.5!5367,5.+-5@!D.*+-5601!.'(! 0%!W"UN01K!"UN0%XJ!4A363!75-+3,'6!D.*,8,+.+3!+A3!

+5.'6*5,7+,-'!-D!')*83.5! <3'36!+A.+!3'*-( 3!D-5!75-+3,'6!+A.+!75-;-+3!;,+-*A-'(5,.8!
+5.'6*5,7+,-'!.'(!5378,*.+,-'K!3J<J !;,+-*A-'(5,.8!+5.'6*5,7+,-'!D.*+-56!I!.'(!P!W4D.;K!

4NPX!.'(! C"I! 7-8@;35.630#J!!

PGC 
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QV+3'6,=3!Y-5E!A.6!(3;-'6+5.+3(!+A.+!;,+-*A-'(5,.8!?,-<3'36,6!,6!53R),53(!D-5!

536+-5.+,-'!-D!-5<.'!D)'*+,-'!.'(!A-6+!6)5=,=.8J! >:9 01K!"UN01K!"UN0%K!.'(!4D.;!A.=3!

.88!?33'!6A-Y'!+-!?3!,;7-5+.'+!,'!;,+-*A-'(5,.8!53*-=35@!.'(!YA3'!+A363!E3@!78.@356!

.53!53()*3(!-5!.?63'+K!'3*5-6,6!.'(!-5<.'!(@6D)'*+,-'!753=.,8 !u_jK!_rvJ!&;7-5+.'+8@K!

4D.;!A3876!53<)8.+3!;.;;.8,.'!;+C"I!*-7@!');?35K!.'(!,'!;,*3K!4D.;!(,65)7+,-'!

*.)636!*@+-7.+A@K!3;?5@-',*!83+A.8,+@K!.'(!(,.?3+36!63*-'(.5@!+-!;+C"I!(3783+,-'!.'(!

8-66!-D!-V,(.+,=3!7A-67A-5@8.+,-'!u]SvJ!2,*3!(3D,*,3'+!,'!>:9 01! !Y353!'-+!75-+3*+3(!

D5-;!. *)+3!53'.8!(.;.<3!,'!5367-'63!+-!3'(-+-V3;,. !u]1vJ!#)5!8.?!A.6!D)5+A35!

(3;-'6+5.+3(!+A.+!+A3!,'()*+,-'!-D!;,+-*A-'(5,.8!?,-<3',*!D.*+-56!,6!53R),53(!D-5!

75-+3*+,-'!.<.,'6+!8,=3! S.  aureus!6376,6!u]%vK!S.  aureus!7'3);-',. !u]TvK!.'(! E.  coli  6376,6!

u]`vJ!$)?63R)3'+8@K!<53.+35!3;7A.6,6!A.6!?33'!78.*3(!-'!)'(356+.'(,'<! A-Y!

;,+-*A-'(5,.8!?,-<3'36,6! ,6!.*+,=.+3(!.'(!53<)8.+3(!6-!+A.+! +A,6!75-+3*+,=3!75-*366!*.'!

7-+3'+,.88@!?3!3V78-,+3(!D-5!+A35.73)+,*!?3'3D,+!,'!*8,',*.8!6376,6J!

!

1.3.3 Heme  oxygenase-­‐‑1  and  mitochondrial  biogenesis  

/3;3!-V@<3'.63 6!W/#X!.53!+A3!5.+308,;,+,'<!3'M@;3 6!,'!A3;3!*.+.?-8,6; J!4A3@!

;3+.?-8,M3!A3;3!+-! ?,8,=35(,'! Y,+A!+A3!75-()*+,-'!-D !*.5?-'!;-'-V,(3!W9#X !.'(!,5-'J!!

$,;,8.5!+-! "#$K! *-'6+,+)+,=3!.'(!,'()*,?83 !,6-D-5;6!-D!/# !A.=3!?33'!(36*5,?3(c!/# 01!,6!

,'()*3(!()5,'<!,' D8.;;.+,-'!.'(!-V,(.+,=3!6+5366! YA,83!/# 0%!,6!*-'6+,+)+,=38@!.*+,=3J!

/# 01!A.6!?33'!E'-Y'!+-!*-'D35!75-+ 3*+,-'!+A5-)<A!.'+, 0.7-7+-+,*K!.'+, 0,'D8.;;.+-5@K!
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.'(!.'+, 0+);-5,<3',*!;3*A.',6;6 K!;.'@!-D!YA,*A!.53!+A-)<A+!+-!?3!;3(,.+3(!?@!9#!

u]\vJ!2-53!53*3'+8@K!/#01!.'(!9#!A.=3!?33'!8,'E3(!+-!;,+-*A-'(5,.8!?,-<3'36,6J! &'!.!

6+)(@!+A.+!6)?[3*+3(!;,*3 !+-!9^>!6376,6K!/# 01Z9#!75-;-+3(! >:9 01! !3V75366,-'!.'(!

53()*3(!;-5+.8,+@! u]_vJ!N)5+A35;-53K!-)5!8.?!A.6!(3;-'6+5.+3(!+A.+!/# 01Z9#!.*+,=.+36!

;,+-*A-'(5,.8!?,-<3'36,6!,'!+A3!A3.5+!+A5-)<A!+A3!/ %# %0(373'(3'+!.*+,=.+,-'!-D!

>&TbZIE+!u]]vJ!2-53-=35K!Y3!A.=3!*-'D,5;3(!+A.+!9#!.*+,=.+36!+A3!;,+-*A-'(5,.8!

?,-<3',*!7.+AY.@!,'!A);.'!6E383+.8!;)6*83! u]jv !.'( K!,'!;,*3K! 75-+3*+6!.<.,'6+!

(-V-5)?,*,'!*.5(,-+-V,*,+@! u_jv!.' (!8,=3!S.  aureus!6376,6!u]%vJ!$)?63R)3'+8@K!-)5!8.?!

*-'+,')36!+-!6+)(@!+A3!;3*A.',6;!D-5!9#!75-+3*+,-'!.6!.!7-+3'+,.88@!+5.'68 .+.?83!

+A35.73)+,*!-7+,-'!,'!A);.'!6376,6J! !

!

GBF !"#($&8#(&%(6.,$.9(&O.0#(.6(-#+-.- (

1.4.1 NO  and  sepsis  pathogenesis  

^.5<3!.;-)'+6!-D!"#!.53!75-()*3(! ?@!"#$%!()5,'<!6376,6! .+!83=386!+A.+!(.;.<3!

A-6+!*3886!.'(!-5<.'!D)'*+,-' J!B,+A,'!+A3!*.5(,-=.6*)8.5!6@6+3;K!"#!-=3575-()*+,-'!,6!

.66-*,.+3(!Y,+A! A@7-+3'6,-' !.'(!6A-*E! =,. !*:2> 0;3(,.+3(!=.6*)8.5!6;--+A!;)6*83!*388!

538.V.+,-' J!"#!;.@!.86-!*-;7 5-;,63!;@-*.5(,.8!*-'+5.*+,8,+@!.'( !,;7.,5!

*.5(,-;@-*@+3!6)5=,=.8K!+A)6!75-;-+,'<!A3.5+!D.,8)53!.'(!7--5!*8,',*.8!-)+*-;36! u]r 0j1vJ!

"#! ,;7.,56!;,+-*A-'(5,.8!.*+,=,+@!?@! ,'A,?,+,'< !*@+-*A5-;3!-V,(.63!.'(!)?, R,'-'3K!

*.)6,'<!.'!,'*53.63!,'! # %0!.'(!/ %# %!uj%vJ!BA3'!3'35<@!6)778,36!.53!8-YK!+A3!53()*+,-'!,' !

-V,(.+,=3!;3+.?-8,6;! ;.@! ?3!?3'3D,*,.8c!;,+-*A-'(5,.8!n9 !;3*A.',6;6!A.=3!;-53!+,;3!
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+-!537.,5!;+C"I!(.;.<3!.'(! 536+-53!;,+-*A-'(5,.8!D)'*+,-'J !/-Y3=35K!Y A3'!"#!

*-;?, '36!Y,+A!3V*366!#%0!-5!/ %# %K!735-V@',+5,+3!W#"##0X!,6!D-5;3(K!YA,*A!,'!.'!.*,(!

;,8,3)K!(3*-;7-636!+-!"# %!.'( !A@(5-V@8!5.(,*.86 !+A.+!(.;.<3!C" I!.'(!75-+3,'!

+A5-)<A!',+5.+,-'!.'(Z-5! -V,(.+,-'J!4A,6! 3673*,.88@!-**)56 !Y,+A,'!+A3!;,+-*A-'(5,.!

YA353!;+C"I!,6!,'!*8-636+!75-V,;,+@!+-! U#$ZU"$!<3'35.+,-'! .'(!.66-*,.+3(!Y,+A!=35@!

D3Y!75-+3*+,=3!C"I!?,'(,'<!75-+3,'6 !u\_K!jTvJ!!

I8+A-)<A!"#!,6!*83.58@!,'=-8=3(!,'!+A3!7.+A-<3'36,6!-D!*388)8.5!(@6D)'*+,-'!,'!

6376,6K!.++3;7+6!+-!,'A,?,+!"#!75-()*+,-'!A.=3!'-+ !75-=3' !+A35.73)+,*.88@!?3'3D,*,.8!,'!

A);. '6J!N-5!3V.;783K!6+)(,36!)6,'< !'-' 0673*,D,*!"#$!,'A,?,+-5 6!Y353!+35;,'.+3(!

()5,'<!>A.63!&&!.'(!>A.63!&&&!*8,',*.8!+5,.86!?3*.)63!-D!,'*53.63(!;-5+.8,+@uj` 0j_vJ!!

4A353D-53K!+A3!75-+3*+,-'!.DD-5(3(!?@!"#$%!8,E38@!53D83*+6!?.8.'*3(!"#!75-()*+,-'!+A.+!

.*+,=.+36!75-06)5=,=.8!5367-'636!Y,+A!;,',;.8!-=35+!"#!+-V,*,+@K!,'D8.;;.+,-' K!.'(!*388!

(.;.<3J! !

1.4.2 NO  and  cellular  protection  

P.63(!-'!+A3!D.,83(!.++3;7+6!+-!,'A,?,+!"#$%!,'!6376,6!7.+,3'+6K!<53.+35!3;7A.6,6!

A.6!?33'!78.*3(!-'!6+)(,36!3V78-5,'<!+A3!75-+3*+,=3!3DD3*+6!-D!"#J!>A@6,-8-<,*.88@K!"#!,6!

'3*366.5@!D-5!=.6*)8.5!7.+3'*@!.'(!,' (,673'6,?83!D-5!=.6*)8.5!5367-'6,=3'366!+-!

=.6-.*+,=3!(5)<6J! I8+A-)<A!6-;3!7-6+ 0+5.'68.+,-'.8!$ 0',+5-6@8.+,-'!-D!')*83,*!.*,(6K!

8,7,(6K!.'(!75-+3,'6!;.@!?3!)'(36,5.?83K! ;.'@ !;-(,D,*.+,-' 6!.53!'3*366.5@!D-5!'-5;.8!-5!

3'A.'*3(!75-+3,'!D)'*+,-' J!N-5!3V.;783K!$0',+5-6@8.+,-'!-D!*.67.630j!,'!5.+!A37.+-*@+36!

75-+3*+6!.<.,'6+!4"N 0! 0;3(,.+3(!.7-7+-6,6! uj]v !.'(!( 383+,-'!-D!"#$%! 3V.*35?.+36!
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.7-7+-6,6!-D!*.5(,-;@-*@+36!.'(!A37.+-*@+36!ujjK!jrv J!"#!A.6!.86-!?33'!6A-Y'!+-!

75-+3*+!;,+-*A-'(5,.!?@! ?-+A!;.,'+.,','<!;3;?5.'3!7-+3'+,.8 !.'( !75-;-+ ,'< !

?,-<3'36,6! urSK!r1vJ!$73*,D,*.88@!"#$1!.'(!"#$T !.*+,=.+3!<).'@8.+3!*@*8.63!,'!'3)5-'6!

.'(! .(,7-*@+36K!53673*+,=38@K!+A353?@!D.*,8,+.+,'<!*:2> 0(373'(3'+!>:9 01{! 3V75366,-'!

u\]K!r%0r`v J!"- !*-;7.5.?83!5-83!D-5!"#$%! A.(!?33'!,(3'+,D,3(!75,-5!+-!+A3!Y-5E!

75363'+3(!,'!+A,6!(,6635+.+,-'K!?)+!A353!&!A@7-+A36,M3(!+A.+!"#$%!,6!'3*366.5@!D-5!*388!

6)5=,=.8K!,'!7.5+K!?@!-7+,;,M,'<!;,+-*A-'(5,.8!?,-<3'36,6 J!!

1.4.3 Transcriptional  regulators  of  NOS2  expression  

C367,+3!*-'D,5;3(!"# 0;3(,.+3(!7.+A-8-<@!,'!6376,6K!"#$%!,6!'3*366.5@!D-5!

6)5=,=.8!,'!.',;.8!.'(!A);.'!6+)(,36J!4A,6!*-'D,5;6!+A.+ !?.8.'*3(!75-()*+,-'!-D!"#!,6!

53R),53(!D-5!-7+,;.8!A-6+!6)5=,=.8!WL.<:$#(MXJ!&'6)DD,*,3'+!"#!75-()*+,-'!*-;75-;,636!

7.+A-<3'! *83.5.'*3K!=.6*)8.5!A3;-(@'.;,*6 K!.'(!;,+-*A-'(5,.8! 53<)8.+,-'! YA,83!3V*366!

"#!*.)636!*388)8.5!(@6D)'*+,-'!.'(!6A-*EJ!4A3!;-6+!53<)8.+3(!6+37!,'! ,'()*,?83! "#!
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Figure  3:  The  balance  between  2&- 5  transcriptional  activation  and  repression.  4A3!
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Figure  4:  Survival  curve  for  AB(9&8.(fibrin  clot  peritonitis.  98-+6!*-'+.,','<!1V1S ] !I 8,=3!
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Figure  5:  Bacterial  burden  in  Wt  and  NOS2-­‐‑/-­‐‑  mice  with  107  CFU  AB(9&8.  fibrin  clot  
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Figure  6:  Selected  blunting  of  cytokine  responses  after  CDAE  in  TLR4-­‐‑/-­‐‑  and  NOS2-­‐‑/-­‐‑  
relative  to  Wt  mice.  /3.5+6!-D!B+K!4^U 0̀Z0K!.'(!"#$% 0Z0!;,*3!*- 883*+3(!.D+35!HkECJ!!
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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  8:  Expression  of  mitochondrial  proteins  involved  in  biogenesis.  @H  B36+35'!?8-+!
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Figure  9:  Expression  of  nuclear  proteins  involved  in  mitochondrial  biogenesis.  @H  
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;,*5-6*-7@!(3;-'6+5.+3(!+A.+! HkEC!75-;-+3(!.!8-66!-D!*.5(, -;@-*@+3!;,+-*A-'(5,.8!

;.66!.+!6,V !.'(!%`!A-)56 K!YA,*A!53*-=353(!?@!]%!A-)56!WL.<:$#(G\@(160(G\UK!1>#XJ!$,' *3!

+A3!9#sj! ;,+-*A-'(5,.8! 83.(35!63R)3'*3!W2^$X!.++.*A3(!+-!+A3!:N>!75-+3,'!8-*.8,M36!

:N>!+-!+A3!;, +-*A-'(5,.K!+A3!8-66!-D!:N>!,'!6,V0%`!A-)56!53D83*+6!;,+-*A-'(5,.8!(.;.<3!

.'(!*83.5.'*3!W;,+-7A.<@XJ! !

&'!*-'+5-8!A3.5+6K!4^U`!3V75366,-'!,6!633'!.+!8-Y!,'+3'6,+@!,'!=.6*)8.5!

3'(-+A38,);!?)+!'-+!Y ,+A,'!+A3!;@-*.5(,);J!/-Y3=35K!6,V !A-)56!.D+35!HkECK!4^U`!

3V75366,-'!,'*53.636K!8-*.8,M,'<!75,;.5,8@!+-!+A3!78.6;.!;3;?5.'36!-D!;-'-')*83.5!.'(!

3'(-+A38,.8!*3886K!.'(!75-<5366,=38@!3;35<,'<!'3.5!+A3!6.5*-83;;.!.'( !,'!*-'+,<)-)6!

*.5(,-;@-*@+36!W*-'*8)(3(!D5-;!A,<A35!;.<',D,*.+,-'!7A-+-6X!W L.<:$#(G\@'(%>S]J!4A3!

75363'*3!-D!4^U`K!+A353D-53K!.66-*,.+36!D,56+!Y,+A!+A3!-'63+!-D!;,+-*A-'(5,.8!(.;.<3!.'(!

+A3'!53*-=35@!+A5-)<A!;,+-*A-'(5,.8!?,-<3'36,6K!?-+A!-D!YA,*A!A.=3!?33'!,(3'+,D,3(!.6!

4^U` 0(373'(3'+!75-*36636J !
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"#$%!75-+3,'!Y.6!.86-! '-+!=,6).8,M3( !,'!*-'+5-8!A3.5+6!?)+!3=,(3'+! 6,V!A-)56!.D+35!

HkEC!*A.883'<3K!75,;.5,8@!,'!+A3!=.6*)8.5!Y.88!.'(!8366!75-;,'3'+8@!,'!+A3!6.5*-78.6;!.+!
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*-,'*,(3!Y,+A!;,+-*A-'(5,.8!(.;.<3!.'(!7356,6+!+A5-)<A!+A3!,',+,.+,-'!-D!;,+-*A-'(5,.8!

53*-=35@K!6)77-5+,'<!?-+A!(.;.<,'<!.'(!75-+3*+,=3!5-836!-D!"#$%! in  vivoJ!!

4A3!D,'(,'<6!75363'+3(!,'!+A,6!D,56+!I,;!(3;-'6+5 .+3!+A.+!"#$%!,6!'3*366.5@!D-5!

75-+3*+,-'!,'!:5.; 0'3<.+,=3!*A.883'<3!?3*.)63!,+!-7+,;,M36!+A3!;,+-*A-'(5,.8!?,-<3',*!

5367-'63!+-!;+C"I!(.;.<3!,'!+A3!A3.5+J!Q=3'!,'!+A3!.?63'*3!-D!"#$%K! HkEC!(.;.<36!

;,+-*A-'(5,.! 8,E38@!?@!-+A35!4^U0̀;3(,.+3(!,'D8.;;.+-5@! ;3(,.+-56 !6)*A!.6!4"N 0! K!

?)+!"#$% 0Z0!;,*3!6A-Y!.!*83.5!(3D,*,3'*@!,'!+A3,5!.?,8,+@!+-!53*-=35!D5-;!+A,6!;+C"I!

(.;.<3J! N)5+A35;-53K!"#$%!.773.56!+-!7.5+,*,7.+3!,'!+A3!3.58@!.*+,=.+,-'!-D!

;,+-*A-'(5,.8!?,-<3'36,6J!&'!+A3!8,=35K!"#$%!,6!,'=-8=3(!,'!+A3! 7A-67A-5@8.+,-'!-D!

E,'.636K!IE+!.'(!I2>bK!R)-+3!7-66,?8@!+A5-)<A!.*+,=.+,-'!-D!+A3! "#Z*:2>!7.+AY.@!

u1`%vJ!&'!*.5(,.*!+,66)3 !D-88-Y,'<! HkEC!735,+-',+,6K!"#$%!,6!53R),53(!D-5!$0',+5-6@8.+,-'!

-D!/67_SK!.!*A.735-'3!75-+3,'!+A.+!.,(6!,'!;,+-*A-'(5,.8!,;7-5+.+,-'! u1`TvK!.'(!

6)?63R)3'+!.66-*,.+,-'!Y,+A!4D.; !u1T\vJ!4A353D-53K!"#$%!6)77-5+6!;,+-*A-'(5,.8!

?,-<3'36,6! ,'!+A3!A3.5+!.'(!8,=35!-D!E.  coli  *A.883'<3(!;,*3! ?@!.+!83.6+!+Y-!;3*A.',6;6G!

-7+,;.8!3V75366,-'!-D!;,+-*A-'(5,.8!?,-<3',*! 75-+3,'6!.'(!+5.'68-*.+,-'!-D!75-+3,'6!,'+-!

+A3!;,+-*A-'(5,.J !

!
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Figure  10:  Immunofluorescence  for  COX8,  TLR4,  and  NOS2  in  mitochondrial  reporter  
mice  following  CDAE  exposure.  @H  N-5;.8,' 0D,V3(K!7.5.DD,'03;?3((3(!*.5(,.*!+,66)3!

=,6).8,M3(!D-5!1>#H  9#sj!W<533'!D8)-536*3'*3XK!%>SH  4^U`!W53(!D8)-536*3'*3XK!.'(!
6)735,;7-63(!,'!7.'386! D>&.!!B:  N-5;.8,' 0D,V3(K!7.5.DD,'03;?3((3(!*.5(,.*!+,66)3!

=,6).8,M3(!D-5!a-­‐‑eG!9#sj!W<533'!D8)-536*3'*3XK!%>S:!"#$%!W53(!D8)-536*3'*3XK!.'(!
6)735,;7-63(!,'! 7.'386! D>&.!4^U`!.'(!"#$%!Y353!,'()*3(!Y,+A!;,+-*A-'(5,.8!(.;.<3!

.'(! 6)6+.,'3(!+A5-)<A!,',+,.+,-'!-D! ;,+-*A-'(5,.8!53*-=35@ .       
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3. !"#$%&'#$&($)* -­‐‑!"#$"!"# ! !!"#$%&"'()'*$#+,-./0+#)'*$,
!"#$%&!!"#$   !"#$%&'$%$(  

4A3!63*-'(! I,;! -D!+A,6!5363.5*A!75-[3*+!Y.6!+-!3=.8).+3!"#$%!3V75366,-'!,'!.!

;-(38!-D!:5.; 0'3<.+,=3!735,+-',+,6!YA3'!/# 01!3'M@;3!.*+,=,+@!,6!3'A.'*3(J!4A,6!

-?[3*+,=3!Y. 6!?.63(!-'!+A3!A@7-+A36,6!+A.+!/#01!(.;73'6!+A3!,;;)'3!5367-'63 !

+A5-)<A!3'(-<3'-)6!9#!<3'35.+,-'!D5-;!A3;3!;3+.?-8,6; K!,'!7.5+!?@!673*,D,*.88@!

5375366,'<!Nos2!3V75366,-'J!4-!+36+!+A,6!A@7-+A36,6K!9\_P^Z_!Y,8(!+@73!WB+X!;,*3!Y353!

*A.883'<3( !Y,+A!.!6)? 083+A.8!(-63!-D!1Sj !9NF !HkEC!.'(! +A3!3DD3*+!-D!/#01!.*+,=.+,-'! Y.6!

3=.8).+3(!,' !+A3!8,=35J!4A3!3'(7-,'+6!?3,'<! ;3.6)53( !,'*8)(3 ( !;U"I!3V75366,-'!-D!

Hmox1K!Nos2K!.'(!.*)+3!7A.63!*@+-E,'36c!75-+3,'!3V75366,-'!-D! "#$%!.'(!/# 01c!.'(!

.=.,8.?,8,+@!-D!&" P! !.'(!"N 0" PJ!I!=,6).8!5375363'+.+,-'!-D!+A3!3V735,;3'+.8!63+)7!,6!

6A-Y'!,'! L.<:$#(GGJ!

!

Figure  11:  Experimental  design  for  .6(=.=&  mouse  CDAE  peritonitis  studies.  2,*3!Y353 !
.(;,',6+353(! 6)?*)+.'3-)6! W$nX!A3;,' !j!A -) 56!?3D-53!HkEC!-5!,'A.83(! W&"/X!9# !`A!
?3D-53!.'(! .+!+A3!+,;3!-D!1Sj !HkEC!,'[3*+,-'J!^,=35!Y.6!A.5=36+3(!.+!,'(,*.+3(!+,;36J   
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MBGB C3 >G(9&6,$&8(&6(2345(#O+$#--.&6(

&'!-5(35!+-!3=.8).+3!+A3!3DD3*+!-D!/#01!-'!"#$%!3V75366,-'K!+A3!<3'3 !3V75366,-'!

75-D,836!-D!?-+A!Nos2!.'(! Hmox1!Y353!.'.8@M3(!.D+35!,'[3*+,-'!-D!.!6,'<83!(-63!-D!1Sj !

9NF !HkEC!,'!B+!;,*3! WL.<:$#(G5XJ!I6!3V73*+3(!D-5!:5.; 0'3<.+,=3!*A.883'<3K!3V75366,-'!

-D!Nos2!,'!+A3!8,=35!,'*53.63( !R),*E8@K!Y,+A!.'!.775-V,;.+3!TSSV!,'()*+,-'!3=,(3'+!.+!`!

A-)56!+A.+!R),*E8@!(3*8,'3(!+A5-)<A!%`!A-)56!WL.<:$#(G5@XJ!Hmox1!;U"I! 83=386!5-63!

;-53! <5.().8 8@K!6+3.(,8@!,'*53.6,'<!+A5-)<A!%`!A-)56!WL.<:$#(G5UXJ!N-5!+A3!()5.+,-'!-D!

+A3!in  vivo  Y-5EK!*A.'<36!,'! Nos2!3V75366,-'!Y353!3=.8).+3(!D-)5!A-)56!.D+35!HkEC!

3V7-6)53J!4A,6!+,;3!Y.6!6383*+3(!?3*.)63!,+!*-55367-'(3(!+-!73.E! Nos2!;U"I!

3V75366,-'J!N)5+A35;-53K!,+!,6!D3.6,?83!+A.+!+5.'6*5,7+,-'.8!*-'+5-8!;3*A.',6;6! +A.+!*-)8(!

6)775366!+A3!;-6+!.*)+3!.'(!5-?)6+! Nos2!5367-'63!Y-)8(! .86-!?3!3DD3*+,=3!.+!8.+35K!8366!

,'+3'63 !6+.<36!-D!+5.'6*5,7+,-'.8!.*+,=.+,-'J! F'D-5+)'.+38@K!+A3!A,<A!=.5,.?,8,+@!,'! 73.E!

;U"I!83=386 !,'!.',;.86!A.5= 36+3(!.+!+A,6!3.58@!+,;3!7-,'+!Y.6!'-+!,',+,.88@!*-'6,(353(!

?)+!?3*.;3! 75-?83;.+,*! ,'!8.+35!.'.8@6,6J!

!

Figure  12:  Induction  of  2&- 5  and  C;&OG  mRNA  following  CDAE  peritonitis  in  mice.  
B+!;,*3!Y353!,'[3*+3(!Y,+A!1S j !HkEC!&>J!@H  Nos2!.'(! UH  Hmox1!;U"I!3V75366,-'!,'!+A3!

8,=35!)6,'<!RU40>9UJ!L.8)36!78-++3(!.6!D-8(!*A.'<3!=6!S!A5!*-'+5-86J!pplSJS\!=6!S!A5!
*-'+5-86J!W'mT0]!;,*3!735!+,;3!7-,'+X !
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&'!+A,6!;-)63!;-(38!-D! HkEC!735,+-',+,6K!/# 01!.*+,=,+@!Y.6!3'A.'*3(!?@!

753+53.+,'<!+A3!;,*3!Y,+ A!A3;,'!-5!9#J!/3;,'!,6!.!6)?6+5.+3!D-5!+A3!/# 01!3'M@;3!.'(! .!

7-+3'+!,'()*35!-D!+A3!<3'3 K!+A)6!6+,;)8.+,'< !3'M@;3!.*+,=,+@!.'(! +A3!3'(-<3'-)6 !

75-()*+,-'!-D!9#K!?,8,=35(,'K!.'(!,5-' J!QV-<3'-)6! 9#!.*+6!(-Y'6+53.;!-D!+A3!/# 01!

3'M@;3!?)+!.86-!3V35+6!7-6,+,=3!D33(?.*E!-'!75-+3,'!3V75366,-'J!4A3!,'*53.63!,'!/# 01!

.*+,=,+@!-=35!HkEC!.8-'3!,'!+A3!8,=35!Y.6!*-'D,5;3(!YA3'!.',;.86!Y353!753+53.+3(!Y,+A!

6)?*)+.'3-)6!W$nX! A3;,'!W\S! µ;-8ZE<X!WL.<:$#(GM]J!I 8+A-)<A!.!6,'<83!̀ A!753+53.+;3'+!-D!

,'A.83(!W&"/X! 9#! W%\S!77;!V!1!A-)5X!?3D-53!HkEC!(,(!'-+!6,<',D,*.'+8@!,'*53.63!/# 01!

.*+,=,+@K!+Y-!(-636!-D!9#!W%V9#X!(,(!3'A.'*3!`A!3'M@;3!.*+,=,+@!-=35!HkEC!.8-'3 J!

4A353D-53K!6)?63R)3'+!.',;.8!3V735,;3'+6!)63(!A3;,'!.'(!%V9#!753+53.+;3'+6!D-5!/# 0

1!.*+,=.+,-'J !&'!.'!.++3;7+!+ -!6)775366!/# 01!.*+,=,+@K!M,'*!75-+-7-57A@5,'!W•'>> K!T!

;<ZE<X!Y.6!<,=3'! D-)5!A-)56!?3D-53!HkEC!3V7-6)53!?)+!+A363!;,*3!(3;-'6+5.+3(!'-!

*A.'<3 !,'!3'M@;3!.*+,=,+@!-=35!HkEC!.8-'3! W(.+.!'-+!6A-Y' X!.'(!Y353!'-+!.'.8@M3(!,'!

.'@!3V735,;3'+6!(36*5,?3(!,'!+A,6! (,6635+.+,-'J!
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Figure  13:  HO-­‐‑1  activity  was  induced  in  CDAE-­‐‑treated  Wt  liver  by  pretreatment  with  
hemin  or  2xCO.!B+!;,*3!<,=3'!A3;,'!-5!9#!75,-5!+-!1S j !HkECJ!2,*3!6.*5,D,*3(!.+!+A3!

+,;3!-D!HkEC!,'[3*+,-'!W?8.*E!?.56X!-5!D-)5  A-)56!8.+35!W<53@!?.56XJ!/#01!.*+,=,+@!
.775-V,;.+3(!)6,'<!9#!(3+3*+,-'!?@!<.6!*A5-;.+-<5.7A@J!p plSJS\!=6!SA!HkECK!!tplSJS\!

=6!SA!;.+*A3(!+53.+;3'+J!W'mT0̀ !735!<5-)7X!

!

ID+35!36+.?8,6A,'<!+A.+!A3;,'!.'(!9#!.*+,=.+3(!/# 01!3'M@;3!.*+,=,+@K!;U"I!

3V75366,-'!Y.6! +A3'!3=.8).+3(! ,'!*-'+5-8!.',;.86J!B+!;,*3!Y353!<,=3'!A3;,'! -5!%V9# !

.8-'3 !?3D-53!R).'+,D@,'<!A37.+,*!Nos2!.'(! Hmox1!;U"I!3V75366,-'J!/3;,' 0+53.+3(!

;,*3!Y353!3=.8).+3(!.+!j!A-)56!.'(!%V9# 0+53.+3(!;,*3!.+! D-)5!A-)56!+-!.66366!;U"I!

83=386!.+!+A3!+,;3!YA3' !HkEC!Y-) 8(!?3!.(;,',6+353( !WS!A-)56K!538.+,=3!+-!HkEC!

,'[3*+,-'XJ!/3;,'!+53.+;3'+!,'()*3(! Nos2!.'(! Hmox1  3V75366,-'!.+!j!A-)56!Y,+A!Nos2!

3V75366,-'!*-'+,'),'<!+-!,'*53.63! +A5-)<A!%`!A-)56!WL.<:$#(GF'(@>UXJ!9#!+53.+;3'+!A.(!

;,',;.8!3DD3*+6!-'! ;U"I!83=386!D-5! 3,+A35!<3'3!WL.<:$#(GF'(E>VXJ!4A,6!Y.6!,'!*-'+5.6+!+-!

753=,-)6!(.+.! D5-;! ;@!8.?!.'(! D5-;! -+A35!8.?6!+A.+!A.=3!=35,D,3(!+A3!.?,8,+@!-D!9#!+-!

3'A.'*3! Hmox1!;U"I!3V75366,-'J!4A,6! (,6*537.'*@!,6!)'3V78.,'3(K!?)+! *-)8(!
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7-+3'+,.88@!,'(,*.+3 !?.638,'3!Hmox1!<3'3! .*+,=.+,-'!,'! 6-;3! A3.8+A@!*-'+5-8!.',;.86!+A.+ !

(,6<),63( !D-8(!*A.'<3!(,DD353'*36!.+!8-Y!83=386!-D!;U"I!,'()*+,-' J!

!

Figure  14:  Hepatic  2&- 5!and  C;&OG  mRNA  expression  induced  in  hemin  but  
not  2xCO  control-­‐‑treated  mice.  2,*3!Y353!<,=3'! @>UH  A3;,'!-5   E>VH(%V9#!.'(! Nos2!

.'(! Hmox1!;U"I!R).'+,D,3(!)6,'<!RU4 0>9UJ!U36)8+6!78-++3(!.6!D-8(!*A.'<3!=6!A3.8+A@!
*-'+5-8 J!pplSJS\!=6!A3.8+A@!*-'+5-8 J!W'mT!;,*3!735!<5-)7X!

!

2,*3!Y353!+A3'!753+53.+3(!Y,+A!A3;,'!-5!%V9#!75,-5!+-!HkEC!*A.883'<3J!N-)5!

A-)56!8.+35K!Nos2!3V75366,-'!Y.6!53()*3(!.'(! Hmox1!3'A.'*3(!?@!A3;,'!.'(!%V9# !

538.+,=3!+-!HkEC!.8-'3 c!+A,6!Y.6!'-+!6+.+,6+,*.88@!6,<',D,*.'+!()3!+-!+A3!Y,(3!5.'<3!-D!

=.8)36!-?+.,'3( !WL.<:$#(GP'(@>UXJ!N-8(!*A.'<3!=.8)36!Y353!;)*A!A,<A35!+A.'!+A-63!63 3'!

,'!N,<)53!1%!?3*.)63!6.;7836!Y353!.'.8@M3(!-'!+A3!$+37#'3!>8)6!U3.804,;3!>9U!

6@6+3;K!YA,*A!3VA,?,+3(!A,<A35!63'6,+,=,+@!+A.'!+A3!]]SS!$3R)3'*3!C3+3*+-5!$@6+3;!)63(!

D-5!3.58,35!<3'3!R).'+,D,*.+,-'!WFigures  6-­‐‑7,  12,  14XJ!>5-+3,'!3V75366,-'!*-5538.+3(!Y,+A!
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;U"I!83=386J!$,V!A-)56!.D+35!HkECK!"#$%!75-+3,'!3V75366,-'!Y.6!,'A,?,+3(!?@!A3;,'!

.'(!%V9#!YA,83!/# 01!75-+3,'!83=386!,'*53.63(!Y,+A!?-+A!+53.+;3'+6!WL.<:$#(GTXJ!

!

Figure  15:  HO-­‐‑1  activation  suppressed  hepatic  2&- 5  and  increased  C;&O G  mRNA  
expression  during  CDAE(challenge.!B+!;,*3!753+53.+3(!Y,+A!A3;,'!-5!%V9#!?3D-53!

HkECJ!/37.+,*! @H  Nos2!.'(! UH!Hmox1!;U"I!3V75366,-'!R).'+,D,3(!?@!RU4 0>9UJ!U36)8+6!
78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8J!pplSJS\!=6!A3.8+A@!*-'+5-86J!W'm\!735!<5-)7X!

!

!

Figure  16:  HO-­‐‑1  activation  inhibited  NOS2  and  induced  HO-­‐‑1  protein  expression  in  
mouse  liver  relative  to  CDAE  alone.!B+!;,*3!+53.+3(!Y,+A!A3;,'!-5!%V9#!?3D-53!HkEC!

*A.883'<3J!B36+35'!?8-+!-D!/# 01!.'(! "#$%!75-+3,'!3V75366,-'!_!A-)56 !.D+35!HkECJ!
:I>C/!)63(!.6!.!8-.(,'<!*-'+5-8J!P8-+!,6!5375363'+.+,=3!-D!()78,*.+3!3V735,;3'+6J!W'm%!

735!<5-)7X!

!
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MB5B C3 >G(160(2L>κU(19,.=1,.&6(

&',+,.+,-' !-D!4^U`!6,<'.8,'<!?@!:5.; 0'3<.+,=3!>I2>6!83.(6!+-!+A3!.*+,=.+,-'!-D!

"N 0" PK!+A3!;-6+!,;7-5+.'+!+5.'6*5,7+,-'!D.*+-5! ,'=-8=3( !,' !+A3!3V75366,-'!-D!"#$%!.'(!

75-0,'D8.;;.+-5@!*@+-E,'36 J!4-!(3+35;,'3!YA3+A35!A3;,'!.'(!9#!;.@!?3!*.)6,'<!

<8-?.8!*@+-E,'3!6)775366,-'!,'! HkEC0*A.883'<3(!8,=35K!+A3!<3'3! 3V75366,-'!75-D,836!-D!
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Figure  17:  Hemin!suppressed  hepatic  pro-­‐‑inflammatory  cytokine  expression  in  CDAE  
peritonitis.!B+!;,*3!+53.+3(!Y,+A!HkEC!-'8@!-5!A3;,'a HkEC.  ^,=35!@H  TNF-­‐‑αK!UH!IL-­‐‑6K!EH  
IFN-­‐‑γ,!.'(! VH!IL-­‐‑10!;U"I!R).'+,D,3(!?@!RU4 0>9UJ!U36)8+6!78-++3(!.6!D-8(!*A.'<3!=6!
)'+53.+3(   *-'+5-8J!pplSJS\!=6!*-'+5-8 K!tplSJS\!=6!+,;30;.+*A3(! HkECJ!W'm\0j!735!7-,'+X!

!

>53+53.+;3'+!Y,+A!%V9#!6A-Y3(!.!;-53!*-;783V!*@+-E,'3!75-D,83J!9#!68,<A+8@!

.)<;3'+3(! & 0̂_K!&N"0#K!.'(!&^ 01S!3V75366,-'!D-)5!A-)56!.D+35!HkEC!YA,83!4"N0! !Y.6!

+A3!-'8@!*@+-E,'3!+-!?3!;,8(8@!6)7753663(!?@!9#!WL.<:$#(GW'(@>VXJ!#'3!3V78.'.+,-'!D-5!

+A,6!3.58@!*@+-E,'3!3'A.'*3;3'+ !;.@!?3!+A3!,',+,.8!*388)8.5!6+5366!*.)63(!?@!9#!

3V7-6)53J!9#!,6!E'-Y'!+-!?,'(!+-!*@+-*A5-;3!*!-V,(.63!.'(!,'*53.63!U#$!75-()*+,-'!,'!

;,+-*A-'(5,.K!YA,*A !;.@!,',+,.88@!3V.*35?.+3!3.58@!,'D8.;;.+-5@!5367-'636J!/-Y3=35K!

U#$!)8+,;.+38@!*-'+5,?)+3!+-!*@+-75-+3*+,-'!+A5-)<A!;3*A.',6;6! 6)*A!.6! ,'*53.63(!

')*83.5!D.*+-5!W35@+A5-,(0(35,=3(!%X08,E3!%!W"5D%X!3V75366,-'K!,'()*+,-'!-D!.'+,-V,(.'+!
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Figure  18:  CO  suppressed  hepatic!cytokine  expression  when  given  prior  to  CDAE  
peritonitis.!B+!;,*3!+53.+3(!Y,+A!HkEC!-'8@!-5!%V9#aHkEC.  ^,=35!@H  TNF-­‐‑α,!UH!IL-­‐‑6K!EH  
IFN-­‐‑γ,!.'(! VH!IL-­‐‑10!;U"I!R).'+,D,3(!?@!RU4 0>9UJ!U36)8+6!78-++3(!.6!D-8(!*A.'<3!=6!
)'+53.+3(   *-'+5-8J!pplSJS\!=6!*-'+5-8 K!tplSJS\!=6!+,;30;.+*A3(! HkECJ!W'm\0j!735!7-,'+X!

!

I*+,=.+,-'!-D!"N 0" P!Y.6!+A3'!3=.8).+3(!?@!*-;7.5,'<!3V75366,-'!-D!')*83.5!7_\!
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A37.+,*!')*83.5!7_\! 53;.,'3( !Y388!383=.+3(!,'!HkEC0+53.+3(!;,*3!.+!_!A-)56J!/3;,'!.'(!
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Figure  19:  Hemin!and  CO  suppression  of  CDAE-­‐‑induced  p65  nuclear  accumulation  in  
mouse  liver.!B+!;,*3!+53.+3(!Y,+A!A3;,'!-5!%V9#!?3D-53!HkEC!*A.883'<3J  @H(B36+35'!

?8-+!-D!_0A-)5 !')*83.5!7_\!Y,+A!A,6+-'3!*-'+5-8!.'(!+-+.8!7_\!Y,+A!:I>C/!*-'+5-8J!
C3'6,+-;3+5@!)63(!+-!78-+!UH!+-+.8!78)6!')*83.5!7_\!.'( !EH!')*83.5G+-+.8!7_\!5.+,-!.6!D-8(!
*A.'<3!=6!*-'+5-8J!P8-+!,6!5375363'+.+,=3!-D!()78,*.+3!3V735,;3'+6J!#plSJS\!=6!HkEC.  W'm%!

735!<5-)7X!

!

C)5,'<!+A3!,''.+3!5367-'63!+-!,'D8.;;.+,-'K!')*83.5! +5.'68-*.+,-'!-D!"N 0" P!

-**)56!YA3'!+A3!')*83.5!6*.DD-8(!75-+3,'K!&" P!,6!(3<5.(3(K!5383.6,'<!"N 0" P!D5-;!,+6!

*@+-78.6;,*!63R)36+5.+,-'J!4-!3=.8).+3!+A3!3DD3*+!-D!/#01!.*+,=.+,-'!-'!& " PK!+-+.8!

3V75366,-'!-D!+A3!6)?)',+K!&" P! K!Y.6!;3.6)53( !?@!B36+35'!?8-+!.'.8@6,6J!4-+.8!&" P! !Y.6!
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.*+,=.+,-'!-D!"N 0" P!;.@!?3!D.*,8,+.+3(K!,'!7.5+K!?@!.!53()*+,-'!,'!7A-67A-5@8.+,-'!.'(!

(3<5.(.+,-'!-D!& " PJ!9-'=35638@K!,+!,6!7-66,?83!+A.+!3.58@!"N0" P!.*+,=.+,-'!?@!A3;,'!
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Figure  20:  Effects  of  hemin  and  CO  on  CDAE-­‐‑induced  I" B!   expression  in  
mouse  liver.!B+!;,*3!+53.+3(!Y,+A!A3;,'!-5!%V9#!?3D-53!HkEC!*A.883'<3J  A:  B36+35'!
?8-+!-D!_!A-)5!+-+.8!&" P! !Y,+A!:I>C/!*-'+5-8J! B:!P8-+6!(3'6,+,M3(!.'(!78-++3(!.6!D-8(!

*A.'<3!=6!*-'+5-8J!P8-+!,6!5375363'+.+,=3!-D!()78,*.+3!3V735,;3'+6J!U36)8+6!(-!'-+!.*A,3=3!
6+.+,6+,*.8!6,<',D,*.'*3.  W'm%!735!<5-)7X!

!
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FB The  role  of  HO-­‐‑1  in  NOS2  transcriptional  regulation  
during  in  vitro  LPS  challenge  of  hepatocytes(

ID+35!(3;-'6+5.+,'< !+A.+!/# 01!.*+,=.+,-'!*.'!6)775366! 3.58@!+5.'6*5,7+,-'!-D! +A3!

A37.+,*!NOS2!<3'3!,'!.!;-)63! HkEC!735,+-',+,6!;-(38K!+A3!D,'.8!I,;! Y .6!+-!3V78-53!+A3!

;-83*)8.5!;3*A.',6;!D-5 !+A,6!538.+,-'6A,7!)6,'<!.'! in  vitro!.775-.*A !,'!A37.+,*!*3886J!4-!

.**-;78,6A!+A, 6!-?[3*+,=3K!;)5,'3!I2^ 01%!.'(!/37.!1 0_!*388!8,'36!Y353!3V7-63(!+-!^>$!

Y,+A!-5!Y,+A-)+!4"N 0! J!2)5,'3 !8,=35!*388!8,'36!Y353!6383*+3(!D-5!+A363!3V735,;3'+6!+-!

*-5538.+3!Y,+A!+A3!in  vivo!6+)(,36!,'!;-)63 !8,=35J!/# 01!.* +,=,+@!Y.6!3'A.'*3(!)6,'<!

A3;,'K! .!75-75,3+.5@!9# 05383.6,'<!;-83*)83!W9#U2XK!.'(!?,8,5)?,' c!,'A,?,+,-'!-D!/# 01!

Y.6!.**-;78,6A3(!?@!<3'3!6,83'*,'<J!BA,83! +A3!,',+,.8!,'+3'+!Y.6!+-!3=.8).+3!+A3!3DD3*+!-D!

/# 01!-'!+A3!53*5),+;3'+!-D!63=35.8!E'-Y'!+5.'6*5,7+,-'!D.*+-56!+-!+A3!Nos2!75-;-+35K!

3.58@!Nos2!+5.'6*5,7+,-'.8!*-'+5-8! in  vitro!Y.6!'-+!.DD3*+3(!?@!/# 01!;-(,D,356 !.6!633'! in  

vivoJ!$)?63R)3'+8@K!+A3!Y-5E!75363'+3(!A353!A,<A8,<A+6!+A3!7.++35'!-D!Nos2!<3'3!

3V75366,-'!,'!A37.+-*@+3!*388!8,'36!.'(! 6-;3!8,;,+.+,-'6!-D!+A3!*A-63'! in  vitro  ;-(38! D-5!

3=.8).+,'< !/# 01!3DD3*+6!-'!3.58@!Nos2!,'()*+,-'J! I!=,6).8 !5375363'+.+,-'!-D!+A3!

3V735,;3'+.8!63+)7!,6!6A-Y'!,'! L.<:$#(5GJ!#D!'-+3K!9#U26!A.=3!?33'!)63(!.6!3DD3*+,=3!

9#!(38,=35@!6@6+3;6!.'(!+A3!75-75,3+.5@!9#U2!)63(!,'!+A,6!3V735,;3'+!,6!'-+.?83!D-5!

,+6!,'*53.63(!6-8)?,8,+@K!6+.?,8,+@!,'!.R)3-)6!;3(,.K!.'(!'-' 0+-V,*!;3+.8!*-;783V!+A.+!

53;.,'6!.D+35!9#!,6!5383.63(!u1\SvJ!I((,+,-'.88@K!.8+A-)<A!?,8,=35(,'!,6!+A3!(,53*+!

;3+.?-8,+3!-D!/# 01K!?,8,5)?,'!Y.6!)63(!?3*.)63!-D!,+6!,'*53.63(!6+.?,8,+@!,'!*)8+)53!

*-'(,+,-'6J !
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Figure  21:  Experimental  design  for  .6(=.,$&(-,:0.#- .  I2^ 01%!-5!/37.!1 0_!*3886!Y353!
3V7-63(!+-!A3;,'K! 9#U2 K!-5!?,8,5)?,'!1!A5!?3D-53!^>$!W1S)<Z;^X!Y,+A!-5!Y,+A-)+!4"N0

! !W1S'<Z;^XJ!4-!,'A,?,+!"N0" PK!P.@!110]Sj%!Y.6!<,=3'!TS!;,')+36!75,-5!+-!^>$!
*A.883'<3J!93886!Y353!A.5=36+3(!D-5!;U"I!.+! ,'(,*.+3(!+,;36J !!

!

FBGB @NJ>G5(9#88(8.6#(

4-!3=.8).+3!53<)8.+,-'!-D! Nos2!<3'3!3V75366,-'!?@!/# 01!,'!*388!*)8+)53K!

3V735,;3'+6 !Y353!D,56+!735D-5;3(!,'!I2^ 01%!*3886!<5-Y'! ,' !*-;783+3!C2Q2ZN 01%!

;3(,);!+-!]S 0jSx!*-'D8)3'*3!?3D-53!?3,'<!+53.+3(!Y,+A!^>$a4"N 0! J!I2^ 01%!*3886!.53!

'-' 0+5.'6D-5;3(!;-)63!A37.+-*@+36!+A.+!3V75366!A,<A!83=386!-D!A);.'! +5.'6D-5;,'<!
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+);-56! in  vivo!u1\1vJ!93886!Y353!3V7-63(!+-!.!5.'<3!-D!^>$!a!4"N0! !WA353.D+35!
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Figure  22:!2&- 5  and  C;&O G  mRNA  induction  peaks  2  hours  after  LT  challenge  
in  AML-­‐‑12  cells.  9 3886!Y353!+53.+3(!Y,+A!^>$!W1S!µ<Z;^X!a!4"N 0.!W1S!'<Z;^XJ!@H  Nos2!

.'(   UH(Hmox1!;U"I!R).'+,D,3(!?@!RU4 0>9UJ!L.8)36!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8J!
pplSJS\!=6!*-'+5-8J!W'mT0̀ !735!+,;3!7-,'+X !

!

93886!Y353!753+53.+3(!Y,+A!A3;,'K!9#U2K!-5!?,8,5)?,'! -'3! A-)5!?3D-53!^4!

3V7-6)53!.'(! Nos2!;U"I!83=386!Y353! R).'+,D,3( !+Y-!A-)56!8.+35!)6,'<!RU40>9UJ!&'!

*-'+5.6+!+-!+A3!3DD3*+6!-D!/#01!.*+,=.+,-'! in  vivoK!,'()*+,-'!-D! Nos2!;U"I !Y.6!'-+!

.++3').+3( !?@!.'@!-D!+A3!/# 01!.* +,=.+-56!WL.<:$#(5MXJ!$73*,D,*.88@K!A3;,'!.'(!9# U2 !A.(!

'-!3DD3*+!YA,83!`S!µ2 !?,8,5)?,'!D)5+A35!3V.*35?.+3(!Nos2!3V75366,-'J!C-636!-D!

)'*-'[)<.+3(!?,8,5)?,'!<53.+35!+A.'!%\! µ2! A.=3!?33'!.66-*,.+3(!Y,+A !.7-7+-6,6!,'!

;)5,'3!A37.+-;.!/37.!1*1*]!*3886 !u1\%vK!YA,*A!;.@!A.=3!.**-)'+3(!D-5! +A3!Nos2!3DD3*+6!

633'!A353J!!

0"

0.5"

1"

1.5"

2"

2.5"

Control" 1h" 2h" 6h" 24h"

Hm
ox
%1
"m

RN
A"

* 

* 

0"

500"

1000"

1500"

2000"

2500"

3000"

Control" 1h" 2h" 6h" 24h"

N
O
S2
"m

RN
A"

* 

* 

* * 

A B



!

`r !

! !

Figure  23:  HO-­‐‑1  modifiers  do  not  suppress  2 &-5  gene  expression  following  LT  
challenge  in  AML-­‐‑12  cells.  93886!753+53.+3(!Y,+A!A3;,'K!9#U2K!?,8,5)?,'K!-5!P.@!110
]Sj%!75,-5!+-!^4J!Nos2(;U"I!R).'+,D,3(!+Y- !A-)56!8.+35!)6,'<!RU40>9UJ!L.8)36!.53!

78-++3(!.6!D-8(!*A.'<3!=6!)'+53.+3(!*-'+5-8!.'(!5375363'+.+,=3!-D!()78,*.+3!3V735,;3'+6J!
pplSJS\!=6!*-'+5-8K!tplSJS\!=6!^4J!W'mT!735!<5-)7X  
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4.2.1. Response  of  early  NOS2  transcription  to  HO-­‐‑1  activation  
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Figure  24:  Induction  of  2&-5   and  C;&O G  mRNA  by  LPS+TNF!   in  Hepa  1-­‐‑6  cells.!9 3886!
Y353!+53.+3(!Y,+A!^>$!W1S!µ<Z;^X!a!4"N 0.!W1S!'<Z;^XK!^>$!.8-'3!.+!+Y- !A-)56K!-5!4"N!

.8-'3!.+! +Y- !A-)56J!@H  Nos2  .'(   UH(Hmox1!;U"I!R).'+,D,3(!?@!RU4 0>9UJ!L.8)36!
78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8J!^>$ 0;3(,.+3(!,'()*+,-'!Y.6!6)7753663(!?@!4"N 0! J!!

pplSJS\!=6!*-'+5-8K!#plSJS\!=6!^>$J!W'mT0̀ !735!+,;3!7-,'+X !

!
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Figure  25:  Induction  of  2&- 5  and  C;&O G  by  LPS  alone  in  Hepa  1-­‐‑6  cells.!9 3886!Y353!
+53.+3(!Y,+A!^>$!W1S!µ<Z;^XJ!@H  Nos2  .'(   UH  Hmox1!;U"I!R).'+,D,3(!?@!RU4 0>9UJ!

L.8)36!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8J!pplSJS\!=6!*-'+5-8K!#pl SJS\!=6!^>$J!W'mT0̀ !735!
+,;3!7-,'+X! EH!/# 01!75-+3,'!3V75366,-'!?@!B36+35'!Y,+A!+)?)8,'!8-.(,'<!*-'+5-8J!W'mT!

735!+,;3!7-,'+X!
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Figure  26:  HO-­‐‑1  activation  exacerbates  acute  2&-5(transcription  in  LPS-­‐‑treated  Hepa  1-­‐‑
6  cells.!93886!3V7-63(!+-!^>$!.8-'3!-5!Y,+A!10A-)5!753+53.+;3'+!-D!A3;,'K!9#U2K!-5!

?,8,5)?,'!.+!,'(,*.+3(!(-636J!L.8)36!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8J!p plSJS\!=6!*-'+5-8K!
ppplSJS\!=6!^>$K!#plSJS\!=6!*-'+5-8!.'(!^>$J!W'mT!735!<5-)7X!
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Figure  27:  Conventional  RT-­‐‑PCR  quantification  of  2&-5(mRNA  in  LPS-­‐‑treated  Hepa  
1-­‐‑6  cells.!93886!Y353!3V7-63(!+-!^>$!.8-'3!-5!Y,+A!-' 30A-)5!753+53.+;3'+!-D!A3;,'K!

9#U2K!-5!?,8,5)?,'!.+!,'(,*.+3(!(-636J! @H  I <.5-63!<38!=,6).8,M.+,-'!-D!>9U!75-()*+ .  UH  
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Figure  28:  Effect  of  NF-­‐‑" B  inhibition  on  acute  2&-5(expression  in  LPS-­‐‑treated  Hepa  1-­‐‑
6  cells.!@H  Nos2  ;U"I!,'!*3886!753+53.+3(!Y,+A!A3;,'K!9#U2K!?,8,5)?,'!-5!P.@ 011J!U:  
Nos2  ;U"I!5367-'63!+-!/# 01!.*+,=.+-56!78)6!P.@011J!L.8)36!78-++3(!.6!D-8(!*A.'<3!=6!

*-'+5-8J!Q'A.' *3(!Nos2  +5.'6*5,7+,-'!?@!9#U2!,6!"N 0" P0,'(373'(3'+J!p plSJS\!=6!
*-'+5-8K!tplSJS\!=6!^>$J!W'mT!735!<5-)7X!

!

! !

Figure  29:  Characterization  of  enhanced  2&-5   expression  by  CORM  in  LPS-­‐‑treated  
Hepa  1-­‐‑6  cells.!^3=386!-D!Nos2  ;U"I!,'! *3886!753+53.+3(!Y,+A!9#U2K!,'.*+,=.+3(!

9#U2K!-5!" 0.* 3+@8!0̂*@6+3,'3!W"I9X!75,-5!+-!+Y-0A-)5!^>$!*A.883'<3J!L.8)36!78-++3(!.6!
D-8(!*A.'<3!=6!*-'+5-8J!Q'A.'*3(! Nos2  +5.'6*5,7+,-'!?@!9#U2!-**)56!=,.!-V,(.+,=3!

6+5366!,'()*3(!?@!9#!5383.63J!pplSJS\!=6!*-'+5-8K!tplSJS\!=6!^>$J!W'mT!735!<5-)7X!
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+A3!+-V,*,+@!-D!+A,6!6)?6+5.+3!+A.+!,6!'-+!3DD3*+,=38@!;3+.?-8,M3(!,'!*3886!8.*E,'<!.!

D)'*+,-'.8!/# 01!3'M@;3J!#=35.88K!+A363!D,'(,'<6!6)<<36+!+A.+!/#01!;.@K!,'!D.*+K!3V35+!

6-;3!,'A,?,+-5@! *-'+5-8 !-'! Nos2!<3'3!3V75366,-'J!/-Y3=35K!+A3!)63!-D!A3;,'K!9#U2K!

.'(! ?,8,5)?,' !,'! +A3!*)553'+!in  vitro!;- (38!,6!'-+!3'-)<A!+-!-=35*-;3!3.58@! Nos2!

,'()*+,-'!?@!^>$J !
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Figure  30:  Verification  of  C;&O G  silencing  in  Hepa  1-­‐‑6  cells.!93886!Y353!+5.'6D3*+3(!
Y,+A!;)5,'3! Hmox1!-5!6*5.;?83(!6AU"I!.'(!3=.8).+3(!D-5!75-+3,'!3V75366,-'! 6,V!A-)56!

.D+35!^>$J!@H  B36+35'!?8-+!-D!/# 01!.'(!"#$%!75-+3,'!Y,+A!+)?)8,'!8-.(,'<!*-'+5-8J!
C3'6,+-;3+5@!=.8)36!Y353!78-++3(!D-5!UH!/# 01!.'(! EH!"#$%!75-+3,'6J!C.+. !,6!

5375363'+.+,=3!-D!()78,*.+3!3V735,;3'+6J!pplSJS\!=6!6*5.;?83(!*-'+5-8K!tplSJS\!=6!
6*5.;?83(a^>$J!W'm%!735!<5-)7X!

!

!"#$%&'()*+,-./ * !"#$%&*+,-./ *

+ + !  !  LPS 

0*

1*

2*

3*

4*

5*

6789#7'* :;!<*=,*

-(
'$

>
?(

*
!"

#$
*@

#7
9(

A
8<

*=
,*

B
C

.D
E

%
%

2F
*

!"#$%&'()* G%7HI1*+,-./*

# 

* 

0*

0J5*

1*

1J5*

2*

2J5*

6789#7'* :;!<*=,*-(
'$

>
?(

*
%

"&
'*

@
#7

9(
A

8<
*=

,*
B

C
.D

E
%

%
2F

*

!"#$%&'()* G%7HI1*+,-./*

HO-1 

NOS2 

Tubulin 

A

B C

* 



!

\j !

! !

Figure  31:  2 &-5  expression  in  HO-­‐‑1  silenced  Hepa  1-­‐‑6  cells.!93886!Y353!
+5.'6D3*+3(!Y,+A!;)5,'3! Hmox1!-5!6*5.;?83(!6AU"I!.'(!3=.8).+3(!D-5! Nos2!3V75366,-'!
.D+35!+Y-   A-)56!^>$J!/3;,'K!9#U2K!-5!?,8,5)?,'! Y.6!.(;,',6+353(! -'3 !A-)5!?3D-53!^>$!
.6!,'(,*.+3(J!L.8)36!.53!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8!.'(!5375363'+.+,=3!-D!()78,*.+3!
3V735,;3'+6J  plSJS\!D-5!.88!<5-)76!=6!*-'+5-8 ,  *plSJS\!=6!;.+*A3(!6AU"I a^>$ ,  #  plSJS\!

=6!;.+*A3(!+53.+;3'+J!W'mT!735!<5-)7X!

!

4A3!D,'(,'<6!(36*5,?3(!,'!/37.!1 0_!*3886!+A)6!D.5!6A-Y!+A.+!/# 01!.*+,=.+,-'!?@!

-'3!A-)5!753+53.+;3'+!Y,+A! A3;,'K!3V-<3'-)6!9#K! -5!?,8,5)?,'! ?3D-53!^>$!*A.883'<3!,6!

)'.?83!+-!6)775366! 3.58@!Nos2!;U"I!3V75366,-'J!&'6+3.(K!9#!*53.+36!-V,(.+,=3!75366)53!

-'!A37.+- *@+36K!YA,*A!3V.*35?.+36!+Y-0A-)5! ^>$ 0;3(,.+3(! Nos2!3V75366,-'J!$,83'*,'<!-D!
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3V35+!6-;3!,'A,?,+,-' !-'! Nos2J!/-Y3=35K! +A3!673*,D,*!;-(38!)63(!,'!+A,6!.,;!Y.6!)'.?83!
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4.2.2. Response  of  late  phase  NOS2  transcription  to  HO-­‐‑1  activation  

4-! (3+35;,'3! ,D!+A3!53<)8.+-5@!7-+3'+,.8!-D!/#01!Y.6!+,;3 0(373'(3'+K! Nos2!

3V75366,-'!%`!A-)56!.D+35!^>$!*A.883'<3!Y.6!3=.8).+3(!)'(35!+A3!*-'(,+,-'6!(36*5,?3(!

.?-=3J!I6!3V73*+3(K!^>$!<3'35.+3(!.!;)*A!8366!,'+3 '63!Nos2!5367-'63K!,'*53.6,'<!-'8@!

.?-)+!1\!+,;36! <53.+35!+A.'!*-'+5-8!WL.<:$#(M5XJ!/3;,'!753+53.+;3'+!53()*3(!+A,6!

3V75366,-'!?@!.775-V,;.+38@!\Sx!YA,83!+A3!;-(36+!,'A,?,+,-'!?@!?,8,5)?,'!(,(!'-+!53.*A!

6+.+,6+,*.8!6,<',D,*.'*3J!N)5+A35;-53K!9#U2!.++3').+3(! Nos2!3V75366,-'!?@!

.775-V,;.+38@!TSx!?)+!Y,+A-)+!53.*A,'< !6,<',D,*.'*3!WL.<:$#(MMXJ!4A3!)63!-D!,'.*+,=3!

9#U2!-5!9#U2!Y,+A!"I9!?-+A!53=3563(!+A,6!6)775366,-'J! !

!

Figure  32:  HO-­‐‑1  activation  attenuates  2 &-5  transcription  24  hours  after  LPS  challenge  
in  Hepa  1-­‐‑6  cells.  93886!Y353!753+53.+3(!Y,+A!A3;,'!-5!?,8,5)?,'!75,-5! ^>$!3V7-6)53J!

L.8)36!.53!78-++3(!.6!D-8(!*A.'<3!=6!*-'+5-8!.'(!5375363'+.+,=3!-D!()78,*.+3!
3V735,;3'+6J!pplSJS\!=6!*-'+5-8K!tplSJS\!=6!^>$J!W'mT!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"I!R).'+,D,3(!,'!*3886!753+53.+3(!Y,+A!9#U2K!,'.*+,=.+3(!

9#U2K!-5!" 0.*3+@8!0̂*@6+3,'3!W"I9X!75,-5!+-!%`!A-)5!^>$!*A.883'<3J!L.8)36!78-++3(!.6!
D-8(!*A.'<3!=6!*-'+5-8J!2-(35.+3!53()*+,-'!-D!%`!A-)5! Nos2!+5.'6*5,7+,-'!?@!9#U2!
(373'(6!-'!9#!5383.63!.'(!,6!5 3=3563(!?@!"I9J!pplSJS\!=6!*-'+5-8J!W'mT!735!<5-)7X!

!
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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(!,'!r_0Y388!78.+36!Y353!753+53.+3(!Y,+A!A3;,'K!

9#U2K!.'(!?,8,5)?,'!Y,+A!-5!Y,+A-)+!^>$J!244!53.<3'+!Y.6!.((3(! .+!+Y-   -5!%`!A-)56!
.'(!*-8-5!(3=38-7;3'+!+35;,'.+3(! D-)5!A-)56!8.+35J!I?6-5?.'*3!=.8)36! Y353!-?+.,'3(!.+!
\]S!';!.'(!78-++3(!.6!735*3'+.<3!-D!)'+53.+3(!*3886J!:5.7A!,6!5375363'+.+,=3!-D!()78,*.+3!

3V735,;3'+6J!pplSJS\!=6!*-'+5-8 K!tplSJS\!=6!^>$!-'8@J!

!
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3V75366,-'J!I8+35'.+,=38@K!.!673*,D,*!(3<533!-D!/#01!.*+,=.+,-'!*-)8(!?3!53R),53(!D-5!+A,6!

7.+AY.@!+-!A.=3!.'@!+5.'6*5,7+,-'.8!,'D8)3'*3c!735A.76!+A,6!+A536A-8(!Y.6!53.*A3(!%`!

A-)56!.D+35!3'(-+-V,'!*A.883'<3!?)+!'-+!.+!+Y-!A-)56J! $)<<36+,-'6!D-5!;-(,D,*.+,-'6!-D!
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5. Conclusions  

PBGB )6,#$+$#,1,.&6(&%(,"#( ;1.6(%.60.6<-(160(,"#.$(8.;.,1,.&6- (

4A3!Y-5E!75363'+3(!,'!+A,6!(,6635+.+,-'!?5,'<6!.++3'+,-'!+-! +Y-!7--58@!(3D,'3(!

.53.6!Y,+A,'!+A3!8,+35.+)53G!1X!+A3!6)77-5+,=3!5-83!-D!"#$%!,'!;,+-*A-'(5,.8!?,-<3'36,6!

.'(!%X!+A3!;3*A.',6;!?@!YA,*A! +A3!A3;3!-V@<3'.63 01Z9#!6@6+3;K!.'-+A35!E3@!

53<)8.+-5!-D!;,+-*A-'(5,.8!?,-<3'36,6K !;.@!*-)'+35 !Nos2!+5.'6*5,7+,-'! .*+,=.+,- '! ,'! +A3!

8,=35J!4A3!Y-5E!75363'+3(!A353!(3;-'6+5.+3(!+A.+!"#$%! 7.5+,*,7.+36!'-+!-'8@! ,'!*388)8.5!

(.;.<3!()5,'<!6376,6 K!?)+!,6!.86-!'3*366.5@!D-5!75-;7+! 53*-=35@!D-88-Y,'<!+A.+!,'[)5@J!

"#$%!,6!53R),53(!D-5!-7+,;.8!.*+,=.+,-'!-D!+A3!;,+-*A-'(5,.8! ?,-<3'36,6! 7.+AY.@J!&'!+A3!

.?63'*3 !-D!Nos2K!(.;.<3!+-!;+C"I!*.''-+!?3!537.,53(!?3*.)63!+A3!3V75366,-'!-D!?-+A!

')*83.5!.'(!;,+-*A-'(5,.8!75-+3,'6!'33(3(!D-5!+A,6!75-*366!,6!(,;,',6A3(J! I((,+,-'.88@K!

,;7.,53(!')*83.5!.'(!;,+-*A-'(5,.8!75-+3,'!.**);)8.+,-'!,'!"#$% 0(3D,*,3'+!;,*3!,6 !

.66-*,.+3(!Y,+A!(3*53.63(!.*+,=.+,-'!-D!+A3!75- 06)5=,=.8!E,'.636K!IE+!.'(!I2>!E,'.63J!

4A3!.66-*,.+,-' !-D!"#$%!Y,+A!+A363!E,'.636!*-''3*+6!"#$% !+-!;,+-*A-'(5,.8!?,-<3'36,6!

?)+!.86-!-DD356!.!7-+3'+,.8!.=3')3!?@!YA,*A!"#$%!;.@!,'+35.*+!Y,+A!.!'); ?35!-D!-+A35!

75-06)5=,=.8!7.+AY.@6!6)*A!.6!<8)*-63!;3+.?-8,6;K!.'<,-<3'36,6K! .'(!*388!*@*83!

75-<5366,-'! u1\\ 01\jv J!"3=35+A38366K!;@!8.?!A.6!.86-!(3;-'6+5.+3( !+A.+!"#$%!,6!

'3*366.5@!D-5!.*+,=.+,-'!-D!;,+-*A-'(5,.8! ?,-<3'36,6! ,'!+A3!8,=35K!,'!7.5+!?@!D.*,8,+.+,'<!

75-+3,'!,;7- 5+.+,-' !.*5-66!+A3!;,+-*A-'(5,.8!;3;?5.'3 6J!$0',+5-6@8.+,-'!-D!/67_S!Y.6!

6A-Y'!+-!?3!'3*366.5@!D-5!+A3!,;7-5+.+,-'!-D!4D.;!,'+-!+A3!;,+-*A-'(5,.!D-88-Y,'<!

HkEC!735,+-',+,6!u1T\vJ!N)'(.;3'+.88@ !+A3'K!"#$%!,6!,'(,673'6,?83 !D-5!;,+-*A-'(5,.8!
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537.,5!.D+35!.*)+3!,'D8.;;.+,-' K!6-!Y.@6!+-!53<)8.+3!"#!75-()*+,-'!.'(!-7+,;,M3!"#$% 0

673*,D,*!*@+-75-+3*+,=3!7.+AY.@6!6A-)8(!*-'+,')3!+-!?3! 3V78-53(!,'!+A3!D)+)53J!

4A3!63*-'(! I,; !-D!+A,6!(,6635+.+,-'!Y.6!+-!3V78-53!+A3!7-+3'+,.8!53<)8.+-5@!

538.+,-'6A,7!?3+Y33'!+A3!/# 01Z9#!6@6+3;!.'(!"#$%J!4A,6!.775-.*A!+-! Nos2!

+5.'6*5,7+,-'.8!*-'+5-8 !,6!D.=-5.?83!?3*.)63!/# 01!75-=,(36!.!8,'E!+A.+!*-)8(!*-;?,'3!

,;;)'-;-()8.+,-'!Y,+A!;,+-*A-'(5,.8!?,-<3'36,6K!6,;)8+.'3-)68@!6)?=35+,'<!*388 )8.5!

(.;.<3!.'(! .88-Y,'<!*-;75-;,63(! ;,+-*A-'(5,.! +-!?3!537.,53(!-5!5378.*3(J!&'!.!

;)5,'3!;-(38!-D! HkEC0735,+-',+,6K!*)553'+!(.+.!6A-Y6!+A.+!/# 01Z9#!(,65)7+6!.*)+3K!

A,<Af 83=38!Nos2!3V75366,-'K!,'!7.5+ !?@!.'+.<-',M,'<!"N 0" P!.*+,=,+@J!&+!,6!.!=.8,(!

.5<);3'+! +A.+!+A3!HkEC!;-)63!;-(38!)63(!A353!,6!'-+!+A3!,(3.8!6)55-<.+3!D-5!*8,',*.8!

6376,6!D-5!53.6-'6!6+.+3(!753=,-)68@J!/-Y3=35K!-'3!;)6+!*-'6,(35!+A.+!, D!/# 01!*.'!

.++3').+3!.'!,'+3'63!"#$%!,'()*+,-' !8,E3!+A.+!38,*,+3(!?@!HkEC,!,+!Y-)8( !8,E38@!?3!

3DD3*+,=3!,'!.* +).8!8,=3!6376,6K!YA,*A!,6!*A.5.*+35,M3(!?@!.!;-53!<5.().8!,'*53.63!,'!

*@+-E,'3!.'(!"#$%!3V75366,-' J!!2-53-=35K!,+!A.6!?33'!6A-Y'! ,'!-)5!8.?-5.+-5@!+A.+!.!

*8-63!538.+,-'6A,7!3V,6+6!?3+Y33'!/# 01!.'(! *-)'+35 0,'D8.;;.+,-'!,'!;)5,'3 !E.  coli!D,?5,'!

*8-+!6376,6K!.!;-53!.**37+3(!*-5538.+3!D-5!+A3!A);.'!5367-'63!+-!6376,6 !u1%SvJ!4A353D-53K!

*-'D,5;.+,-'!-D! +A3!/# 01Z9#0;3(,.+3(!53<)8.+-5@!*-'+5-8! -'!;,+-*A-'(5,.8!?,-<3'36,6!

.'(!,;;)'-;-()8.+,-'!,'!.!D,?5,'!*8-+!;-(38!-D!;)5,'3!6376,6! 75-=,(36!78.)6,?,8,+@!D-5!

.778,*.+,-'! -D!+A,6!6@6+3;!+-!A);.' !(,63.63J!

BA3'!.++3;7+,'<!+-!53*.7,+)8.+3! +A3!;-)63! in  vivo!D,'(,'<6!,'!.! A37.+-*@+3!*388!

*)8+)53!6@6+3;K!*5,+,*.8!(36,<'!D8.Y6!8,;,+3(!+A3!*-'*8)6,-'6!+A.+!*-)8(!?3!;.(3! .?-)+ !
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+A3!7-66,?83!*-)'+35053<)8.+,-'!-D!+A3!+Y-!6@6+3;6!-D!,'+3536+J!&'!6+.5E!*-'+5.6+!+-!63=35.8!

6+)(,36!537-5+,'<!/# 01!.++3').+,-'!-D!"#$%K! +A3!6+5.+3<@!)63(!A353!+-!3'A.'*3!/#01!

.*+,=,+@!,'!^>$0+53.+3(!I2^ 01%!.'(!/37.!1 0_!A37.+-*@+36!Y.6!)'.?83!+-!6)775366!3.58@!

73.E!Nos2!;U"I!3V75366,-'J !9-'=35638@K!%`0A-)5!Nos2!+5.'6*5,7+,-'!Y.6!;-53!

5367-'6,=3!+-!/# 01!*-'+5-8J!4A3!;.[-5,+@!-D!in  vitro!6+)(,36!.((5366,'<!+A,6!/# 01Z"#$%!

*-)'+35 053<)8.+,-' !A.=3!.'.8@M3(!"#$% !3V75366,-'!.+!8.+35!+,;3!7-,'+6K!,J3J!1j!-5!%`!

A-)56J!4A533!+A3-5,36!;.@!3V78.,'!YA@!+A363!+3;7-5.8!(,DD353'*36!;.@!3V,6+J!N,56+K!/# 01!

;.@!' -+!A.=3!?33'! ,'()*3(!3.58@!3'-)<A!+-!,'D8)3'*3!+5.'6*5,7+,- '.8!'3+Y-5E6!(,53*+3(!

.+!+A3!Nos2!75-;-+35!,;;3(,.+38@! D-88-Y,'<!^>$!3V7-6)53J!&'!5367-'63!+-!^>$!.8-'3K !

/# 01!75-+3,'!3V75366,-'!,6!A,<A36+!.+!6,V!A-)56!WFigure  25XK!YA353.6!73.E!Nos2!;U"I!

3V75366,-'!-**)56!.+! +Y- !A-)56!WFigure  22XJ!"N 0" P!')*83.5!+5.'68-*.+,-'!-**)56!TS 0_S!

;,')+36 !.D+35!^>$!3V7-6)53!,'!*388!*)8+)53!u1\rvK!6,;)8+.'3-)68@!+.5<3+,'<!?-+A!Nos2!.'(!

Hmox1!75-;-+356 J!4A353D-53K!753+53.+;3'+!Y,+A!A3;,'K!9#U2K!.'(!?,8,5)?,'![)6+!-'3!

A-)5!75,-5!+-!^>$!.(;,',6+5.+,-'!;.@!'-+! 3'A.'*3!/# 01!3.58@!3'-)<A!+-!?8-*E!"N0" P!-5!

-+A35!+5.'6*5,7+,-'!D.*+-56!+A.+!D.*,8,+.+3!,',+,.8!.*)+3!Nos2!75-;-+35!.*+,=.+,-'J! $3*-'(K!,+!

,6!.86-!75-?.?83!+A.+!Nos20673*,D,*!+5.'6*5,7+,-'.8!*-;783V36!3;78-@3(!.+!%`!A-)56!(,DD35!

6,<',D,*.'+8@!D5-;!+A.+!.+!+Y-!A-)56J!&+!,6!Y388!)'(356+--(!+A.+!63=35.8!+5.'6*5,7+,-' !

D.*+-56!.53!53R),53(!D-5!-7+,;.8!3V75366,-'!-D!Nos2!?)+!YA3+A35!*35+.,'!*-;?,'.+,-'6!

A.=3!.*+,=.+,'<!=356)6!,'A,?,+-5@!5-836!,6!)'*83.5J!N,'.88@K!+A3!(-63!-D!^>$!)63(!D-5!+A,6!

6+)(@!;.@!-=35YA38;!.'@!/# 01!(373'(3'+!5375366,-'!+A.+!;.@!A.=3!-**)553(!3.58@!,'!

+A3!+,;3!*-)563J!&+!,6!)'*83.5!A-Y!+A3!(-63!)63(!,'!*388!*)8+)53!6@6+3;6!*-5538.+36!+-!
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*8,',*.8!3'(-+-V,'! 3V7-6)53K!?)+!Y,+A!6)*A!A,<A!Nos2!,'()*+,-'!633'!,'!+A,6!;-(38K!,+!,6!

7-66,?83!+A.+!;-53!6,<',D,*.'+!/# 01!53<)8.+,-'!Y-)8(!?3!3=,(3'+!.+!8-Y35!^>$!(-636J !

$)<<36+,-'6!D-5!in  vitro!;-(38! .([)6+;3'+6!.'(!,(3.6!D-5!7-+3'+,.8!3V735,;3'+6! +-!

3V78-53!6-;3!-D!+A363!+A3-5,36!.53!75363'+3(!,'!+A3!N)+)53!C,53*+,-'6!63*+,-' !?38-YJ!

4A3!Y-5E!75363'+3(!A353!(-36! 75-=,(3!.((,+,-'.8!,'D-5;.+,-'!.?-)+!+A3!5-83!.'(!

53<)8.+,-'!-D!"#$%!()5,'<!:5.; 0'3<.+,=3!*A.883'<3J!&+!(3;-'6+5.+3(!+A.+!"#$%!

75-+3*+6!.<.,'6+!;,+-*A-'(5,.8!.'(!*388)8.5!(@6D)'*+,-'!+A5-)<A!;,+- *A-'(5,.8!

?,-<3'36,6J!N)5+A35;-53K!,+!6)<<36+6!+A.+!.!7.+AY.@!E'-Y'!+- !75-;-+3!;,+-*A-'(5,.8!

?,-<3'36,6!*.'!.86-!-DD35!'3<.+,=3!D33(?.*E!53<)8.+,-'!-'! Nos2!+5.'6*5,7+,-'J!/# 01!

.773.5 6!+-!3V35+!'3<.+,=3!53<)8.+-5@!*-'+5-8!-'!Nos2!,'!;-)63!8,=35 K!?)+!.((,+,- '.8!

*-'D,5;.+-5@! 6+)(,36!6A-)8(!?3!7.,53(!Y,+A !;-53!.(=.'*3(!6+)( ,36!-D!+A3!;-83*)8.5!

;3*A.',6; !,'! *388!*)8+)53!;-(386J!

PB5B L:,:$#(V.$#9,.&6 (

ID+35!6);;.5,M,'<!+A3!*-'*8)6,-'6!D5-;!+A,6!(,6635+.+,-'!75-[3*+K!6 3=35.8!

R)36+,-'6!53<.5(,'<!+A3!8,=350673*,D,*!/# 01Z"#$% !538.+,-'6A,7!Y353!'-+!.'6Y353(!()3!

+-!8,;,+.+,-'6!-D!+A3!in  vitro!.'(! in  vivo!;-(386 J!&'!+A3!;-)63!;-(38K!/# 01!.*+,=.+-56!

Y353!.(;,',6+353(!75,-5!+-! HkEC!?)+!'-!;-(38!6)775366,'<!/# 01!.*+,=,+@!Y.6!

<3'35.+3(!D-5!*-;7.5,6-'J!4A,6!*-)8(!?3!.**-;78,6A3(!, '!63=35.8!Y.@6J!98.66,*.88@K!

*A3;,*.8 !,'A,?,+,-'!-D!/# 01!Y.6 !.**-;78, 6A3(!+A5-)<A!+A3!)63!-D!;3+.88-7-57A@5,'6K!

6)*A!.6! M,'*!75-+-7-57A@5,'!&s!W•'>> X!.'( !+,'!75-+-7-57A@5,'!&s!W$'>>XJ!4A363!

*-;7-)'(6 !.53!7-+3'+!,'A,?,+-56!-D!A3;3!-V@<3'.63!?)+!.86-!,'+35D353!Y,+A!"#$! .*+,=,+@!
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u1_SK!1_1vK!;.E ,'< !+A3;!.!7--5!*A-,*3!D-5!)63!,'!6+)(,36!3=.8).+,'<!?-+A!/#!.'(!"#$!

3'M@;36J!I'-+A35!-7+, -'!,6!+A3!)63!-D!<3'3+,*.88@!3'<,'3353(!;,*3J!2,*3!Y,+A!

A-;-M@<-)6!(383+,-'!-D! Hmox1!A.=3!8-Y!7-6+'.+.8!6)5=,=.8!.'(!(,678.@!.'3;,.K!,5-'!

.**);)8.+,-'!,'!E,('3@!.'(!8,=35K!.'(!*A5-',*!,'D8.;;.+,-' !u1_%vJ!/-Y3=35K!Hmox1!

*-'(,+,-' .8!E'-*E-)+!;,*3! A.=3!?33'!(36*5,?3(!D-5!6+)(,36!,'!;@38-,(!*3886!u1_Tv!.'(!

*-)8(!?3!3V78-53(!D-5!8,=35!673*,D,*!(383+,-'!-D!/#01J!2,*3!Y,+A!8,=350673*,D,*!.?8.+,-'!-D!

Hmox1!*-)8(!+A3'!?3!*A.883'<3(!Y,+A!8,=3!-5!HkEC!+-!(3+35;,'3!3DD3*+6!-'!Nos2!

+5.'6*5,7+,-'J! /# 01!*.'!.86-!?3!+5.'6,3'+8@!6,83'*3(! ,' !B+!;,*3 !)6,'<! in  vivo!6,U"IJ!F63!

-D!U"I!,'+35D353'*3!A.6!?33'!8,;,+3(!+-!*388!*)8+)53!?3*.)63!-D!5.7,(!(3<5.(.+,-'K!

,;73(3(!*388)8.5!)7+.E3K!.'(!A3,<A+3'3(!,;;)'3!5367-'636!YA3'!8-'<!U"I!63<;3'+6!

A.=3!?33'!.(;,',6+353(! in  vivo  u1_`vJ!!/-Y3=35K!235*E!i!9-JK!&'*J!A.=3!6)**366D)88@!

,;75-=3(!+A,6!+3*A',R)3!?@!*53.+,'<!.!8,7,(!'.'-7.5+,*83!W^">X!(38,=35@!6@6+3;!+A.+!

3DD3*+,=38@!(38,=356!6,U"I!=,.!+.,8!=3,'!,'[3*+,-'!Y,+A!;,',;.8!,;;)'3!53.*+,=,+@ !u1_\K!

1__vJ!&D!735D-5;,'<!+A,6!3V735,;3'+K!Hmox1!6,U"I!Y-)8(!?3!(36,<'3(!.'(!.663;?83(!

,'+-!^">6!.(;,',6+353(!+-!9\]P^Z_!;,*3!?@!+.,8!=3,'!,'[3*+,-'J! 4A363!;,*3!*-)8(!+A3'!?3!

)63(!+-!3=.8).+3!+A3!,;7.*+!-D!/# 01!(3D,*,3'*@!-'! Nos2!3V75366,-'!.'(!)76+53.;!

53<)8.+-5@!7.+AY.@6J!!

4A3!in  vitro!(.+.!75363'+3(!,'! 9A.7+35!`!*-)8(!.86-!?3! 3'A.'*3(! ?@!.!D3Y!

.((,+,-'.8!3V735,;3'+6J! 4A3!+3;7-5.8!3V75366,-'!-D!/# 01!75-+3,'!Y.6!'-+!3=.8).+3(!

D-88-Y,'<!A3;,'K!9#U2K!.'(!?,8,5)?,'!?)+! +A,6!;,<A+!.((5366!YA3+A35!+A363!53.<3'+6!

6+,;)8.+3!/# 01!D)'*+,-'!3.58,35!+A.'!^>$!.8-'3! f !?3D-53!Nos2!+5.'6*5,7+,-'!,6!,',+,.+3(J!
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4A353D-53K!+A3!753+53.+;3'+6!*-)8(! ?3!<,=3'!;-53!+A.'!.'!A-)5!?3D-53!^>$! +-!3'6)53!+A.+!

/# 01!,6!.*+,=.+3(!?3D-53!Nos2!,6!3V753663(J!I8+35'.+,=38@K!+A3!<-8(!6+.'(.5(!D-5!

3=.8).+,'<! 7-+3'+,.8!+A35.73)+,*!/# 01!.*+,=.+,-'!Y-)8(!?3!+ -!)63!.'!-=353V75366,-'!

=3*+-5!+-!3'6)53!/# 01!75-+3,'!,6!3V753663(!75,-5!+-!3'(-+-V,'!*A.883'<3 J!&'!.((,+,-'!+-!

+A3!6AU"I!*-'6+5)*+6 !)63(!,'!+A,6!75-[3*+K!#5,<3'3!75-=,(36!.' !Hmox1!*C"I!#UN!*8-'3!

,'! .! 792L_ 0I9 0:N>!*8-','<! =3*+-5!+A.+!*-)8(!?3!+5.'6D3*+3(!,'+-!/37.!1 0_!*3886J!&'!

*-'+5.6+K!.((,+,-'.8!3=.8).+,-'!-D!+A3!3DD3*+!-D!/# 01!,'A,?,+,-'!Y-)8(!?3!)63D)8J! Hmox1!

6,83'*3(!*3886!Y353!)63(!+-!3=.8).+3!Nos2!3V75366,-'!+Y-!A-)56!7-6+!^>$!*A.883'<3!?)+!

+A3!(3<533!-D!+5.'6*5,7+,-'.8!5367-'63!Y.6!'-+!R).'+,D,3(!. +!%`!A-)56J!9-;7.5,6-'!-D!

Nos2!3V75366,-'!.+!+Y-!.'(!%`!A-)56!,'!+A,6!6@6+3;!;.@!A.=3!53=3.83(!YA3+A35!,'A353'+!

+5.'6*5,7+,-'.8!*-'+5-8!Y.6!6,<',D,*.'+8@!(,DD353'+!()5,'<!3.58@!=6!8.+3!,'D8.;;.+,-'J !

#'3!-D!+A3!6,<',D,*.'+!8,;,+.+,-'6!-D!75,-5!6+)(,36!538.+,'<!+A3!/# 01Z9#!.'(!

"#$%!7.+AY.@6!,6!+A3!*A.5.*+35,M.+,-'!-D!673*,D,*!*A.'<36!,'!+5.'6*5,7+,-'.8!*-;783V36!

.+!+A3!Nos2!75-;-+35J!U37-5+6!A.=3!6)<<36+3(!+A.+!"N0" P!.'(!$4I4 01!.53!.DD3*+3(!?@!

/# 01!.*+,=,+@!?)+!6+)(,36!A.=3!,'.(3R).+38@!36+.?8,6A3(!+A.+!+A,6!(,53*+8@!,;7.*+6! Nos2!

+5.'6*5,7+,-'!()5,'<!,'D8.;;.+,-' J!N)+)53!3=.8).+,-'!6A-)8(!+A353D-53!3=.8).+3!*A.'<36!

,'!(,53*+!+5.'6*5,7+,-'!D.*+-5!?,'(,'<K!,J3J!?@!"N0" PK!$+.+01K!9UQP!.'(!&UN01!?@!*A5-;.+,'!

,;;)'-753*,7,+.+,-'!W9A&>X J!^)*,D35.63!537-5+35!6@6+3;6!.53!.86-!)63D)8!D-5!(3D,','<!

75-;-+35!53<,-'6!.'(!*-)8(!?3!)63(!,'!+A,6!*.63J!>355388. K!3+!.8J!A.6!(36,<'3(!;)5,'3! B+!

.'(!;)+.+3(! "#$%! 8)*,D35.63!537-5+356!+A.+!Y-)8(!?3!,(3.8!D-5!.778,*.+,-'!,'!+A,6!*388!

*)8+)53!;-(38! u1_]K!1_jvJ!!4A363!*-'6+5)*+6!Y353!)63(!,'!;.*5-7A.<36!*A.883'<3(!Y,+A!
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^>$!+-!6A-Y!+A.+!+A3!(,6+.;@*,'!IK!.'!.'+,?-(@!+A.+!?,'(6!+A3!C"I!;,'-5!<5--=3!.'(!

,'+35D3536!Y,+A!&UN01!?,'(,'<K!53()*36! Nos2!3V75366,-'!. '(!75-+3*+6!D5-;!^>$!

3'(-+-V3;,.! u1_rvJ!4A,6!6)<<36+6!+A.+!.((,+,-'.8!3=.8).+,-'!-D!,'(,=,().8!.'(!

*-88.?-5.+,=3!?,'(,'<!-D!+5.'6*5,7+,-'!D.*+-56!-'!+A3! Nos2!75-;-+35! Y-)8(! 75-=,(3! ;-53!

(3D,',+,=3!,'D-5;.+,-'!-'! .!;.[-5!53<)8.+-5@!+.5<3+!D-5!+53.+;3'+!-D!,'D8.;;.+-5@!

(,6 3.636!6)*A!.6!6376,6J!!

F8+,;.+38@K!+A3!,'D-5;.+,-'!<.,'3(!D5-;! 6+)(,36!,' !;-)63!;-(386!Y-)8(!'33(!+-!

?3!+5.'68.+3(!+-!.!A);.'!6@6+3;!D-5!*8,',*.8!5383=.'*3J!BA,83!A);.'!/37:%!-5! 75,;.5@!

A37.+-*@+36!*-)8(!?3!)+,8,M3(!D-5!in  vitro!6+)(,36K!*.)+,-'!;)6+!?3!+.E3'!6,'*3!+A3!A);.'!

.'(!;-)63! Nos2  75-;-+356!=.5@!<53.+8@!.'(!6A.53!8,++83!A-;-8-<@J!N-5!,'6+.'*3K!+Y-!

.((,+,-'.8!I> 01!6,+36!.'(!-'3!"N 0" P!6,+3!.53!,;7-5+.'+!D-5!A);.'! Nos2!75-;-+35!

.*+,=,+@!?)+!.53!'-+!75363'+!,'!+A3!;-)63!75-; -+35!u1]SvJ!4A353D-53K!3=.8).+,-'!-D!+A3!

673*,D,*!+5.'6*5,7+,-'.8!*-;783V 36!,'=-8=3(!,'! Nos2!3V75366,-'!Y,88!'33(!+-!

.**-;;-(.+3! +A363!(,DD353'*36J!  
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Appendix:  Materials  and  Methods  

K#1<#6,-(

^>$!WD5-;!QJ!*-8,!S111GP`K!$,<;.K!$+J!^-),6K!2#X!Y.6!(,66-8=3(!,'!6+35,83!Y.+35!

.'(!)63(!.+!.!D,'.8!*-'*3'+5.+,-'!-D!1S µ<Z;^J!4"N 0! !Y.6!-?+.,'3(!D5-;!>5-673*!P,-!

W&65.38XK!53*-'6+,+)+3(!,'!Y.+35K!.'(!)63(!.+!1S!'<Z;^J!/3;,'!,'!SJ1 x!C2$#!W$,<;.XK!

Y.6!)63(!.+!\S! µ;-8ZE<!,'!.',;.8!6+)(,36!.'(!\K!1%J\K!-5!%\! µ2!,'!*388!*)8+)53J!4A3!

75-75,3+.5@!9#U2 0%!*-;7-)'(! W9#U2X!Y.6!.!<,D+!D5-;!N.?,-! •-?,! .+!+A3!F',=356,+@!-D!

•)5,*A!.'(!Y.6!)63(!.+!.!D,'.8!*-'*3'+5.+,-'!-D! %\!µ2!,'!SJ1 x!C2$#! u1\SvJ!4A3!A.8D08,D3!

-D!9#!5383.63!D5-;!9#U2!,6!%S!;,')+36K!6-!D536A!9#U2!6-8)+,-'!Y.6!7537.53(!

,;;3(,.+38@!75,-5!+-!3.*A!3V735,;3'+J! 4-!,'.*+,=.+3!9#U2K!9#!Y.6!5383.63(!?@!

,'*)?.+,-'!-D!+A3!*-;7-)'( !,'!;3(,. !D-5!TS!;,')+36!?3D-53!.778@,'<!+-!*3886J!P,8,5)?,'!

WF$P!9-57X!Y.6!(,66-8=3(!,'!SJ1 "!".#/ !+-!.!Y-5E,'<!*-'*3'+5.+,-'!-D!1\!;2 !.'(!

.(;,',6+353(!+-!*3886!.+ !.!D,'.8!*-'*3'+5.+,-'!-D!1SK!%SK!-5!`Sµ2 J!" 0.*3+@8!0̂*@6+3,'3!

W$,<;.X!Y.6!(,66-8=3(!,'!Y.+35 !D-5!D,'.8!*-'*3'+5.+,-'!-D!1S!;2J !P.@!110]Sj%!Y.6!

536)673'(3(!,'!Y.+35!.'(!)63(!.+!.!D,'.8!*-'*3'+5.+,-'!-D!\S! µ2J !^,7-D3*+.;,'3!%SSS!

W&'=,+5-<3' X!Y.6!)63(!D-5!6AU"I!+5.'6D3*+,-'6J !

I'+,?-(,36!)63(!D-5!B36+35'!?8-+6!,'*8)(3(! "UN 01K!>:9 01! K!4D.;K!>-80#K!A,6+-'3!

/TK!"N 0" P!7_\K!&" P! !W$.'+.!95)MXK!"#$%!W2,88,7-53XK!4^U`!.'(! /# 01!W$+5366:3'XK!

:I>C/!W :3'343VXK!.'(!+)?)8,'!W$,<;.XJ! 4.R;.'!5 3.80+,;3!U4 0>9U!WRU40>9UX!75,;356!

Y353!.88!-?+.,'3(!D5-;!I778,3(!P,-6@6+3;6!.'(!,'*8)(3 ( !;-)63! Nos2K!Hmox1K!

*@+-*A5-;3!bK!TNF-­‐‑α,  IL-­‐‑6,  ICAM-­‐‑1,  IL-­‐‑1β,  IFN-­‐‑γ,!.'(! IL-­‐‑10J!
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N&:-#(4,:0.#-B (

9\]P^ Z_O!.'(!"#$% 0Z0!;,*3!)63(!,'!.',;.8!3V735,;3'+6!Y353!-?+.,'3(!D5-;!

O.*E6-'!^.?-5.+-5,36!WP.5!/.5?-5K!2QX!.'(!+A3!"#$%!;,*3!?53(!.+!-)5!,'6+,+)+,-' J!4^U`0

Z0!;,*3!Y353! <3'35-)68@!75-=,(3(!?@!C5J!$J!IE,5.!-D!#6.E.!F',=356,+@!u1SK!T`v!.'(!+A3'!

6733(!*-'<3',*.88@!?.*E*5-663(!-'+-!.!9\]P^Z_O!?.*E<5-)'(J! N-5!,;;)'-D8)-536*3'*3!

6+)(,36K!+5.'6<3',*!537-5+35!;,*3!3V75366,'<!<533'!D8)-536*3'+!75-+3,'!W:N>X!3V*8)6,=38@!

,'!;,+-*A-'(5,.!W;+:N> 0+<X!Y353!.!<,D+!D5-;!/,5-6A,!$A,+.5.!.'(!/,5-;,*A,!e -'3E.Y.!

-D!4-E@-!23+5-7-8,+.'!&'6+,+)+3!-D!23(,*.8!$*,3'*3! u1]1vJ!2,*3!Y353!E37+!,'!7.+A-<3' 0

D533!A-)6,'<!-'!(5@!?3((,'<!.'(!6+)(,36!Y353!*-'()*+3(!Y,+A!%S f %\!<!;.836!-'!

.775-=3(!75-+-*-86!+A.+!*-'D-5;!+-!+A3!"&/!:),(3!D-5!+A3!9.53!.'(!F63!-D!^.?-5.+-5@!

I',;.86J !

$)5<,*.8!,;78.'+.+,-'!-D!.!D,?5,'!*8-+! *-'+.,','<!1S j !9NF !E.  coli!Y.6 !735D-5;3(!-'!

;,*3! .'36+A3+,M3(!Y,+A!,'+5.735,+-' 3.8!E3+.;,'3!.'(!V@8.M,'3J!4A3!.?(-;3'!Y.6!

6A.=3(!.'(!*83.'3(!Y,+A!7-=,(-'3 0,-(,'3J!I!;,(8,'3!8.7.5-+-;@!Y.6!735D-5;3(!.'(!

+A3!,'D3*+3(!*8-+!,'635+3(!,'+-!+A3!735,+-'3);J!4A3!735,+-'3);!.'(!.?(-;3'!Y353!

*8-63(!Y,+A!75-8,'3!6)+)536!.'(!;,*3!Y353!536)6*,+.+3(!Y,+A!1!;^!-D!6)?*)+.'3-)6!SJrx!

".98J!2,*3! ,'*8)(3(!,'!+A3!6)5=,=.8!6+)(@! Y353!;-',+-53(!D-5!63=3'!(.@6 !Y,+A!D533!

.**366!+-!D--(!.'(!Y.+35 J!2,*3!)63(!D-5!R).'+,D,*.+,-'!-D!?.*+35,.8!?)5(3'!Y353!

6.*5,D,*3(!%̀!A-)56!D-88-Y,'<!6)5<35@!?@!-=353V7-6)53!+-!,6-D8)5.'3!.'(!?8--(!Y.6!

*-883*+3(!D5-;!+A3!A3.5+!)6,'<!6@5,'<3!.67,5.+,-'J!!
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2,*3!+53.+3(!Y,+A!1!V!1Sj !HkEC!Y353!,'[3*+3(!,'+5.735,+-'3.88@!Y,+A!SJ\!;^!

?.*+35,.!,'! 6+35,83!6.8,'3J!I',;.86!Y353!A.5=36+3(!.+!`K!_K!-5!%`!A-)56!D-88-Y,'<!+A,6!

,'[3*+,-'!?@!-=353V7-6)53!+-!,6-D8)5.'3!.'(!8,=35!-5!A3.5+!Y353!6'.7 0D5-M3'!.'(!6+-53(!.+!

0jS¡9J!/3.8+A@!*-'+5-86!Y353!.86-!6.*5,D,*3(!,'!+A,6!6.;3!;.''35J! >53+53.+;3'+!6+)(,36!

,'=-8=3(!6 )?*)+.'3-)6!,'[3*+,-'!-D!A3;,'! j!A-)56!?3 D-53!HkEC!3V7-6)53J!9#!Y.6!

,'A.83(! D-5!-'3!A-)5! .+!%\S!77;! D-)5!A-)56!?3D-53!.'(!.<.,'!,;;3(,.+38@!D-88-Y,'<!

HkEC!,'[3*+,-'J!4A,6!(- 63!-D!9#!A.6!?33' !.66-*,.+3(!Y,+A!1Sx!*.5?-V@A3;-<8-?,'!

83=386K!l1x!;3+A3;-<8-?,'K!.'(!,'()*+,-'!-D!;,+-*A-'(5,.8!?,-<3'36,6 !u1]%vJ!

2,*3!,'[3*+3(!Y,+A! HkEC!Y353!E,883(!)'(35!.'36+A36,.!.+!SK!`K!_K!%`K!.'(!]%!A!.'(!

+A3!A3.5+6!-5!8,=356!*-883*+3(!,;;3(,.+38@J!4A3!-5<.'6!Y353!D8.6A0D5-M3'!,'!8,R),(!

',+5-<3'!D-5!.88!;U"I!.'(!75-+3,'!.'.8@6,6!.'(!6+-53(!.+!kjS!•9! )'+,8!75-*3663(J!/3.5+6!

D-5!,;;)'-D8)-536*3'*3!6+)(,36!Y353!D536A 0D,V3(!,'!1Sx!D-5;.8,'!D-5!%`!A!.'(!+A3'!

6+-53(!,'!]Sx!3+A.'-8!.'(!7A-67A.+3 0?)DD353(!6.8,'3!)'+,8!75-*3663(!.6!(36*5,?3(!?38-YJ!

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

^,=3!?.*+35,.!Y353!<5-Y'!D5-;!8@-7A,8,M3(! E.  coli!6+-53(!.+!0jS¡9!W635-+@73!

Sj_.Gb_1c!I;35,*.'!4@73!4,66)3!9)8+)53!9-883*+,-'K!U-*E=,883K!2CK!F$IX!?@!,'-*)8.+,'<!

+A3;!-'!6+35,83!.<.5!68.'+6!.'(!,'*)?.+,'<!.+!T] ¡D-5!1j!A-)56J!P.*+35,.!Y353!536)673'(3(!

+-!.!*-'*3'+5.+,-'!-D!1S r !9NF Z;^! +A3!;-5','<!-D!+A3!6)5<35@!)6 ,'<! 753=,-)68@!(36*5,?3(!

;3+A-(6! u1]TvJ!N,?5,'!*8-+6!Y353!7537.53(!?@!6)673'(,'<!1Sj !9NF !E.  coli!,'!\SS! µ^!D,?5,'!

W\SS!µ^!-D!1S!; <Z;^!?-=,'3!D,?5,'-<3'!78)6!1S! µ^!-D!1J%!FZµ^ !?-=,'3!78.6;.!+A5-;?,'K!

$,<;. XJ!!!
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4-!7537.53!A3.+0E,883(!E.  coli!WHkECXK!.!6-8)+,-'!Y,+A!.'! .775-V,;.+3!

*-'*3'+5.+,-'!-D!1!V!1S 1S!9NF Z;^!Y.6!A3.+ 0,'.*+,=.+3(!.+!_\ ¡9!D-5!1!A-)5!.'(!6+-53(!.+! 0

jS¡9!)'+,8!)63J!!N,'.8!R).'+,D,*.+,-'!-D!+A3!?.*+35,.8!6-8)+,-'!Y.6!.*A,3=3(!?@!*-)'+,'<!

7-)5!78.+3!*-8-',36!-D!.!6.;783!53;-=3(!75,-5!+-!A3.+,'<J!!QDD,*.*@!-D!A3.+0,'.*+,=.+,-'!

Y.6!w!rrJrx!.6!=35,D,3(!?@!7-)5!78.+36J!HkEC!Y353!+A.Y3(!-'*3!.'(!(,8)+3(!Y,+A!6+35,83!

SJrx!".98!+-!.!*-'*3'+5.+,-'!-D!%‚1S j! 9NF Z;^!.'(!SJ\!;8!Y.6!.(;,',6+353(!?@!6,'<83!

,'+5.7 35,+-'3.8!,'[3*+,-'!+-!<5-)76!-D!+A533!+-!6,V!;,*3!735!+,;3!7-,'+J!>538,;,'.5@!

6+)(,36!6A-Y3(!+A.+!+A,6!6)?83+A.8!(-63!-D!?.*+35,.!Y.6!6)?'3*5-+,*!,'!A3.5+!.'(!8,=35!

.'(!8.*E3(!;-5+.8,+@!,'!+A3!;,*3!)63(!D-5!+A,6!6+)(@J!!

4-!(3+35;,'3!?.*+35,.8!?)5(3'K!?8-- (!D5-;!*.5(,.*!.67,5.+,-'!Y.6!;,V3(!Y,+A!

A37.5,'!+-!753=3'+!*8-++,'<K!635,.88@!(,8)+3(!)6,'<!6+35,83!Y.+35K!.'(!78.+3(!-'!^P!.<.5!

78.+36J!&'-*)8.+3(!78.+36!Y353!,'*)?.+3(!.+!T]¡9!D-5!1j!A-)56!.'(!-?635=3(!D-5!*-8-'@!

<5-Y+AJ!

E#88(E:8,:$#(

2-)63!I2^ 01%!*3886!Y353!-?+.,'3(!D5-;!I499!W2.'.66.6K!LIX!.'(!*)8+)53(!,'!

\x!9# !,'!C2Q2ZN 01%!;3(,);!W:&P9#X!6)7783;3'+3(!Y,+A!1Sx!NP$K!\! µ<Z;^!,'6)8,'K!

\! µ<Z;^!+5.'6D355,'K!\!'<Z;^!6383',);K!`S!'<Z;^!(3V.;3+A.6-'3K!.'(!1V!.'+,;@*-+,*!

.'+,?,-+,*!W:&P9#XJ!93886!Y353!+53.+3(!Y,+A!^>$!W1S!µ<Z;^X!a!4"N 0! !W1S!'<Z;^X!)7-'!

53.*A,'<!]S 0jSx!*-'D8)3'*3J!/37.!1 0_!*3886!Y353!-?+.,'3(!D5-;!I499!W2.'.66.6K!LIX!

.'(!*)8+)53( !,'!\x!9#!,'!C2Q2!;3(,);!W:&P9#X!6)7783;3'+3(!Y,+A!1Sx!NP$!.'(!1V!

.'+,;@*-+,*!.'+,?,-+,*J!45.'6D3*+,-'!6+)(,36!Y353!*-'()*+3(!.+!\Sx!*-'D8)3'*3!YA,83!
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-+A35!6+)(,36!Y353!,',+,.+3(!.+!]S0jSx!*-'D8)3'*3J !N-88-Y,'<!+53.+;3'+K!*3886!Y353!D5-M3'!

.+!0jS¡9!)'+,8!7 5-*3663(!D-5!;U"I!-5!75-+3,'J !

/3;,'K!9#U2K!.'(!?,8,5)?,'!Y353!.(;,',6+353(!-'3!A-)5!?3D-53!.((,'<!^>$!+-!

+A3!;3(,.J!P.@!110]Sj%!Y.6!<,=3'!TS!;,')+36!?3D-53!^>$J !

E#88(!$16-%#9,.&6(

Hmox1!.'(!6*5.;?83(! 6AU"I!78.6;,(6!Y353!-?+.,'3(!D5-;!#5,<3'3!WU-*E=,883K!

2CX!.'(! .;78,D,3(! ?@!D,56+!+5.'6D-5;,'<!+A3!78.6;,(6!,'+-!"QP!\ ! !6)735*-;73+3'+! E.  

coli!*3886!.**-5(,'<!+-!+A3!;.')D.*+)535h6!75-+-*-8! WP,-8.?6K!&76Y,*AK!2IXJ!&'!?5,3DK!

+5.'6D-5;3(!?.*+35,.!Y353!78.+3(!-'!^P!.<.5!Y,+A!%\! µ<Z;^!E.'.;@*,'!-=35',<A+!.D+35!

YA,*A!.!6,'<83!*-8-'@!Y.6!6383*+3(!D-5!3V7.'6,-'J!P.*+35,.!Y353!<5-Y'!-=35',<A+!,'!^P!

;3(,);!Y,+A!%\!ƒ<Z;^!E.'.;@*,'!.'(!73883+3(!?@!*3'+5,D)<.+,-'!.+!_KSSS<! D-5!1\!

;,')+36 J!>8.6;,(6!Y353!7)5,D,3(!)6,'<!+A3!Q'(-D533!>8.6;,(!2.V,!b,+!.**-5(,'<!+-!+A3!

;.')D.*+)535 h6!75-+-*-8!Wn,.<3'XJ!&'!?5,3DK!?.*+35,.!Y353!8@63(!.'(!7.663(!+A5-)<A!.!

6@5,'<3!D,8+35!+-!53;-=3!*388)8.5!(3?5,6J!N,8+353(!8@6.+3!Y.6!.778,3(!+-!.! C"I!?,'(,'<!

*-8);'K!Y.6A3(K!.'(!38)+3(!Y,+A!,6-75-7.'-8J!C"I!Y.6!*3'+5,D)<3(!.'(!+A3!73883+!

Y.6A3(!,'!]Sx!3+ A.'-8!?3D-53!?3,'<!536)673'(3(!,'!3'(-+-V,' 0D533!?)DD35J!>8.6;,(!

*-'*3'+5.+,-'!Y.6!(3+35;,'3(!?@!673*+5-7A-+-;3+5@!.+!%_S!';!.'(!R).8,+@!Y.6!*A3*E3(!

)6,'<!.<.5-63!<38!383*+5-7A-536,6J!>8.6;,(6!Y353!(,8)+3(!+-!.!*-'*3'+5.+,-'!-D! 1!µ<Zµ^!

D-5!+5.'6D3*+,-'6J!!

/37.!1 0_!*3886!Y353!*)8+)53(!+-!\Sx!*-'D8)3'*3!.'(!+A3'!+5.'6D3*+3(!)6,'<!

^,7-D3*+.;,'3!%SSS!,'!%G1!5.+,-!Y,+A!Hmox1!-5!6*5.;?83(!6AU"I!78.6;,(6 K!.*A,3=,'< !
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3DD,*,3'*@!-D!wrSxJ!ID+35!%`!A-)56K!+5.'6D3*+,-'!;3(,.!Y.6!53;-=3(!.'(!*3886!Y353!

.88-Y3(!+-!536+!,'!D536A!*-;783+3!;3(,);!D-5!%`!A-)56J!93886!Y353!+A3'!753+53.+3(!Y,+A!

A3;,'K!9#U2K!-5!?,8,5)?,'!-'3!A-)5!?3D-53!^>$!Y.6!.((3(!.'(!*3886!A.5=36+3(!.+! +Y- !

A-)56!D-5!;U"I!.'.8@6,6!.'(! 6,V!A-)56!D-5!75-+3,'!=35,D,*.+,-'J!

2:98#1$(160(,&,18(+$&,#.6(.-&81,.&6(

BA,83!,6-8.+,'<!')*83,!D5-;!D5-M3'!8,=35K!6.;7836!Y353!E37+!-'!,*3!.+!.88!+,;36J!

I775-V,;.+38@!SJ\!<!D5-M3'!8,=35!+,66)3!Y.6!D,56+!A-;-<3',M3(!,'!P)DD35!I!W%\S!;2!

6)*5-63K!\!;2!2<98 %K!1S!;2!45,6Z/98K!7/!]J` X!Y,+A!1V!75-+3.63!.'(!7A-67A.+.63!

,'A,?,+-56J!/-;-<3' .+3!Y.6!*3'+5,D)<3(!.+!_SS<!D-5!1\!;,')+36K!73883+!Y.6A3(!-'*3!,'!

P)DD35!IK!.'(!536)673'(3(!,'!P)DD35!P!W%!2!6)*5-63K!1!;2!2<9^ %K!.'(!1S!;2!45,6Z/98K!

7/!]J` X!Y,+A!,'A,?,+-56J!")*83,!Y353!*3'+5,D)<3(!.+!1_KSSS<!D-5!TS!;,')+36!.'(!

6)735'.+.'+!.'(!D.++@!(3?5, 6!53;-=3(!+-!83.=3![)6+!.!*83.'!')*83.5!73883+J!")*83,!Y353!

536)673'(3(!,'!U&>I!?)DD35!Y,+A!,'A,?,+-56K!6-',*.+3(K!.'(!*3'+5,D)<3(!.+!;.V!6733(!D-5!

1\!;,')+36!+-!-?+.,'!')*83.5!75-+3,'J!>5-+3,'!*-'*3'+5.+,-'!Y.6!R).'+,D,3(!)6,'<!+A3!

P,*,'*A-',',*!.*,(!WP9I X!75-+3,'!.66.@J!

4-!7537.53!+,66)3!D-5!B36+35'!?8-++,'<K!A3.5+6!Y353!(,=,(3(!8-'<,+)(,'.88@!6-!+A.+!

.+5,.8!.'(!=3'+5,*)8.5!+,66)36!Y353!5375363'+3(!,'!3.*A!6.;783J! I775-V,;.+38@!SJ%!<!

D5-M3'!8,=35!+,66)3!Y.6!)63(!+-!7537.53!8,=35!A-;-<3'.+3J!4-+.8!75-+3,'!Y.6!-?+.,'3(!?@!

;3*A.',*.88@! A-;-<3',M,'< !8,=35!-5!*.5(,.*!+,66)3!,'!*-;783+3!U&>I!?)DD35!Y,+A!

75-+3.63!.'(!7A-67A.+.63!,'A,?,+-56J!/-;-<3'.+3!Y.6!6-8,*,+3(!.'(!*3'+5,D)<3(!.+!;.V!
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6733(!D-5!1\!;,')+36!.+!` ¡9J!$)735'.+.'+!Y.6!(3*.'+3(!.'(!R).'+,D,3(!)6,'<! +A3!P9I!

75-+3,'!.66.@J!

C3 >G(19,.=.,*((

/#!3'M@;3!.*+,=,+@!Y.6!;3.6)53(!,'!8,=35!A-;-<3'.+36!)6,'<!+A3!53()*+,-'!<.6!

;3+A-(!D-5!+A3!.'.8@6,6!-D!9#!?@75-()*+!u1]`vJ!N5-M3'!;-)63!8,=35!+,66)3!Y.6!Y3,<A3( K!

;3*A.',*.88@! A-;-<3',M3(K!.'(!?5,3D8@!6-',*.+3(!,'!`!=-8);36!-D!SJ1!2!7-+.66,);!

7A-67A.+3K!7/!]J`J!ID+35!*3'+5,D)<,'<!.+!1TKSSS<!D-5!%!;,')+36!.+!`¡9K!6)735'.+.'+!Y.6!

*-883*+3(!D-5!3'M@;3!.*+,=,+@!.'(!75-+3,'!.66.@J!$.;783!A-;-<3'.+3!Y.6!;,V3(!Y,+A!

A3;,'Z.8?);,'!6)?6+5 .+3!.'(!"IC>/!?3D-53!78.*,'<!=,.86!,'!T] ¡9!Y.+35!?.+A!D-5!TS!

;,')+36J!!4A3!53.*+,-'!Y.6!6+-773(!Y,+A!_Sx!\h 06)8D-6.8,*@8,*!.*,(!W$$IXJ!9#!<3'35.+,-'!

Y.6!(3+3*+3(!)6,'<!U:I\!>5-*366!:.6!I'.8@M35!W45.*3!I'.8@+,*.8K!23'8-!>.5EK!9IX!.'(!

'-5;.8,M3( !+-!6.;783! 75-+3,'!*-'*3'+5.+,-'!+-!-?+.,'! =.8)36!-D!';-8!9#Z<ZTS!;,'J !

X#-,#$6(78&,(1618*-.-(

4-+.8!.'(!')*83.5!75-+3,'!6.;7836!Y353!7537.53(!,'!%V!^.3;;8,!?)DD35!a!C44J!

ID+35!A3.+,'<!.+!r\¡9!D-5!1S!;,')+36K!75-+3,' !6.;7836 !Y353!637.5.+3(!?@!$C$0>I:Q!.'(!

+5.'6D3553(!+-!>LCN!;3;?5.'36!D-5!B36+35'!.'.8@6,6 J!23;?5.'36!Y353! ?8-*E3(!,'!\x!

;,8E!,'!4P$4!.'(!+A3'! ,'*)?.+3(!Y,+A!=.8,(.+3(!7-8@*8-'.8!-5!;-'-*8-'.8!.'+,?-(,36!

.<.,'6+!>:9 01{K!"UN1K!4D.;K!>-80qK!IE+K!7IE+K!I2>bK!70I2>bK!"#$%K!/# 01K!7_\K!-5!

&" P! J!I'+, 0+)?)8,'K!:I>C/K! A,6+-'3!-5!7-5,'!Y.6 !)63(!.6!.!8-.(,'<!*-'+5-8J!ID+35!+A533!

Y.6A36!,'!4P$4K!;3;?5.'36!Y353!,'*)?.+3(!,'!/U> 0*-'[)<.+3(!<-.+!.'+, 05.??,+!-5!.'+, 0

;-)63!&<:!W$.'+.!95)MX!.+!1G%SSS!-5!1G\SSS!(,8)+,-'6K!53673*+,=38@J!P8-+6!Y353!(3=38-73(!
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Y,+A!Q9^!.'(!75-+3,'6!R ).'+,D,3(!?@!(3'6,+-;3+5@!-D!(,<,+,M3(!,;.<36!D5-;!+A3!;,( 0

(@'.;,*!5.'<3! )6,'<!+A3!n).'+,+@#'3!75-<5.;!W .'(!3V753663(!538.+,=3!+-!:I>C/! -5!

+)?)8,'J !

K#18>,.;#(IEK(160(<#6#(#O+$#--.&6((

4-+.8!*.5(,.*!U"I!Y.6!,6-8.+3(!D5-;!+,66)3!)6,'<!45,M-8!U3.<3'+! W&'=,+5-<3'K!

9.586?.(K!9IX J!2-)63!8,=35!U"I!Y.6!.((,+,-'.88@!+53.+3(!Y,+A!+)5?-!C"I 0D533!E,+!

WI;?,-'X!)6,'<!+A3!75-+-*-8!D-5!5,<-5-)6!+53.+;3'+J!$@'+A36,6!-D!*C"I! Y.6!735D-5;3( !

Y,+A!+A3!&;>5-; 0&&!U3=3563!45.'6*5,7+.63!6@6+3;!W>5-;3<.X!.**-5(,'<!+-!75-()*+!

,'6+5)*+,-'6J!U3.*+,-'6!+-!R).'+,D@!735!6.;783!83=386!-D!TNF-­‐‑α,  IL-­‐‑6,  IL-­‐‑1β,  ICAM-­‐‑1K!.'(!

*@+-*A5-;3!b!,'! ;-)63!8,=35!.'(!A3.5+ !Y353!*.55,3(!-)+!-'!.!]]SS!$3R)3'*3!C3+3*+-5!

$@6+3;!WI778,3(!P,-6@6+3;6X!)6,'<!4.R;.'!2.6+35!2,V! .6!(36*5,?3(! u_SvJ!4^U 0̀ !;U"I !

3V75366,-'!Y.6!(3+35;,'3(!.6!(36*5,?3(! u1]\v!)6,'<!<3'3 0673*,D,*!75,;35!7.,56!u1T_vJ!

QV75366,-'!-D!Hmox1K!Nos2,  TNF-­‐‑α,  IL-­‐‑6,  IFN-­‐‑γ,  and  IL-­‐‑10!<3'36!,'!;-)63!8,=35!WFigures  14  

and  15X!.'(!8,=35!*388!8,'36!Y.6!R).'+,D,3(!)6,'<!+A3!$+37#'3!>8)6!U3.8 04,;3! >9U!6@6+3;!

WI778,3(!P,-6@6+3;6XJ!!Q.*A!6.;783!Y.6!.66.@3(!,'! ()78,*.+3 !.'(!;3.'!=.8)36!Y353!

537-5+3(J!4A3!U"I!(.+.!Y353!'-5;.8,M3(!+-!1j$!5U"I!3V75366,-'!83=386J !

N.,&9"&60$.18(.-&81,.&6'($#-+.$1,.&6'(160(V2@(9&+*(6:;7#$(
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I?5.A.;K!QJc!$*A3,'K!UJ!2Jc!P3'[.;,'K!QJ!453.+;3'+!-D!637+,*!6A-*E!Y,+A!+A3!+);-5!
'3*5-6,6!D.*+-5!53*37+-5GN*!D)6,-'!75-+3,'J!4A3!$-8)?83!4"N!U3*37+-5!$376,6!$+)(@!
:5-)7J! N  Engl  J  Med  334:1_r] 01]S%c!1rr_J!

u`%v! I?5.A.;K!QJc!I'M)3+-K!IJc!:)+,3553MK!:Jc!4366835K!$Jc!$.'!>3(5-K!:Jc!B)'(35,'EK!
UJc!C.8!"-<.53K!IJc!".65.Y.@K!$Jc!P35;.'K!$Jc!9--'3@K!UJc!^3=@K!/Jc!P.)<A;.'K!UJc!
U);?.EK!2Jc!^,<A+K!UJ!PJc!>--83K!^Jc!I8853(K!UJc!9-'6+.'+K!OJc!>3'','<+-'K!OJc!>-5+35K!$J!
C-)?83 0?8,'(!5.'(-;,63(!*-'+5-883(!+5,.8!-D!;-'-*8-'.8!.'+,?-(@!+-!A);.'!+);-)5!
'3*5-6,6!D.*+-5!,'!+53.+;3'+!-D!637+,*!6A-*EJ!"#UI$Q>4!&&!$+)(@!:5-)7J!Lancet  351:r%r0
rTTc!1rrjJ!

u`Tv! N,6A35K!9J!OJc!CA.,'.)+K!OJ!NJc!#7.8K!$J!2Jc!>5,??83K!OJ!>Jc!P.8EK!UJ!IJc!$8-+;.'K!:J!OJc!
&?35+,K!4J!OJc!U.*E-YK!QJ!9Jc!$A.7,5-K!2J!OJc!:533';.'K!UJ!^J!U3*-;?,'.'+!A);.'!
,'+3583)E,'!1!53*37+-5!.'+.<-',6 +!,'!+A3!+53.+;3'+!-D!7.+,3'+6!Y,+A!6376,6!6@'(5-;3J!
U36)8+6!D5-;!.!5.'(-;,M3(K!(-)?83 0?8,'(K!78.*3?- 0*-'+5-883(!+5,.8J!>A.63!&&&!5A&^015.!
$376,6!$@'(5-;3!$+)(@!:5-)7J! JAMA  271:1jT_01j`Tc!1rr`J !

u``v! U--+K!UJ!bJc!^-(.+-K!UJ!NJc!>.+5,*EK!BJc!9.(3K!OJ!NJc!N-+A35,'<A.;K!"Jc!2,8Y33K!$Jc!
L,'*3'+K!OJ!^Jc!4-5536K!IJc!U388-K!OJc!"386-'K!$Jc!>'3);-',.!$376,6!$+)(@K!:J!2)8+,*3'+35K!
(-)?83 0?8,'(K!78.*3?- 0*-'+5-883(!6+)(@!-D!+A3!)63!-D!D,8<5.6+,;!,'!7.+,3'+6!A-67,+.8,M3(!
Y,+A!7'3);-',.!.'(!63=353!6376,6J! Critical  Care  Medicine  31:T_]0T]Tc!%SSTJ!

u`\v! #5-M*-K!/Jc!I5*AK!OJc!23(,'.0N5.'*-K!/Jc!>.'+-[.K!OJ!>Jc!:-'M.83MK!nJ!/Jc!L,8.+-?.K!
2Jc!/,'-[-6.K!9Jc!L.5<.6 0L-5.*E-=.K!NJc!$,D)3'+360#6-5',-K!OJ!2-8<5.;-6+,;!W:2 09$NX!
.66-*,.+3(!Y,+A!.'+,?,-+,*!+53.+;3'+!,'!'-'+5.);.+,*!.?(- ;,'.8!6376,6! 0!I!5.'(-;,M3(K!
(-)?83 0?8,'(K!78.*3?- 0*-'+5-883(!*8,',*.8!+5,.8J!Archives  of  Surgery  141:1\S01\Tc!%SS_J!

u`_v! C‡*E3K!BJ!CJc!U.'(-YK!NJc!$@5?3K!FJc!b5.)6*AK!CJc!I6.()88.AK!bJc!U3,'E3K!>Jc!L-8EK!
/J!CJc!b-VK!BJ!2-'-*@+3!(3.*+,=.+,-'!,'!637+,*!7.+, 3'+6G!536+-5.+,-'!?@!&N"0<.;;.!
+53.+;3'+J!Nat  Med  3:_]j 0_j1c!1rr]J !

u`]v! >-8EK!/J!9Jc!9A3.(83K!BJ!:Jc!^,=,'<6+-'K!CJ!/Jc!U-(5,<)3MK!OJ!^Jc!$+.5E-K!bJ!2Jc!&M)K!
IJ!QJc!O.DD3K!/J!$Jc!$-''3'D38(K!:J!I!5.'(-;,M3(!75-673*+,=3!*8,',*.8!+5,.8!+-!(3+35;,'3!



!

j\ !

+A3!3DD,*.*@!-D!,'+35D35-'0<.;;.!,'!63=3538@!,'[)53(!7.+,3'+6J! Am  J  Surg  163:1r101r_c!
1rr%J!

u`jv! B.6635;.'K!CJc!&-.''-=,*AK!OJ!CJc!/,'M;.''K!UJ!CJc!C3,*A638K!:Jc!$+3,';.''K!:J!
:J!&'+35D35-'0<.;;.!,'!+A3!753=3'+,-'!-D!63=353!?)5' 0538.+3(!,'D3*+,-'6G!.!Q)5-73.'!
7A.63!&&&!;)8+,*3'+35!+5,.8J!4A3!$3=353!P)5'6!$+)(@!:5-)7J!Crit  Care  Med  26:`T` 0̀Trc!
1rrjJ !

u`rv! BA33835K!CJ!$Jc!•,'<.5388,K!PJc!BA33835K!BJ!OJc!B-'<K!/J!UJ!"-=38!7A.5;.*-8-<,*!
.775-.*A36!+-!+A3!;.'.<3;3'+!-D!6376,6G!+.5<3+,'<!+A3!A-6+!,'D8.;;.+-5@!5367-'63J!
Recent  Pat  Inflamm  Allergy  Drug  Discov  3:r_011%c!%SSrJ!

u\Sv! #6)*A-Y6E,K!2J!NJc!B38*AK!bJc!$,((,R),K!OJc!U3;,*EK!CJ!:J!9,5*)8.+,'<!
*@+-E,'3Z,'A,?,+-5!75-D,836!536A.73!+A3!)'(356+.'(,'<!-D!+A3!$&U$Z9IU$!*-'+,'));!,'!
6376,6!.'(!753(,*+!;-5+.8,+@J!Journal  of  Immunology  177:1r_] 01r]`c!%SS_J!

u\1v! 238.K!^Jc!P.*.8M-K!^J!LJc!2,8835K!^J!CJ!C3D3*+,=3!-V,(.+,=3!;3+.?-8,6;!-D!5.+!8,=35!
;,+-*A-'(5,.!,'!A3;-55A.<,*!.'(!3'(-+-V,'!6A-*EJ! Am  J  Physiol  220:\]1 0\]]c!1r]1J !

u\%v! b.'+5-YK!$J!>Jc!4.@8-5K!CJ!QJc!9.55.Y.@K!2J!$Jc!>,.'+.(-6,K!9J!IJ!#V,(.+,=3!
;3+.?-8,6;!,'!5.+!A37.+-*@+36!.'(!;,+-*A-'(5,.!()5,'<!6376,6J! Arch  Biochem  Biophys  
345:%]j0%jjc!1rr]J !

u\Tv! ^)6AK!9J!BJc!b=,3+@6K!>J!UJ!2,*5-=.6*)8.5!(@6D)'*+,-'!,'!6376,6J!Microcirculation  
7:jT 01S1c!%SSSJ!

u\`v! N,'EK!2J!9@+-7.+A,*!A@7-V,.!,'!6376,6G!.!+5)3!75-?83;†!Minerva  Anestesiol  67:%rS0
%r1c!%SS1J!

u\\v! 95-)635K!QJ!2,+-*A-'(5,.8!(@6D)'*+,-'!,'!637+,*!6A-*E!.'(!;)8+,783!-5<.'!
(@6D)'*+,-'!6@'(5-;3J! Mitochondrion  4:]%r0]`1c!%SS`J!

u\_v! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!>,.'+.(-6,K!9J!IJ!>-6+8,7-7-8@6.**A.5,(3!
-V,(.+,=3!(.;.<3!-D!;,+-*A-'(5,.8!C"IJ! Am  J  Respir  Crit  Care  Med  167:\]S 0\]rc!%SSTJ!



!

j_ !

u\]v! ",6-8,K!QJc!9.55)?.K!2J!#J!",+5,*!-V,(3!.'(!;,+-*A-'(5,.8!?,-<3'36,6J! J  Cell  Sci  
119:%j\\ 0%j_%c!%SS_J!

u\jv ! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!B38+@0B-8DK!bJ!QJc!BA-5+-'K!IJ!UJc!>,.'+.(-6,K!
9J!IJ!^,7-7-8@6.**A.5,(3!6+,;)8.+36!;,+-*A-'(5,.8!?,-<3'36,6!=,.!.*+,=.+,-'!-D!')*83.5!
5367,5.+-5@!D.*+-501J!J  Biol  Chem  278:`1\1S0̀1\1jc!%SSTJ!

u\rv! $)8,;.'K!/J !PJc!B38+@0B-8DK!bJ!QJc!9.55.Y.@K!2Jc!4.+5-K!^Jc!>,.'+.(-6,K!9J!IJ!
^,7-7-8@6.**A.5,(3!,'()*36!-V,(.+,=3!*.5(,.*!;,+-*A-'(5,.8!(.;.<3!.'(!?,-<3'36,6J!
Cardiovasc  Res  64:%]r0%jjc!%SS`J!

u_Sv! $)8,;.'K!/J!PJc!B38+@0B-8DK!bJ!QJc!9.55.Y.@K!2J!$Jc!$*AY.5+MK!CJ!IJc!
/-88,'<6Y-5+AK!OJ!BJc!>,.'+.(-6,K!9J!IJ!4-8808,E3!53*37+-5!`!;3(,.+36!;,+-*A-'(5,.8!C"I!
(.;.<3!.'(!?,-<3',*!5367-'636!.D+35!A3.+ 0,'.*+,=.+3(!QJ!*-8,J!FASEB  J  19:1\T101\TTc!
%SS\J!

u_1v! N,'*EK!PJ!"Jc!b388@K!CJ!>J!>35-V,6-;3!75-8,D35.+-50.*+,=.+3(!53*37+-5!<.; ;.!
*-.*+,=.+-5 01!W>:901X!53<)8.+-5@!*.6*.(3!,'!*.5(,.*!7A@6,-8-<@!.'(!(,63.63J!Circulation  
115:%\`S0%\`jc!%SS]J!

u_%v! >),<635=35K!>Jc!I(38;.'+K!:Jc!B)K!•Jc!N.'K!2Jc!s)K!OJc!#…2.883@K!PJc!$7,3<38;.'K!PJ!
2J!I*+,=.+,-'!-D!>>IU<.;;.!*-.*+,=.+-5 01!+A5-)<A!+5.'6*5,7+,-'!D.*+-5!(-*E,'<J!
Science  (New  York,  N.Y  286:1T_j01T]1c!1rrrJ!

u_Tv! ^,'K!OJc!>),<635=35K!>Jc!C-'-=.'K!OJc!4.55K!>Jc!$7,3<38;.'K!PJ!2J!>35-V,6-;3!
75-8,D35.+-50.*+,=.+3(!53*37+-5!<.;;.!*-.*+,=.+-5!1?3+.!W>:9 01?3+.!XK!.!'-=38!>:9010
538.+3(!+5.'6*5,7+,-'!*-.*+,=.+-5!.66-*,.+3(!Y,+A!A-6+!*388!D.*+-5J!Journal  of  Biological  
Chemistry  277:1_`\ 01_`jc!%SS%J!

u_`v! I'(3566-'K!FJ c!$*.57)88.K!UJ!9J!><*010538.+3(!*-.*+,=.+-5K!.!'-=38K!635);0
,'()*,?83!*-.*+,=.+-5!-D!')*83.5!5367,5.+-5@!D.*+-5!10(373'(3'+!+5.'6*5,7+,-'!,'!
;.;;.8,.'!*3886J! Mol  Cell  Biol  21:T]Tj 0T]`rc!%SS1J!

u_\v! $*.57)88.K!UJ!9J!45.'6*5,7+,-'.8!7.5.(,<;6!,'!;.;;.8,.'!;, +-*A-'(5,.8!
?,-<3'36,6!.'(!D)'*+,-'J! Physiol  Rev  88:_110_Tjc!%SSjJ!



!
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u__v! L,5?.6,)6K!OJ!LJc!$*.57)88.K!UJ!9J!I*+,=.+,-'!-D!+A3!A);.'!;,+-*A-'(5,.8!
+5.'6*5,7+,-'!D.*+-5!I!<3'3!?@!')*83.5!5367,5.+-5@!D.*+-56G!.!7-+3'+,.8!53<)8.+-5@!8,'E!
?3+Y33'!')*83.5!.'(!;,+ -*A-'(5,.8!<3'3!3V75366,-'!,'!-5<.'3883!?,-<3'36,6J! Proc  Natl  
Acad  Sci  U  S  A  91:1TSr01T1Tc!1rr`J!

u_]v! P-'.Y,+MK!"J!CJc!98.@+-'K!CJ!IJc!$A.(38K!:J!$J!&',+,.+,-'!.'(!?3@-'(G!;)8+,783!
D)'*+,-'6!-D!+A3!A);.'!;,+-*A-'(5,.8!+5.'6*5,7+,-'!;.*A,'35@J! Molecular  cell  24:j1T0j%\c!
%SS_J!

u_jv! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!I8,K!IJ!$Jc!U3@'-8(6K!9J!2Jc!B38+@0B-8DK!bJ!QJc!
>,.'+.(-6,K!9J!IJ!4A3!9#Z/#!6@6+3;!53=35636!,'A,?,+,-'!-D!;,+-*A-'(5,.8!?,-<3'36,6!
.'(!753=3'+6!;)5,'3!(-V-5)?,*,'!*.5(,-;@-7.+A@J! J  Clin  Invest  117:T]TS0T]`1c!%SS]J!

u_rv! /.(3'K!CJ!BJc!$)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!B38+@0B-8DK!bJ!QJc!I8,K!IJ!$Jc!
$A,+.5.K!/Jc!e-'3E.Y.K!/Jc!>,.'+.(-6,K!9J!IJ!2,+-*A-'(5,.8!?,-<3'36,6!536+-536!-V,(.+,=3!
;3+.?-8,6;!()5,'<!$+.7A@8-*-**)6!.)53)6!6376,6J! Am  J  Respir  Crit  Care  Med  176:]_j 0]]]c!
%SS]J!

u]Sv! ^.566-'K!"J!:Jc!B.'<K!OJc!B,8A38;66-'K!/Jc!#8(D-56K!IJc!U)6+,'K!>Jc!^3Y.'(-6E,K!
2Jc!P.56AK!:J!$Jc!98.@+-'K!CJ!IJ!2,+-*A-'(5,.8!+5.'6*5,7+,-'!D.*+-5!I!,6!'3*366.5@!D-5!
;+C"I!;.,'+3'.'*3!.'(!3;?5@-<3'36,6!,'!;,*3J! Nat  Genet  18:%T10%T_c!1rrjJ!

u]1v! 45.'K!2Jc!4.;K!CJc!P.5(,.K!IJc!PA.6,'K!2Jc!U-Y3K!:J!9Jc!bA35K!IJc!•63'<38835K!•J!bJc!
IEA.=.' 0$A.5,DK!2J!UJc!bA.'E,'K!QJ!LJc!$.,'+<3',3MK!2Jc!C.=,(K!$Jc!P)56+3,'K!CJc!
b.5);.'*A,K!$J!IJc!$+,88;.'K!&J!QJc!I5.'@K!•Jc!>.5,EAK!$J!2J!>:901!.87A.!75-;-+36!
53*-=35@!.D+35!.*)+3!E,('3@!,'[)5@!()5,'<!6@6+3;,*!,'D8.;;.+,-'!,'!;,*3J! Journal  of  
Clinical  Investigation  121:`SST0̀S1`c!%S11J!

u]%v! 2.*:.5=3@K!"J!9Jc!$)8,;.'K!/J!PJc!P.5+MK!UJ!UJc!N)K!>Jc!B,+A356K!9J!2Jc!B38+@0
B-8DK!bJ!QJc!>,.'+.(-6,K!9J!IJ!I*+,=.+,-'!-D!2,+-*A-'(5,.8!P,-<3'36,6!?@!/3;3!
#V@<3'.63010;3(,.+3(!"N 0Q%0538.+3(!N.*+-50%!&'()*+,-'!U36*)36!2,*3!D5-;!^3+A.8!
$+.7A@8-*-**)6!.)53)6!$376,6J!American  Journal  of  Respiratory  and  Critical  Care  Medicine  
185:j\1 0j_1c!%S1%J!

u]Tv! I+A.83K!OJc!F85,*AK!IJc!2.*:.5=3@K!"J!9Jc!P.5+MK!UJ!UJc!B38+@0B-8DK!bJ!QJc!$)8,;.'K!
/J!PJc!>,.'+.(-6,K!9J!IJ!"5D%!75-;-+36!.8=3-8.5!;,+-*A-'(5,.8!?,-<3'36,6!.'(!536-8)+,-'!
-D!8)'<!,'[)5@!,'!$+.7A@8-*-**)6!.)53)6!7'3);-',.!,'!;,*3J! Free  Radical  Biology  and  
Medicine  53:1\j` 01\ r`c!%S1%J!



!

jj !

u]`v! $)8,;.'K!/J!PJc!$Y33'3@K!4J!QJc!B,+A356K!9J!2Jc!>,.'+.(-6,K!9J!IJ!9-053<)8.+,-'!-D!
')*83.5!5367,5.+-5@!D.*+-501!?@!"NE.77.P!.'(!9UQP!8,'E6!^>$ 0,'()*3(!,'D8.;;.+,-'!+-!
;,+-*A-'(5,.8!?,-<3'36,6J! J  Cell  Sci  123:%\_\0%\]\c!%S1SJ!

u]\v! U@+35K!$J!BJc!I8.;K!OJc!9A-,K!IJ!2J!/3;3!-V@<3'.63 01Z*.5?-'!;-'-V,(3G!D5-;!
?.6,*!6*,3'*3!+-!+A35.73)+,*!.778,*.+,-'6J! Physiol  Rev  86:\jT 0_\Sc!%SS_J!

u]_v! ^.'*38K!$Jc!/.66-)'K!$J!2Jc!N.=-5@K!UJc!C3*-6+35K!PJc!2-++358,',K!UJc!"3=,353K!UJ!
9.5?-'!2-'-V,(3!U36*)36!2,*3!D5- ;!^3+A.8!$376,6!?@!$)77-5+,'<!2,+-*A-'(5,.8!
Q'35<3+,*!23+.?-8,6;!.'(!I*+,=.+,'<!2,+-*A-'(5,.8!P,-<3'36,6J! Journal  of  Pharmacology  
and  Experimental  Therapeutics  329:_`10_`jc!%SSrJ!

u]]v! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!4.+5-K!^J!:Jc!>,.'+.(-6,K!9J!IJ!I!'3Y!. *+,=.+,'<!
5-83!D-5!9#!,'!*.5(,.*!;,+-*A-'(5,.8!?,-<3'36,6J! J  Cell  Sci  120:%rr0TSjc!%SS]J!

u]jv ! UA-(36K!2J!IJc!9.55.Y.@K!2J!$Jc!>,.'+.(-6,K!9J!IJc!U3@'-8(6K!9J!2Jc!9A355@K!IJ!
CJc!B36+35K!4J!QJc!".+-8,K!2J!OJc!2.663@K!QJ!BJc!2--'K!UJ!QJc!$)8,;.'K!/J!PJ!9.5?-'!
;-'-V,(3K!6E383+.8!;)6*83!-V,(.+,=3!6+5366K!.'(!;,+-*A-'(5,.8!?,-<3'36,6!,'!A);.'6J!
Am  J  Physiol  Heart  Circ  Physiol  297:/Tr% 0Trrc!%SSrJ!

u]rv! P53.83@K!CJc!P5.'(K!2Jc!/.5<53.=36K!&Jc!/3.836K!$Jc!^.'(K!OJc!$;-83'6E,K!UJc!C.=,36K!
"J!IJc!9--735K!9J!QJc!$,'<35K!2J!I66-*,.+,-'!?3+Y33'!;,+-*A-'(5,.8!(@6D)'*+,-'!.'(!
63=35,+@!.'(!-)+*-;3!-D!637+,*!6A-*EJ!Lancet  360:%1r0%%Tc!%SS%J!

ujSv! N3'<K!nJc!^)K!sJc!O-'36K!CJ!^Jc!$A3'K!OJc!I5'-8(K!OJ!2J!&'*53.63(!,'()*,?83!',+5,*!
-V,(3!6@'+A.63!3V75366,-'!*-'+5,?)+36!+-!;@-*.5(,. 8!(@6D)'*+,-'!.'(!A,<A35!;-5+.8,+@!
.D+35!;@-*.5(,.8!,'D.5*+,-'!,'!;,*3J! Circulation  104:]SS0]S`c!%SS1J!

uj1v! F885,*AK!UJc!$*A35535095-6?,3K!2Jc!P8-*AK!bJ!CJc!&*A,'-63K!NJc!".E.[,;.K!/Jc!>,*.5(K!
2J!/Jc!•.7-8K!BJ!2Jc!n)3M.(-K!•J!2J!"J!9-'<3',+.8!(3D,*,3'*@!-D !',+5,*!-V,(3!6@'+A.63!%!
75-+3*+6!.<.,'6+!3'(-+-V,' 0,'()*3(!;@-*.5(,.8!(@6D)'*+,-'!,'!;,*3J! Circulation  
102:1``S01``_c!%SSSJ!

uj%v! >-(35-6-K!OJ!OJc!9.5535.6K!2J!9Jc!^,6(35-K!9Jc!U,-?-K!"Jc!$*A-7D35K!NJc!P-=35,6K!IJ!
",+5,*!-V,(3!,'A,?,+6!383*+5-'!+5.'6D35!.' (!,'*53.636!6)735-V,(3!5.(,*.8!75-()*+,-'!,'!5.+!
A3.5+!;,+-*A-'(5,.!.'(!6)?;,+-*A-'(5,.8!7.5+,*836J! Archives  of  Biochemistry  and  
Biophysics  328:j\ 0r%c!1rr_J!



!
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ujTv! P-<3'A.<3'K!CJ!NJc!U-)663.)K!CJc!P)5E3K!$J!4A3!8.@353(!6+5)*+)53!-D!A);.'!
;,+-*A-'(5,.8!C"I!') *83-,(6J!Journal  of  Biological  Chemistry  283:T__\0T_]\c!%SSjJ!

uj`v! :5-=35K!UJc!•.**.5(388,K!CJc!9-8,*3K!:Jc!:)'+)7.88,K!bJc!B.+6-'K!CJc!L,'*3'+K!OJ!^J!
I'!-73' 08.?38!(-63!36*.8.+,-'!6+)(@!-D!+A3!',+5,*!-V,(3!6@'+A.63!,'A,?,+-5K!"W:X0;3+A@80
^ 0.5<,','3!A@(5-* A8-5,(3!W\`_9jjXK!,'!7.+,3'+6!Y,+A!637+,*!6A-*EJ!:8.V-!B388*-;3!
&'+35'.+,-'.8!$37+,*!$A-*E!$+)(@!:5-)7J! Crit  Care  Med  27:r1T0r%%c!1rrrJ!

uj\v ! ^ˆ73MK!IJc!^-53'+3K!OJ!IJc!$+3,'<5)?K!OJc!P.EE35K!OJc!2*^)*E,3K!IJc!B,88.++6K!$Jc!
P5-*EY.@K!2Jc!I'M)3+-K!IJc!/-8M.7D38K!^Jc!P533'K!CJc!$,8=35;.'K!2J!$Jc!4.E.8.K!OJc!
C-'.8(6-'K!OJc!I5'36-'K!9Jc!:5-=3K!:Jc!:5-66;.'K!$Jc!:5-=35K!UJ!2)8+,7830*3'+35K!
5.'(-;,M3(K!78.*3?- 0*-'+5-883(K!(-)?830?8,'(!6+)(@!-D!+A3!',+5,*!-V,(3!6@'+A.63!
,'A,?,+-5!\`_9jjG!3DD3*+!-'!6)5=,=.8!,'!7.+,3 '+6!Y,+A!637+,*!6A-*EJ!Crit  Care  Med  32:%10TSc!
%SS`J!

uj_v! P.EE35K!OJc!:5-=35K!UJc!2*^)*E,3K!IJc!/-8M.7D38K!^Jc!I'(3566-'K!OJc!^-(.+-K!UJc!
B.+6-'K!CJc!:5-66;.'K!$Jc!C-'.8(6-'K!OJc!4.E.8.K!OJc!:5-)7K!:J!BJ!&J!$J!$J!$J!
I(;,',6+5.+,-'!-D!+A3!',+5,*!-V,(3!6@'+A .63!,'A,?,+-5!": 0;3+A@80̂ 0.5<,','3!
A@(5-*A8-5,(3!W\`_9jjX!?@!,'+5.=3'-)6!,'D)6,-'!D-5!)7!+-!]%!A-)56!*.'!75-;-+3!+A3!
536-8)+,-'!-D!6A-*E!,'!7.+,3'+6!Y,+A!63=353!6376,6G!536)8+6!-D!.!5.'(-;,M3(K!(-)?830?8,'(K!
78.*3?- 0*-'+5-883(!;)8+,*3'+35!6+)(@!W6+)(@!'-J!1`` 0SS%XJ!Crit  Care  Med  32:101%c!%SS`J!

uj]v ! b,;K!eJ!2Jc!b,;K!4J!/Jc!9A)'<K!/J!4Jc!4.8.',.'K!UJ!LJc!e,'K!sJ!2Jc!P,88,.5K!4J!UJ!
",+5,*!-V,(3!753=3'+6!+);-5!'3*5-6,6!D.*+-5!.87A. 0,'()*3(!5.+!A37.+-*@+3!.7-7+-6,6!?@!
+A3!,'+355)7+,-'!-D!;,+-*A-'(5,.8!.7-7+-+,*!6,<'.8,'<!+A5-)<A!$ 0',+5-6@8.+,-'!-D!*.67.630
jJ!Hepatology  32:]]S 0]]jc!%SSSJ!

ujjv ! •A)K!sJc!•A.-K!/Jc!:5.=38,'3K!IJ!UJc!P)@6K!QJ!$Jc!$*A;,(+K!FJc!P8-*AK!bJ!CJc!
U-63'MY3,<K!IJc!9A.-K!BJ!2@Cjj!.'(!"#$%!.53!3663'+,.8!D-5!+-8808,E3!53*37+-5!0̀
;3(,.+3(!6)5=,=.8!3DD3*+!,'!*.5(,-;@-*@+36J!Am  J  Physiol  Heart  Circ  Physiol  291:/1rSS 0
1rSrc!%SS_J!

ujrv! /.+.'-K!QJc!P3''3++K!PJc!2.'','<K!IJc!n,.'K!4Jc!^3;.6+356K!OJc!P53''35K!CJ!"N0
E.77.P!6+,;)8.+36!,'()*,?83!',+5,*!-V,(3!6@'+A.63!+-!75-+3*+!;-)63!A37.+-*@+36!D5-;!
4"N 0.87A. 0!.'(!N.6 0;3(,.+3(!.7-7+-6,6J! Gastroenterology  120:1%\101%_%c!%SS1J!

urSv! ",6-8,K!QJc!N.8*-'3K!$Jc!4-'388-K!9Jc!9-MM,K!LJc!>.8-;?.K!^Jc!N,-5.',K!2Jc!>,6*-'+,K!IJc!
P5)'388,K!$Jc!9.5(,83K!IJc!N5.'*-8,',K!2Jc!9.'+-',K!#Jc!9.55)?.K!2J!#Jc!2-'*.(.K!$Jc!
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983;3'+,K!QJ!2,+-*A-'(5,.8!?,-<3'36,6!?@!"#!@,38(6!D)'*+,-'.88@!.*+,=3!;,+-*A-'(5, .!,'!
;.;;.86J! Proc  Natl  Acad  Sci  U  S  A  101:1_\S] 01_\1%c!%SS`J!

ur1v! P38+5.'K!PJc!2.+A)5K!IJc!C)*A3'K!2J!UJc!Q5)6.8,;6E@K!OJ!CJc!2-'*.(.K!$J!4A3!3DD3*+!
-D!',+5,*!-V,(3!-'!*388!5367,5.+,-'G!I!E3@!+-!)'(356+.'(,'<!,+6!5-83!,'!*388!6)5=,=.8!-5!
(3.+AJ!Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of  America  
97:1`_S%01`_S]c!%SSSJ!

ur%v! :)+6.3=.K!CJ!UJc!9.55.Y.@K!2J!$Jc!$)8,;.'K!/J!PJc!C3;*A3'E-K!&J!4Jc!$A,+.5.K!/Jc!
e-'3E.Y.K!/Jc!>,.'+.(-6,K!9J!IJ!45.'6,3'+!A@7-V,.!6+,;)8.+36!;,+-*A-'(5,.8!?,- <3'36,6!
,'!?5.,'!6)?*-5+3V!?@!.!'3)5-'.8!',+5,*!-V,(3!6@'+A.63 0(373'(3'+!;3*A.',6;J! J  Neurosci  
28:%S1\0%S%`c!%SSjJ!

urTv! /.'K!eJ!sJc!^,'K!eJ!4Jc!s)K!OJ!OJc!9.-K!^J!^Jc!^,)K!sJ!BJc!O,.'<K!/Jc!9A,K!•J!NJ!$+.+)6!
37,837+,*)6!6+,;)8.+36!735-V,6-;3!75-8,D35.+-50. *+,=.+3(!53*37+-5!<.;;.!*-.*+,=.+-5!1 0
.87A.Z;,+-*A-'(5,.8!.'+,-V,(.'+!6@6+3;!7.+AY.@!?@!.!',+5,*!-V,(3 0(373'(3'+!
;3*A.',6;J! Neuroscience  186:1%j01T`c!%S11J!

ur`v! ",6-8,K!QJc!983;3'+,K!QJc!>.-8)**,K!9Jc!9-MM,K!LJc!4-'388-K!9Jc!$*,-5.+,K!9Jc!P5.*.83K!
UJc!L.835,-K!IJc!N5.'*-8,',K!2Jc!2-'*.(.K!$Jc!9.55)?.K!2J!2,+-*A-'(5,.8!?,-<3'36,6!,'!
;.;;.86G!+A3!5-83!-D!3'(-<3'-)6!',+5,*!-V,(3J! Science  299:jr_ 0jrrc!%SSTJ!

ur\v! C)=.8K!CJ!^Jc!2,8835K!CJ!UJc!9-88,35K!OJc!P,88,'<6K!UJ!QJ!9A.5.*+35,M.+,-'!-D!A37.+,*!
',+5,*!-V,(3!6 @'+A.63G!&(3'+,D,*.+,-'!.6!+A3!*@+-E,'30,'()*,?83!D-5;!75,;.5,8@!53<)8.+3(!
?@!-V,(.'+6J!Molecular  Pharmacology  50:%]]0%j`c!1rr_J!

ur_v! C,'<K!IJ!/Jc!".+A.'K!9J!NJc!$+)3A5K!CJ!OJ!U383.63!-D!53.*+,=3!',+5-<3'!,'+35;3(,.+36!
.'(!53.*+,=3!-V@<3'!,'+35;3(,.+36!D5- ;!;-)63!735,+-'3.8 0;.*5-7A.<36! 0!*-;7.5,6-'!-D!
.*+,=.+,'<!*@+-E,'36!.'(!3=,(3'*3!D-5!,'(373'(3'+!75-()*+,-'J! Journal  of  Immunology  
141:%`S]0%`1%c!1rjjJ!

ur]v! N8-(6+5-;K!2Jc!Q,M,5,EK!CJ!^J!&'+35D35-'0<.;;. 0,'()*3(!,'+35D35-'!53<)8.+-5@!
D.*+-501!W&UN01X!3V75366,-'!,'!5-(3'+!.'(!A);.'!,683+!*3886!753*3(36!',+5,*!-V,(3!
75-()*+,-'J! Endocrinology  138:%]`] 0%]\Tc!1rr]J!

urjv! b.;,[-K!UJc!/.5.(.K!/Jc!2.+6)@.;.K!4Jc!P-68.'(K!2Jc!:353*,+.'-K!OJc!$A.7,5-K!CJc!
^3K!OJc!b-AK!$J!&Jc!b,;)5.K!4Jc!:533'K!$J!OJc!2.EK!4J!BJc!4.',<)*A,K!4Jc!L,8*3EK!OJ!U3R),53;3'+!
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D-5!+5.'6*5,7+,-'!D.*+-5!&UN01!,'!"#!6@'+A.63!,'()*+,-'!,'!;.*5-7A.<36J! Science  
263:1_1%01_1\c!1rr`J!

urrv! O.*-?6K!IJ!4Jc!&<'.55-K!^J!OJ!^,7-7-8@6.**A.5,(30,'()*3(!3V75366,-'!-D!,'+35D35-' 0
?3+.!;3(,.+36!+A3!+,;,'<!-D!,'()*,? 83!',+5,*0-V,(3!6@'+A.63!,'()*+,-'!,'!UIB!%_`J]!
;.*5-7A.<36J! J  Biol  Chem  276:`]r\S 0̀ ]r\]c!%SS1J!

u1SSv! >.)+MK!IJc!I5+K!OJc!/.A'K!$Jc!"-Y.<K!$Jc!L-66K!9Jc!b83,'35+K!/J!U3<)8.+,-'!-D!+A3!
3V75366,-'!-D!,'()*,?83!',+5,*!-V,(3!6@'+A.63J!Nitric  Oxide  23:]\ 0rTc!%S1SJ!

u1S1v! b83,'35+K!/Jc!Q)*A3'A-D35K!9Jc!&A5,<P,3(35+K!&Jc!N-56+35;.''K!FJ!:8)*-*-5+,*-,(6!
,'A,?,+!+A3!,'()*+,-'!-D!',+5,*!-V,(3!6@'+A.63!&&!?@!(-Y' 053<)8.+,'<!*@+-E,'30,'()*3(!
.*+,=,+@!-D!+5.'6*5,7+,-'!D.*+-5!')*83.5!D.*+-50E.77.!PJ!Molecular  Pharmacology  49:1\ 0%1c!
1rr_J!

u1S%v! C3!L35.K!2J!QJc!4.@8-5K!PJ!$Jc!B.'<K!nJc!$A.7,5-K!UJ!IJc!P,88,.5K!4J!UJc!:38835K!CJ!IJ!
C3V.;3+A.6-'3!6)77536636!,"#$!<3'3!3V75366,-'!?@!)753<)8.+,'<!& 0E.77.!P!.87A.!.'(!
,'A,?,+,'<!"N 0E.77.!PJ!American  Journal  of  Physiology-­‐‑Gastrointestinal  and  Liver  Physiology  
273::1%rS0:1%r_c!1rr]J !

u1STv! $.Y83K!>Jc!N-536+,K!UJc!2.''K!PJ!QJc!O-A'6-'K!4J!UJc!:533'K!9J!OJc!2-++358,',K!UJ!
9.5?-'!;-'-V,(3 05383.6,'<!;-83*)836!W9#0U26X!.++3').+3!+A3!,'D8.;;.+-5@!5367-'63!
38,*,+3(!?@!8,7-7-8@6.**A.5,(3!,'!UIB%_`J]!;)5,'3!;.*5-7A.<36J! British  Journal  of  
Pharmacology  145:jSS0j1Sc!%SS\J!

u1S`v! $A3'<K!BJ!$Jc!/)K!$J!sJc!"3++836K!IJ!UJc!^-E3'6<.5(K!OJ!UJc!L35*388-++,K!:J!2Jc!U-*EK!
UJ!PJ!/3;,'!,'A,?,+6!"#!75-()*+,-'!?@!&^ 01!?3+.06+,;)8.+3(!A);.'!.6+5-*@+36!+A5-)<A!
,' ()*+,-'!-D!A3;3!-V@<3'.63 01!.'(!53()*+,-'!-D!7Tj!2I>b!.*+,=.+,-'J! Journal  of  
Neuroinflammation  7c!%S1SJ!

u1S\v! B.'<K!UJ!4Y-…6!*-;7.'@K!+A533…6!.!*5-Y(G!*.'!/%$!?3!+A3!+A,5(!3'(-<3'-)6!
<.63-)6!+5.'6;,++35†!Faseb  Journal  16:1]r%01]rjc!%SS%J!

u1S_v! >)'K!>J!PJ!^Jc!^)K!OJc!b.'K!QJ!2Jc!2--*AA.8.K!$J!:.636!,'!+A3!;,+-*A-'(5,.J!
Mitochondrion  10:jT 0rTc!%S1SJ!
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u1S]v! P5-Y'K!:J!9Jc!9--735K!9J!QJ!".'-;-8.5!*-'*3'+5.+,-'6!-D!',+5,* 0-V,(3!53=356,?8@!
,'A,?,+!6@'.7+-6-;.8!5367,5.+,-'!?@!*-;73+,'<!Y,+A!-V@<3'!.+!*@+ -*A5-;3 0-V,(.63J!Febs  
Letters  356:%r\0%rjc!1rr`J!

u1Sjv! •)*E35?5.)'K!PJ!$Jc!9A,'K!PJ!eJc!P,8?.'K!2Jc!(…I=,8.K!OJ!9Jc!U.-K!OJc!P,88,.5K!4J!UJc!
#++35?3,'K!^J!QJ!9.5?-'!;-'-V,(3!6,<'.86!=,.!,'A,?,+,-'!-D!*@+-*A5-;3!*!-V,(.63!.'(!
<3'35.+,-'!-D!;,+-*A-'(5,.8!53. *+,=3!-V@<3'!673*,36J!Faseb  Journal  21:1Srr011S_c!%SS]J!

u1Srv! ^,K!nJc!:)-K!eJc!#)K!nJc!9),K!9Jc!B)K!BJc!4.'K!BJc!•A)K!sJc!^.'*3+.K!^Jc!
$.'<.'.8;.+AK!$Jc!C.Y'K!PJc!$A,';)5.K!bJc!U-E-6AK!:Jc!B.'<K!$Jc!P-88,K!UJ!:3'3!+5.'6D35!
-D!,'()*,?83!',+5,*!-V,(3!6@'+A.6 3!.DD-5(6!*.5(,-75-+3*+,-'!?@!)753<)8.+,'<!A3;3!
-V@<3'.6301!=,.!.!')*83.5!D.*+-5 0‰E.77.ŠP0(373'(3'+!7.+AY.@J! Circulation  120:1%%%0
1%TSc!%SSrJ!

u11Sv! :5,-'K!"Jc!U373++-K!QJ!2Jc!>-;35.',3*K!eJc!9.83[;.'K!9J!2Jc!I6+-5+K!NJc!$.'*A3MK!UJc!
>,<'.+.5-K!#J!>Jc!I5,.6K!>Jc!9@;35@,'<K!9J!PJ!&'()*+,-'!-D!',+5,*!-V,(3!6@'+A.63!.'(!A3;3!
-V@<3'.63!.*+,=,+,36!?@!3'(-+-V,'!,'!+A3!5.+!.(53'.8!*-5+3VG!,'=-8=3;3'+!-D!?-+A!
6,<'.8,'<!6@6+3;6!,'!+A3!;-()8.+,-'!-D!I94/ 0(373'(3'+!6+35-,(!75-()*+,-'J! Journal  of  
Endocrinology  194:110%Sc!%SS]J!

u111v! ^,)K!sJ!2Jc!>3@+-'K!bJ!OJc!Q'63'.+K!CJc!B.'<K!/Jc!/.'','EK!2Jc!I8.;K!OJc!C)5.'+3K!
BJ!",+5,*!-V,(3!6+,;)8.+36!A3;3!-V@<3'.63 01!<3'3!+5.'6*5,7+,-'!=,.!+A3!"5D%ZIUQ!
*-;783V!+-!75-;-+3!=.6*)8.5!6;--+A!;)6*83!*388!6)5=,=.8J! Cardiovascular  Research  75:Tj10
Tjrc!%SS]J!

u11%v! 9A-,K!PJ!2Jc!>.3K!/J!#Jc!b,;K!eJ!2Jc!9A)'<K!/J!4J!",+5,*!-V,(30;3(,.+3(!
*@+-75-+3*+,-'!-D!A37.+-*@+36!D5-;!<8)*-63!(375,=.+,-'0,'()*3(!*@+-+-V,*,+@G!
&'=-8=3;3'+!-D!A3;3!-V@<3'.63 01J!Hepatology  37:j1S0j%Tc!%SSTJ!

u11Tv! &;;3'6*A)AK!$J c!4.'K!2Jc!U.;.(-5,K!:J!",+5,*!-V,(3!;3(,.+36!+A3!
8,7-7-8@6.**A.5,(3!(373'(3'+!)753<)8.+,-'!-D!+A3!A3;3!-V@<3'.63 01!<3'3!3V75366,-'!,'!
*)8+)53(!5.+!b)7DD35!*3886J!Journal  of  Hepatology  30:_10_rc!1rrrJ!

u11`v! b.,M)K!4Jc!&E3(.K!IJc!".E.-K!IJc!46)'<K!IJc!4-@-E.Y.K!/Jc!F3E,K!$Jc!:38835K!CJ!IJc!
2)5.63K!"J!>5-+3*+,-'!-D!+5.'678.'+ 0,'()*3(!A37.+,*!,6*A3;,.Z53735D)6,-'!,'[)5@!Y,+A!
*.5?-'!;-'-V,(3!=,.!2QbZQUb1Z%!7.+AY.@!(-Y'53<)8.+,-'J! American  Journal  of  
Physiology-­‐‑Gastrointestinal  and  Liver  Physiology  294::%T_0:%`` c!%SSjJ!
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u11\v! $)8,?)5EK!OJ!BJc!B.5(K!OJ!^Jc!/38;35K!bJ!$Jc!I(.;6K!$J!CJc!•)*E35?5.)'K!PJ!$Jc!
235*35K!CJ!BJ!b3+.;,'3 0,'()*3(!A37.+-75-+3*+,-'G!+A3!5-83!-D!A3;3!-V@<3'.63 01J!
American  Journal  of  Physiology-­‐‑Gastrointestinal  and  Liver  Physiology  296::1T_S0:1T_r c!%SSrJ!

u11_v! I6A,'-K!4Jc!e.;.'.E.K!UJc!e.;.;-+-K!2Jc!$A,;-E.Y.K!/Jc!$3E,E.Y.K!bJc!
&Y.E)5.K!eJc!$A,-(.K!$Jc!");.M.Y.K!$Jc!e-6A,(.K!4J!"3<.+,=3!D33(?.*E!53<)8.+,-'!-D!
8,7-7-8@6.**A.5,(30,'()*3(!,'()*,?83!',+5,*!-V,(3!6@'+A.63!<3'3!3V75366,-'!?@!A3;3!
-V@<3'.6301!,'()*+,-'!,'!;.*5-7A.<36J! Molecular  Immunology  45:%1S_0%11\c!%SSjJ!

u11]v! $5,6--EK!bJc!/.'K!$J!$Jc!9A-,K!/J!$Jc!^,K!2J!/Jc!F3(.K!/Jc!b,;K!9Jc!9A.K!eJ!"J!9#!
D5-;!3'A.'*3(!/#!.*+,=,+@!-5!D5-;!9#U2 0%!,'A,?,+6!?-+A!#0%W0X!.'(!"#!75-()*+,-'!
.'(!(-Y'53<)8.+3 6!/# 01!3V75366,-'!,'!^>$ 06+,;)8.+3(!;.*5-7A.<36J! Biochemical  
Pharmacology  71:TS]0T1jc!%SS_J!

u11jv! I8?.E5,K!nJ!IJc!$+)3A5K!CJ!OJ!&'+5.*388)8.5!.663;?8@!-D!,'()*,?83!"#!6@'+A.63!,6!
8,;,+3(!?@!',+5,*!-V,(30;3(,.+3(!*A.'<36!,'!A3;3!,'635+,-'!.'(!.=.,8.?,8,+@J! J  Biol  Chem  
271:\`1` 0\`%1c!1rr_J!

u11rv! #++35?3,'K!^J!QJc!P.*AK!NJ!/Jc!I8.;K!OJc!$-.536K!2Jc!4.-!^)K!/Jc!B@6EK!2Jc!C.=,6K!UJ!
OJc!N8.=388K!UJ!IJc!9A-,K!IJ!2J!9.5?-'!;-'-V,(3!A.6!.'+, 0,'D8.;;.+-5@!3DD3*+6!,'=-8=,'<!
+A3!;,+-<3' 0.*+,=.+3(!75-+3,'!E,'.63!7.+AY.@ J!Nat  Med  6:`%%0̀%jc!%SSSJ!

u1%Sv! >,.'+.(-6,K!9J!IJc!B,+A356K!9J!2Jc!P.5+MK!UJ!UJc!2.*:.5=3@K!"J!9Jc!N)K!>Jc!$Y33'3@K!
4J!QJc!B38+@0B-8DK!bJ!QJc!$)8,;.'K!/J!PJ!/3;3!-V@<3'.63 01!*-)7836!.*+,=.+,-'!-D!
;,+-*A-'(5,.8!?,-<3'36,6!+-!.'+, 0,'D8.;;.+-5@!*@+-E,'3!3V75366,-'J!J  Biol  Chem  
286:1_T]` 01_Tj\c!%S11J!

u1%1v! ^33K!4J!$Jc!9A.)K!^J!eJ!/3;3!-V@<3'.6301!;3(,.+36!+A3!.'+, 0,'D8.;;.+-5@!3DD3*+!
-D!,'+3583)E,'01S!,'!;,*3J! Nat  Med  8:%`S0%`_c!%SS%J!

u1%%v! 2.+6)-E.K!eJc!2.6)(.K!/Jc!e-E-@.;.K!2Jc!b,A.5.K!bJ!>5-+3*+,=3!3DD3*+6!-D!
?,8,5)?,'!.<.,'6+!*@*8-7A-67A.;,(3!,'()*3(!A3;-55A.<,*!*@6+,+,6!,'!5.+6J! J  Urol  
179:11_S011__c!%SSjJ!

u1%Tv! ^.'-'3K!$Jc!P8-*K!$Jc!N-536+,K!UJc!I8;-8E,K!IJc!4.,88‹K!9Jc!9.883?35+K!OJc!9-'+,K!2Jc!
:-=3'K!CJc!I)?,35K!2Jc!C)53),8K!PJc!Q80P3''.K!OJc!2-++358,',K!UJc!P-*ME-Y6E,K!OJ!P,8,5)?,'!
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(3*53.636!'-6%!3V75366,-'!=,.!,'A,?,+,-'!-D!"ICW>X/!-V,(.63G!,;78,*.+,-'6!D-5!
75-+3*+,-'!.<.,'6+!3'(-+-V,*!6A-*E!,'!5.+6J! FASEB  J  19:1jrS 01jr%c!%SS\J!

u1%`v! B.'<K!BJc!$;,+AK!CJc!•)*E35K!$J!P,8,5)?,'!,'A,?,+6!,"#$!3V75366,-'!.'(!"#!
75-()*+,-'!,'!5367-'63!+-!3'(-+-V,'!,'!5.+6J! Hepatology  40:`%`0̀TTc!%SS`J!

u1%\v! $3-EK!OJc!B.553'K!/J!$Jc!9)3'*.K!IJ!:Jc!2,'(5,'-6K!2J!"Jc!P.E35K!/J!LJc!s)K!BJ!/Jc!
U,*A.5(6K!CJ!UJc!2*C-'.8( 0$;,+AK!:J!>Jc!:.-K!/Jc!/3''366@K!^Jc!N,''35+@K!9J!9Jc!^-73MK!9J!
2Jc!/-'.5,K!$Jc!2--53K!QJ!QJc!2,'3,K!OJ!>Jc!9)6*A,35,K!OJc!P.'E3@K!>J!QJc!O-A'6-'K!OJ!^Jc!
$7355@K!OJc!".+A3'6K!IJ!PJc!P,88,.5K!4J!UJc!B36+K!2J!IJc!O36*AE3K!2J!:Jc!b83,'K!2J!PJc!:.;388,K!
UJ!^Jc!:,?5.'K!"J!$Jc!P5-Y'6+3,'K!PJ!/Jc!2,88350:5.M,.'-K!9Jc!9.8=.'-K!$J!QJc!2.6-'K!>J!/Jc!
9-??K!OJ!>Jc!U.A;3K!^J!:Jc!^-Y5@K!$J!NJc!2.,35K!UJ!LJc!2-8(.Y35K!^J!^Jc!/35'(-'K!CJ!"Jc!
C.=,6K!UJ!BJc!s,.-K!BJ!•Jc!4-;7E,'6K!UJ!:Jc!&'D8.;;.+,-'!/-6+!U367-'63K!&J !:3'-;,*!
5367-'636!,'!;-)63!;-(386!7--58@!;,;,*!A);.'!,'D8.;;.+-5@!(,63.636J! Proceedings  of  
the  National  Academy  of  Sciences  of  the  United  States  of  America  110:T\S] 0T\1%c!%S1TJ!

u1%_v! Q6;-'K!9J!4J!BA@!(-!.',;.8!;-(386!W6-;3+,;36X!D.,8!+-!;,;,*!A);.'!6376,6 †!
Critical  Care  Medicine  32:$%1r0$%%%c!%SS`J!

u1%]v! U,3(3;.''K!"J!9Jc!:)-K!UJ!NJc!B.5(K!>J!IJ!4A3!3',<;.!-D!6376,6J! Journal  of  Clinical  
Investigation  112:`_S0̀_]c!%SSTJ!

u1%jv! 9-738.'(K!$Jc!B.553'K!/J!$Jc!^-Y5@K!$J!NJc!9.8=.'-K!$J!QJc!U3;,*EK!CJc!
&'D8.;;.+,- '!/-6+K!UJ!I*)+3!,'D8.;;.+-5@!5367-'63!+-!3'(-+-V,'!,'!;,*3!.'(!A);.'6J!
Clinical  and  Diagnostic  Laboratory  Immunology  12:_S0_]c!%SS\J!

u1%rv! U3;,*EK!CJ!:Jc!"3Y*-;?K!CJ!QJc!P-8<-6K!:J!^Jc!9.88K!CJ!UJ!9-;7.5,6-'!-D!+A3!
;-5+.8,+@!.'(!,'D8.;;.+-5@!5367-'63!-D!+ Y-!;-(386!-D!6376,6G!^,7-7-8@6.**A.5,(3!=6J!
*3*.8!8,<.+,-'!D,'(!7)'*+)53J! Shock  13:11S011_c!%SSSJ!

u1TSv! P)5.6K!OJ!IJc!/-8M;.''K!PJc!$,+E-=6E@K!2J!I',;.8!;-(386!-D!6376,6G!63++,'<!+A3!
6+.<3J!Nat  Rev  Drug  Discov  4:j\` 0j_\c!%SS\J!

u1T1v! b,'.63Y,+MK!:J!4Jc!9A.' <K!IJ!9J!bJc!>335K!:J!4Jc!/,'6A.YK!^J!PJc!4.@8-5K!NJ!PJ!
>35,+-',+,6!,'!+A3!?.?--'G!I!75,;.+3!;-(38!YA,*A!6,;)8.+36!A);.'!6376,6J! Shock  13:1SS0
1Src!%SSSJ!
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u1T%v! ".+.'6-'K!9Jc!N,'EK!2J!>Jc!P.88.'+@'3K!/J!bJc!2.*=,++,3K!4J!OJc!9-'E8,'K!OJ!OJc!>.55,88-K!
OJ!QJ!:5.; 0'3<.+,=3!?.*+353;,.!75-()*36!?-+A!63=353!6@6+-8,*!.'(!(,.6+-8,*!*.5(,.*!
(@6D)'*+,-'!,'!.!*.','3!;-(38!+A.+!6,;)8.+36!A);.'!637+,*!6A-*EJ! Journal  of  Clinical  
Investigation  78:%\r0%]Sc!1rj_J!

u1TTv! P.E35K!9J!9Jc!9A.)(5@K!&J!/Jc!:.,'36K!/J!#Jc!P.)3K!IJ!QJ!Q=.8).+,-'!-D!D.*+-56!
.DD3*+,'<!;-5+.8,+@05.+3!.D+35!6376,6!,'!.!;)5,'3!*3*.8!8,<.+,-'!.'(!7)'*+)53!;-(38J!
Surgery  94:TT10TT\c!1rjTJ!

u1T`v! "3;M3EK!OJ!IJc!/)<)','K!bJ!2Jc!#77K!2J!UJ!2-(38,'<!6376,6!,'!+A3!8.?-5.+-5@G!
235<,'<!6-)'(!6*,3'*3!Y,+A!.',;.8!Y388 0?3,'<J!Comparative  Medicine  58:1%S01%jc!%SSjJ!

u1T\v! $)8,;.'K!/J!PJc!P.?,E35K!IJc!B,+A356K!9J!2Jc!$Y33'3@K!4J!QJc!9.55.Y.@K!2J!$Jc!
4.+5-K!^J!:Jc!P.5+MK!UJ!UJc!B38+@0B-8DK!bJ!QJc!>,.'+.(-6,K!9J!IJ!",+5,*!-V,(3!6@'+A.630%!
53<)8.+36!;,+-*A-'(5,.8!/67_S!*A.735-' 3!D)'*+,-'!()5,'<!?.*+35,.8!735,+-',+,6!,'!;,*3J!
Free  Radic  Biol  Med  48:]T_0]`_c!%S1SJ!

u1T_v! U3@'-8(6K!9Jc!$)8,;.'K!/Jc!/-88,'<6Y-5+AK!OJc!B38+@0B-8DK!bJc!9.55.Y.@K!2Jc!
>,.'+.(-6,K!9J!",+5,*!-V,(3!6@'+A.63 0%!,'()*+,-'!-7+,;,M36!*.5(,.*!;,+-*A-'(5,.8!
?,-<3' 36,6!.D+35!3'(-+-V3;,.J!Free  Radic  Biol  Med  46:\_` 0\]%c!%SSrJ!

u1T]v! B3,K!sJ!nJc!9A.5836K!&J!:Jc!$;,+AK!IJc!F53K!OJc!N3'<K!9J!OJc!/).'<K!NJ!>Jc!s)K!CJ!2Jc!
2)8835K!BJc!2-'*.(.K!$Jc!^,3YK!NJ!eJ!I8+353(!,;;)'3 05367-'636!,'!;,*3!8.*E,'<!
,'()*,?83!',+5,* 0-V,(3!6@'+A.63J!Nature  375:`Sj 0̀11c!1rr\J!

u1Tjv! 9A.+)5=3(,K!UJ!bJc!9.8,'<.6.'K!"J!eJc!e.'<K!^J!9Jc!/3''3663@K!4Jc!O-A5,K!IJc!P3.8K!
2J!NJ!&;7.,5;3'+!-D!>:9 01.87A.!3V75366,-'K!'3)5-7.+A-8-<@!.'(!A37.+,*!6+3.+-6,6!,'!.!
+5.'6<3',*!;-)63!;-(38!-D!/)'+,'<+-'…6!(,63.63! D-88-Y,'<!*A5-',*!3'35<@!(375,=.+,-'J!
Human  Molecular  Genetics  19:T1rS0T%S\c!%S1SJ!

u1Trv! s,3K!nJ!BJc!9A-K!/J!OJc!9.8.@*.@K!OJc!2);D-5(K!UJ!IJc!$Y,(353EK!bJ!2Jc!^33K!4J!CJc!
C,'<K!IJc!45-6-K!4Jc!".+A.'K!9J!98-','<!.'(!*A.5.*+35,M.+,-'!-D!,'()*,?83!',+5,*!-V, (3!
6@'+A.63!D5-;!;-)63!;.*5-7A.<36J! Science  256:%%\0%%jc!1rr%J!

u1`Sv! :38835K!CJ!IJc!^-Y3'6+3,'K!9J!OJc!$A.7,5-K!UJ!IJc!")66835K!IJ!bJc!C,6,8=,-K!2Jc!B.'<K!
$J!9Jc!".E.@.;.K!CJ!bJc!$,;;-'6K!UJ!^Jc!$'@(35K!$J!/Jc!P,88,.5K!4J!UJ!2-83*)8.50*8-','<!
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.'(!3V75366,-'!-D!,'()*,?83!',+5,* 0-V,(3!6@'+A.63!D5-;!A);.'!A37.+-*@+36J! Proceedings  
of  the  National  Academy  of  Sciences  of  the  United  States  of  America  90:T`r1 0T`r\c!1rrTJ!

u1`1v! P.88,<.'(K!OJ!^Jc!F'<)53.')8-'<5-,6K!CJc!$,;;-'6K!BJ!BJc!>,;3'+.8K!CJc!2.8,'6E,K!
4J!IJc!b.7+)5*M.EK!2Jc!4.A.K!•Jc!^-Y3'6+3,'K!9J!OJc!C.=,(-DDK!IJ!OJc!b388@K!UJ!IJc!$;,+AK!4J!
BJc!2,*A38K!4J!9@+-E,'30,'()*,?83!',+5,* 0-V,(3!6@'+A.63!W,"#$X!3V75366,-'!,'!*.5(,.*!
;@-*@+36!0!*A.5.*+35,M.+,-'!.'(!53<)8.+,-'!-D !,"#$ !3V75366,-'!.'(!(3+3*+,-'!
-D!,"#$ !.*+,=,+@!,'!6,'<83!*.5(,.*!;@-*@+36!,'0=,+5-J!Journal  of  Biological  Chemistry  
269:%]\jS 0%]\jjc!1rr`J !

u1`%v! /.K!bJ!$Jc!b,;K!bJ!2Jc!bY-'K!eJ!:Jc!P.,K!$J!bJc!".;K!BJ!CJc!e--K!eJ!2Jc!b,;K!>J!bJ!
2Jc!9A)'<K!/J!4Jc!P,88,.5K!4J!UJc!b,;K!eJ!2J!",+5,*!-V,(3!753=3'+6!_0A@(5-V@(-7.;,'3 0
,'()*3(!.7-7+-6,6!,'!>91%!*3886!+A5-)<A!*:2> 0(373'(3 '+!>&T!E,'.63ZIE+!.*+,=.+,-'J!
Faseb  Journal  17:1ST_01S`]c!%SSTJ!

u1`Tv! b-88K!/Jc!:),.5(K!PJc!U.66-YK!OJc!#6+35;.''K!OJc!/-5Y,*AK!IJ!^Jc!"3)735+K!BJc!
/.5+8K!NJ!FJ!I'+,D-8(,'<!.*+,=,+@!-D!/$>_S!*-)7836!75-+3,'!,;7-5+!,'+-!+A3!;,+-*A-'(5,.8!
;.+5,V!Y,+A!3V7-5+!+-!+A3!,'+35;3;?5.'3!67.*3J! Cell  68:11_T011]\c!1rr%J!

u1``v! >,.'+.(-6,K!9J!IJc!9.55.Y.@K!2J!$Jc!P.?,E35K!IJc!$)8,;.'K!/J!PJ!/3;3!-V@<3'.63 01!
53<)8.+36!*.5(,.*!;,+-*A-'(5,.8!?,-<3'36,6!=,.!"5D% 0;3(,.+3(!+5.'6*5,7+,-'.8!*-'+5-8!-D!
')*83.5!5367,5.+-5@!D.*+-501J!Circ  Res  103:1%T%01%`Sc!%SSjJ!

u1`\v! 9A3'K!sJ!^Jc!b)'6*AK!9J!&'()*+,-'!-D!*@+-75-+3*+,=3!<3'36!+A5-)<A!
"5D%Z.'+,-V,(.'+!5367-'63!383;3'+!7.+AY.@G!I!'3Y!+A35.73)+,*!.775-.*A!D-5!+A3!
+53.+;3'+!-D!,'D8.;;.+-5@!(,63.636J! Current  Pharmaceutical  Design  10:j]r 0j r1c!%SS`J!

u1`_v! 2.K!nJ!U-83!-D!"5D%!,'!-V,(.+,=3!6+5366!.'(!+-V,*,+@J!Annu  Rev  Pharmacol  Toxicol  
53:`S10̀%_c!%S1TJ!

u1`]v! P8.*EY388K!4J!$Jc!e)88K!NJ!QJc!9A3'K!9J!^Jc!L3'E.+.E5,6A'.'K!IJc!P8.*EY388K!4J!UJc!
/,*E6K!CJ!OJc!^.'*.6+35K!^J!/Jc!9A5,6+;.'K!OJ!BJc!b355K!^J!CJ!2)8+,-5<.'!')*83.5!D.*+-5!
E.77.!P!.*+,=.+,-'!,'!.!+5.'6<3',*!;-)63!;-(38!-D!6@6+3;,*!,'D8.;;.+,-'J! American  
Journal  of  Respiratory  and  Critical  Care  Medicine  162:1Sr\ 011S1c!%SSSJ!

u1`jv! 46.,K!>J!$Jc!9A3'K!9J!9Jc!e.'<K!^J!9Jc!/).'<K!BJ!eJc!/).'<K!9J!OJ!/3;3!-V@<3'.63!
1K!')*83.5!D.*+-5!Q%0538.+3(!D.*+-5!%K!.'(!')*83.5!D.*+-5!E.77.!P!.53!,'=-8=3(!,'!A3;,'!
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,'A,?,+,-'!-D !+@73!%!*.+,-',*!.;,'-!.*,(!+5.'67-5+35!3V75366,-'!.'(!^ 0.5<,','3!+5.'67-5+!
,'!6+,;)8.+3(!;.*5-7A.<36J! Anesthesiology  105:1%S101%1Sc!%SS_J!

u1`rv! U)6AY-5+AK!$J!IJc!2.*QY.'K!CJ!OJc!#…9-''388K!2J!IJ!^,7-7-8@6.**A.5,(30&'()*3(!
QV75366,-'!-D!"ICW>X/Gn),'-'3!#V, (-53()*+.63!1!.'(!/3;3!#V@<3'.63 01!>5-+3*+6!
.<.,'6+!QV*366,=3!&'D8.;;.+-5@!U367-'636!,'!/);.'!2-'-*@+36J! Journal  of  Immunology  
181:_]TS0_]T]c!%SSjJ!

u1\Sv! •-?,K!NJc!P8.*R)3K!#Jc!O.*-?6K!UJ!IJc!$*A.)?K!2J!9Jc!P-<(.'-=.K!IJ!eJ!1]!30!
5A3',);!(,*.5?-'@8!9# 05383.6,'<!;-83*)836!-'!.!*-?.8.;,'!6*.DD-8(!D-5!?,-8-<,*.8!
.778,*.+,-'J! Dalton  Trans  41:T]S0T]jc!%S1%J!

u1\1v! B)K!OJ!9Jc!2358,'-K!:Jc!N.)6+-K!"J!Q6+.?8,6A;3'+!.'(!*A.5.*+35,M.+,-'!-D!
(,DD353'+,.+3(K!'-'+5.'6D-5;3(!A37.+-*@+3!*388!8,'36!(35,=3(!D5-;!;,*3!+5.'6<3 ',*!D-5!
+5.'6D-5;,'<!<5-Y+A!D.*+-5!.87A.J!Proc  Natl  Acad  Sci  U  S  A  91:_]` 0_]jc!1rr`J !

u1\%v! $3)?35+K!OJ!2Jc!C.5;-'K!IJ!OJc!Q80b.(,K!IJ!#J!$Jc!C…$-)M.K!$J!OJ!IJc!P3'(K!OJ!UJ!
I7-7+-6,6!,'!;)5,'3!A37.+-;.!/37.!1*1*]!Y,8( 0+@73K!91%K!.'(!9`!*3886!;3(,.+3(!?@!
?,8,5)?,'J!Molecular  Pharmacology  62:%\]0%_`c!%SS%J!

u1\Tv! N,+M<35.8(K!2J!OJc!B3??35K!QJ!2Jc!C-'-=.'K!OJ!UJc!N.)6+-K!"J!U.7,(!C"I0?,'(,'<!
?@!')*83.5!D.*+-5!E.77.!P!,'!A37.+-*@+36!.+!+A3!6+.5+!-D!8,=35053<3'35.+,-'J!Cell  Growth  &  
Differentiation  6:`1] 0̀%]c!1rr\ J!

u1\`v! :.83.K!QJc!N3,'6+3,'K!CJ!^J!U3<)8.+,-'!-D!+A3!3V75366,-'!-D!+A3!,'D8.;;.+-5@!',+5,*!
-V,(3!6@'+A.63!W"#$%X!?@!*@*8,*!I2>J!Faseb  Journal  13:%1%\0%1T]c!1rrrJ!

u1\\v! 9A3'K!OJ!/Jc!$-;.'.+AK!>J!UJc!U.M-53'-=.K!#Jc!9A3'K!BJ!$Jc!/.@K!"Jc!P-5'6+3,'K!>Jc!
P@M-=.K!4J!LJ!IE+1!53<)8.+36!7.+A-8-<,*.8!.'<,-<3'36,6K!=.6*)8.5!;.+)5.+,-'!.'(!
735;3.?,8,+@!,'!=,=-J!Nature  Medicine  11:11jj 011r_c!%SS\J!

u1\_v! 9A-K!/Jc!2)K!OJc!b,;K!OJ!bJc!4A-5=.8(63'K!OJ!^Jc!9A)K!nJ!BJc!953'6A.YK!QJ!PJc!
b.36+'35K!bJ!/Jc!P.5+-8-;3,K!2J!$Jc!$A)8;.'K!:J!&Jc!P,5'?.);K!2J!OJ!&'6)8,'!536,6+.'*3!.'(!
.!(,.?3+36!;388,+)608,E3!6@'(5-;3!,'!;,*3!8.*E,'<!+A3!75-+3,'!E,'.63!IE+%!W>bP!?3+.XJ!
Science  292:1]%j01]T1c!%SS1J!
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u1\]v! 9A.'<K!NJc!^33K!OJ!4Jc!".=-8.',*K!>J!2Jc!$+338;.'K!^J!$Jc!$A38+-'K!OJ!:Jc!P8.8-*EK!BJ!
^Jc!N5.'E8,'K!UJ!IJc!2*9)?53@K!OJ!IJ!&'=-8=3;3'+!-D!>&TbZIE+!7.+AY.@!,'!*388!*@*83!
75-<5366,-'K!.7-7+-6,6K!.'(!'3-78.6+,*!+5.'6D-5;.+,-'G!.!+.5<3+!D-5!*.'*35!*A3;-+A35.7@ J!
Leukemia  17:\rS 0_STc!%SSTJ!

u1\jv! /.5(,3K!CJ!:J!2,',53=,3YG!4A3!I2> 0.*+,=.+3(!75-+3,'!E,'.63!*.6*.(3G!4A3!E3@!
63'6-5!-D!*388)8.5!3'35<@!6+.+)6J!Endocrinology  144:\1]r 0\1jTc!%SSTJ!

u1\rv! "-)56.(3<A,K!2Jc!46.'<K!OJc!/.)6+3,'K!4Jc!2,8835K!UJ!NJc!9A.,'K!PJ!2Jc!b.+MK!CJ!UJ!
n).'+,+.+,=3!,;.<,'<!.66.@!D-5!"N 0E.77.!P!')*83.5!+5.'68-*.+,-'!,'!75,;.5@!A);.'!
;.*5-7A.<36J! Journal  of  Immunological  Methods  329:1r` 0%SSc!%SSjJ!

u1_Sv! ^)-K!CJ!$Jc!L,'*3'+K!$J!UJ!23+.88-7-57A@5,'6!,'A,?,+!',+5,*!-V,(30(373'(3'+!*:2>!
D-5;.+,-'! ,'!=,=-J! European  Journal  of  Pharmacology-­‐‑Molecular  Pharmacology  Section  
267:%_T0%_]c!1rr`J!

u1_1v! 45.E6A38K!:J!2Jc!$8)66K!>J!2Jc!2.,'36K!2J!CJ!9-;7.5.+,=3!3DD3*+6!-D!+,'0
75-+-7-57A@5,'!.'(!M,'* 075-+-7-57A@5,'!-'!6+35-,(-<3'36,6G!+,'075-+-7-57A@5,'!,6!.!
7-+3'+!,'A,?,+-5!-D!*@+-*A5-;3!70̀ \S 0(373'(3'+!.*+,=,+,36!,'!+A3!5.+!.(53'.86J! Pediatric  
Research  31:1r_0%S1c!1rr%J!

u1_%v! >-66K!bJ!CJc!4-'3<.Y.K!$J!/3;3!-V@<3'.63!1!,6!53R),53(!D-5!;.;;.8,.'!,5-'!
53)+,8,M.+,-'J!Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of  America  
94:1Sr1r01Sr%`c!1rr]J!

u1_Tv! 4M,;.K!$Jc!L,*+-5.+-6K!>Jc!b5.',(,-+,K!bJc!I83V,-)K!2Jc!b-88,.6K!:J!2@38-,(!A3;3!
-V@<3'.6301!53<)8.+36!,''.+3!,;;)',+@!.'(!.)+-,;;)',+@!?@!;-()8.+,'<!&N" 0?3+.!
75-()*+,-'J! Journal  of  Experimental  Medicine  206:11_]011]rc!%SSrJ!

u1_`v! $,-)(K!2J!>5-;,636!.'(!*A.883'<36!,'!(3=38-7,'<!U"I,!.6!.!5363.5*A!+--8!.'(!
+A35.7@J!Methods  Mol  Biol  703:1]T01j]c!%S11J!

u1_\v! I?5.;6K!2J!4Jc!b-635K!2J!^Jc!$3,+M35K!OJc!B,88,.;6K!$J!9Jc!C,>,3+5-K!2J!IJc!B.'<K!
BJc!$A.YK!IJ!BJc!2.-K!sJc!O.(A.=K!LJc!C.=,(3K!OJ!>Jc!P)5E3K!>J!IJc!$.*A6K!IJ!PJc!$+,5(,=.'+K!
$J!2Jc!$3770̂ -53'M,'-K!^J!Q=.8).+,-'!-D!3DD,*.*@K!?,-(,6+5,?)+,-'K!.'(!,'D8.;;.+,-'!D-5!.!
7-+3'+!6,U"I!'.'-7.5+,*83G!3DD3*+!-D!(3V.;3+A.6-'3!*- 0+53.+;3'+J!Mol  Ther  18:1]101jSc!
%S1SJ!
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u1__v! ^,K!9J!sJc!>.5E35K!IJc!23'-*.8K!QJc!s,.'<K!$Jc!P-5-(@.'6E@K!^Jc!N5)3A.)DK!OJ!/J!
C38,=35@!-D!U"I!,'+35D353'*3J!Cell  Cycle  5:%1ST0%1Src!%SS_J!

u1_]v! >355388.K!2J!IJc!>.++356-'K!9Jc!4.'K!^Jc!e3+K!$J!NJc!/6,3AK!9J!2Jc!e-6A,M);,K!2Jc!^33K!
2J!QJ!$)775366,-'!-D!,'+3583)E,'01!?3+.0,'()*3(!',+5,* 0-V,(3!6@'+A.63!
75-;-+35Z3'A.'*35!.*+,=,+@!?@!+5.'6D-5;,'<!<5-Y+A!D.*+-50?3+.!1!,'!=.6*)8.5!6;--+A!
;)6*83!*3886!0!Q=,(3'*3!D-5!;3*A.',6;6!-+A35!+A.'!"N 0E.77.!PJ!Journal  of  Biological  
Chemistry  271:1T]]_ 01T]jSc!1rr_J!

u1_jv! 9A3'K!eJ!/Jc!^.@'3K!2J!CJc!9A)'<K!$J!BJc!Q[,;.K!bJc!P.5-'K!UJ!2Jc!e3+K!$J!NJc!
>355388.K!2J!IJ!Q8E0T!,6!.!+5.'6*5,7+,-'.8!5375366-5!-D!',+5,*0-V,(3!6@'+A.63!%J!Journal  of  
Biological  Chemistry  278:Tr\]%0Tr\]]c!%SSTJ!

u1_rv! P.5-'K!UJ!2Jc!9.5=.[.8K!&J!2Jc!^,)K!sJ!^Jc!#E.?3K!UJ!#Jc!N53(3'?)5<AK!^J!QJc!2.*,.6K!
IJ!IJc!9A3'K!eJ!/Jc!Q[,;.K!bJc!^.@'3K!2J!CJc!>355388.K!2J!IJ!U3()*+,-'!-D!',+5,*!-V,(3!
6@'+A.63!%!3V75366,-'!?@!(,6+.;@*,'!I!,;75-=36!6)5=,=.8!D5-;!3'(-+-V3;,.J! Journal  of  
Immunology  173:`1`] 0̀1\Tc!%SS`J!

u1]Sv! 9A)K!$J!9Jc!2.5E60b-'*M.8,EK!OJc!B)K!/J!>Jc!P.'E6K!4J!9Jc!2-66K!OJ!I'.8@6,6!-D!+A3!
*@+-E,'306+,;)8.+3(!A);.'!,'()*,?83!',+5,*!-V,(3!6@'+A.63!W,"#$X!<3'3G!
*A.5.*+35,M.+,-'!-D!(,DD353'*36!?3+Y33'!A);.'!.'(!;-)63!,"#$!75-;-+356J! Biochem  
Biophys  Res  Commun  248:j]1 0j]jc!1rrjJ !

u1]1v! $A,+.5.K!/Jc!b.'3(.K!/Jc!$.+-K!IJc!&Y.6.E,K!bJc!/.@.6A,K!OJc!4.@.K!9Jc!e-'3E.Y.K!/J!
"-' 0,'=.6,=3!=,6).8,M.+,-'!-D!6735;!;,+-*A-'(5,.!?3A.=,-5!,'!+5.'6<3',*!;,*3!Y,+A!
,'+5-()*3(!<533'!D8)-536*3'+!75-+3,'!W:N>XJ!FEBS  Lett  500:] 011c!%SS1J!

u1]%v! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!I8,K!IJ!$Jc!U3@'-8(6K!9J!2Jc!B38+@0B-8DK!bJ!QJc!
>,.'+.(-6,K!9J!IJ!4A3!9#Z/#!6@6+3;!53=35636!,'A,?,+,-'!-D!;,+-*A-'(5,.8!?,-<3'36,6!
.'(!753=3'+6!;)5,'3!(-V-5)?,*,'!*.5(,-;@-7.+A@J! J  Clin  Invest  117:T]TS0T]`1c!%SS]J!

u1]Tv! B38+@0B-8DK!bJ!QJc!9.55.Y.@K!2J!$Jc!/).'<K!eJ!9Jc!$,;-'6-'K!$J!:Jc!b.'+5-YK!$J!
>Jc!>,.'+.(-6,K!9J!IJ!P.*+35,.8!75,;,'<!,'*53.636!8)'<!,'[)5@!,'!<5.; 0'3<.+,=3!6376,6J!Am  
J  Respir  Crit  Care  Med  158:_1S0_1rc!1rrjJ!

u1]`v! L53;.'K!/J!OJc!$+3=3'6-'K!CJ!bJ!/3;3!-V@<3'.63!.*+,=,+@!.6!;3.6)53(!?@!*.5?-' 0
;-'-V,(3!75-()*+,-'J! Analytical  Biochemistry  168:T10Tjc!1rjjJ !
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u1]\v! $)8,;.'K!/J!PJc!9.55.Y.@K!2J!$Jc!L386-5K!^J!BJc!C.@K!PJ!OJc!:A,-K!IJ!OJc!>,.'+.(-6,K!
9J!IJ!U.7,(!;+C"I!(383+,-'!?@!-V,(.'+6!,'!5.+!8,=35!;,+-*A-'(5,.!.D+35!A3;,'!3V7-6)53J!
Free  Radic  Biol  Med  32:%`_0%\_c!%SS%J!
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!
95@6+.8!2,*A383!B,+A356!Y.6!?-5'!-'!O)'3!1jK!1rj1!,'!98,'+-'K! 2C !.6!+A3! +̀A!-D!j!

*A,8(53'!-D!I5+A)5!$5J!.'(!2.5<.53+!U3@'-8(6J! $A3!<53Y!)7!,'!/.8,D.V!9-)'+@K! LI !

YA353!A35!7.53'+6!6+,88!536,(3J!ID+35!<5.().+,'<!D5-;!/.8,D.V!9-)'+@!/,<A!$*A--8!.6!t]!

,'!A35!*8.66K!6A3!;.+5,*)8.+3(!+-!"-5D-8E!$+.+3!F',=356,+@!W"$FX!,'!1rrr!Y,+A!.!D)88!

6*A-8.56A,7!+A5-)<A!+A3!C-M-53+M!".+,-'.8!&'6+,+)+3!D-5!2,'-5,+,36!,'!I778,3(!$*,3'*36!

WC"&2I$X!75-<5.;J!$A3!<5.().+3(!6);;.!*);!8.)(3!D5-;!"$F!Y,+A!.!PJ$J!,'!

9A3;,6+5@!>53023(,*,'3!,'!2.@!%SSTJ!ID+35!7.5+,*,7.+,'<!,'!+A3!>-6+0P.**.8.)53.+3!

U363.5*A!Q()*.+,-'!>5-<5.;!W>UQ>X!.+!C)E3!F',=356,+@K!6A3!6+.5+3(!;3(,*.8!6*A--8!.+!

C)E3!,'!%SS`J!$A3!+A3'!3'+353(!+A3!>.+A-8-<@!:5.().+3!75-<5.;!,'!I)<)6+!%SSjJ!$A3!

53+)5'3( !+-!+A3!$*A--8!-D!23(,*,'3! ,'!2.@!%S1T!+-!*-;783+ 3!A35!D,'.8!@3.5!-D!;3(,*.8!

6*A--8!.'(!<5.().+3!,'!2.@!%S1`J!$,'*3!?3,'<!.+!C)E3K!6A3!53*3,=3(!+A3! 23(,*.8!$*A--8!

N.*)8+@!B,=36!$*A-8.56A,7!W%SS\0%SS_XK!C3.'h6!4),+,-'!$*A-8.56A,7!D-5!23(,*.8!$*A--8!

W%SS`0%SSjXK!C)E3!Q'(-Y;3'+!N388-Y6A,7!.'( !O.;36!PJ!C)E3!N388-Y6A,7!D-5!:5.(!

$*A--8!W%SSj0%S11XK!.'(!+A3!F"9NZ235*E!:5.().+3!C,6635+.+,-'!N388-Y6A,7!W%S1%0%S1TX!

.6!Y388!.6!23;?35!-D!+A3!e3.5!.'(!C)E3!9A.7+35!-D!+A3!e3.5!D-5!+A3!$+)(3'+!".+,-'.8!

23(,*.8!I66-*,.+,-'!W%SS]XJ!$A3!A.6!-'3!D,56+!.)+A-5!7)?8,*.+,-'K!|" ,+5,*!-V,(3!6@'+A.630

%!,'()*+,-'!-7+,;,M36!*.5(,.*!;,+-*A-'(5,.8!?,-<3'36,6!.D+35!3'(-+-V3;,.} !u1T_v!.'(!,6!

.!*- 0.)+A-5!-'!j!-+A35!7.7356!D3.+)53(!,'! Am  J  Respir  Crit  Care  Med,  J  Biol  Chem,  J  Cell  Sci,  

Free  Radic  Biol  Med,  J  Mol  Cell  Cardiol,  Am  J  Physiol  Heart  Circ  Physio,  .'(! J.  Clin.  Invest.!


