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Abstract	

Background:	The	novel	 synthetic	 triterpenoid,	bardoxolone	methyl,	has	 the	ability	 to	

upregulate	 cytoprotective	 proteins	 via	 induction	 of	 the	 nuclear	 factor	 erythroid-2-

related	factor	2	(Nrf2)	pathway.	This	makes	it	a	promising	therapeutic	agent	in	disease	

states	characterized	by	dysregulated	oxidative	signalling.	We	have	examined	the	effect	

of	 a	 Nrf2	 activator,	 dihydro-CDDO-trifluoroethyl	 amide	 (DH404),	 a	 derivative	 of	

bardoxolone	 methyl,	 on	 post-infarct	 cardiac	 remodeling	 in	 rats.	 Methods/Results:	

DH404,	 administered	 from	 day	 2	 post	 myocardial	 infarction	 (MI:	 30	 min	 transient	

ischemia	 followed	 by	 reperfusion)	 resulted	 in	 almost	 complete	 protection	 against	

adverse	ventricular	remodeling	as	assessed	at	day	28	(left	ventricular	end-systolic	area:	

sham	0.14±0.01	cm2,	 	MI	vehicle	0.29±0.04	cm2	vs.	MI	DH404	0.18±0.02	cm2,	P<0.05)		;	

infarct	size	(21.3±3.4	%	MI	vehicle	vs.	10.9±2.3	%	MI	DH404,	P<0.05)	with	associated	

benefits	 on	 systolic	 function	 (fractional	 shortening:	 sham	 71.9±2.6%,	 MI	 vehicle	

36.2±1.9%	vs.	MI	DH404	58.6±4.0%,	P<0.05).	These	structural	and	functional	benefits	

were	 associated	with	 lower	myocardial	 expression	 of	 atrial	 natriuretic	 peptide	 (ANP,	

P<0.01	 vs.	 MI	 vehicle),	 and	 decreased	 fibronectin	 (P<0.01	 vs.	 MI	 vehicle)	 in	 DH404-

treated	MI	 rats	 at	 28	days.	 	MI	 increased	 glutathionylation	 of	 endothelial	 nitric	 oxide	

synthase	 (eNOS)	 in	vitro	 -	 a	molecular	 switch	 that	 uncouples	 the	 enzyme,	 increasing	

superoxide	 production	 and	 decreasing	 nitric	 oxide	 (NO)	 bioavailability.	 MI-induced	

eNOS	glutathionylation	was	substantially	ameliorated	by	DH404.	An	associated	increase	

in	 glutaredoxin	 1	 (Grx1)	 co-immunoprecipitation	 with	 eNOS	 without	 a	 change	 in	

expression	 was	 mechanistically	 intriguing.	 Indeed,	 in	 parallel	 in	 vitro	 experiments,	

silencing	 of	 Grx1	 abolished	 the	 protective	 effect	 of	 DH404	 against	 Angiotensin	 II-

induced	 eNOS	 uncoupling.	 	 Conclusion:	 The	 bardoxolone	 derivative	 DH404	

significantly	attenuated	cardiac	 remodeling	post	MI,	 at	 least	 in	part,	by	 re-coupling	of	
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eNOS	and	increasing	the	functional	interaction	of	Grx1	with	eNOS.	This	agent	may	have	

clinical	benefits	protecting	against	post	MI	cardiomyopathy.		

Graphical	abstract	

	

	

Highlights		

• The	bardoxolone	derivative	DH404	reduced	adverse	cardiac	remodeling	post	

myocardial	infarction	

• Oral	DH404	improved	markers	of	heart	failure	and	fibrosis	post	myocardial	

infarction		

• DH404	increased	functional	association	of	glutaredoxin	with	eNOS		

• Protection	against	eNOS	glutathionylation	is	a	new	mechanism	of	DH404	benefit	

• Bardoxolone	has	potential	therapeutic	role	in	ST	elevation	MI	patients	
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Introduction	

	 Ischemic	 heart	 disease	 remains	 the	 number	 one	 cause	 of	 death	 in	 adults	 [1].		

Major	 advances	 have	 been	 made	 in	 rapid	 restoration	 of	 epicardial	 blood	 flow	 to	

jeopardized	 myocardium	 at	 the	 time	 of	 coronary	 occlusion,	 substantially	 reducing	

mortality	 from	MI.	 	 However,	 adverse	myocardial	 remodeling	 post	MI	 contributes	 to	

substantial	morbidity	including	heart	failure	and	arrhythmia	[2].		

Reactive	 oxygen	 species	 (ROS)	 are	 known	 to	 play	 an	 important	 role	 in	 triggering	

molecular	signalling	events	that	drive	adverse	remodeling	post	MI	and	reperfusion	[3,	

4],	 	with	additional	contributory	 factors	 including	elevated	 intracellular	sodium	 levels	

[5],	 calcium	 dysregulation,	 endothelial	 dysfunction	 [6],	 mitochondrial	 dysfunction,	

inflammation	 and	 apoptosis	 [4].	 Initially,	 the	 production	 of	 ROS	 results	 from	 the	

reintroduction	of	molecular	oxygen	into	a	previously	ischemic	tissue.	Beyond	this,	ROS	

are	generated	from	damaged	components	of	the	mitochondrial	electron	transport	chain,	

from	 activation	 of	 cellular	 enzymes	 such	 as	 nicotinamide	 adenine	 dinucleotide	

phosphate	 (NADPH)	 oxidases,	 and	 uncoupled	 NO	 synthases	 and	 from	 neutrophil	

activation	[7].	Free	radicals	contain	an	unpaired	electron	and	are	highly	reactive	with	

cellular	 phospholipids	 and	 proteins.	 They	 are	 particularly	 disruptive	 to	 membrane	

proteins	 and	 ultrastructure	 [3],	 with	 their	 specific	 effects	 dependent	 on	 their	 site	 of	

production	and	cellular	compartmentalization.		

Despite	the	pathophysiological	role	of	ROS	in	MI	and	heart	failure,	trials	of	oxygen	free	

radical	 scavengers	 or	 general	 antioxidants	 have	 seen	 limited	 success.	 	 General	

antioxidant	 therapies,	 such	 as	 superoxide	 dismutase/catalase	 combinations	 [8,	 9],	 or	

vitamin	 E	 analogues	 [10],	 have	 failed	 to	 translate	 to	 clinically	 useful	 therapies	 that	

reduce	 cardiovascular	morbidity	 and	mortality.	This	 likely	 relates	 to	 their	 inability	 to	
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alter	the	focal	concentration	of	ROS	in	cellular	micro	domains,	such	as	caveolae,	during	

key	cellular	signalling	events.		

Bardoxolone	methyl	 is	 an	 orally	 available	 synthetic	 triterpenoid	 that	 belongs	 to	 a	 so-

called	 class	 of	 drugs	 ‘antioxidant	 inflammation	 modulators’.	 These	 drugs	 have	 the	

potential	 to	 overcome	 the	 limitations	 of	 previously	 trialed	 antioxidant	 strategies,	 by	

their	 ability	 to	 enhance	 endogenous	 cellular	 protective	mechanisms.	 They	 are	 among	

the	most	potent	activators	of	Nrf2	[11].	Through	their	interaction	with	cysteine	residues	

on	 Kelch-like	 erythroid	 cell-derived	 protein	with	 CNC	 homology-associated	 protein	 1	

(Keap1),	 bardoxolone	 methyl	 and	 similar	 triterpenoids	 facilitate	 the	 nuclear	

translocation	of	Nrf2	[12,	13].	This	results	in	Nrf2	complexes	binding	to	regulatory	gene	

regions	 called	 antioxidant	 response	 elements	 (ARE)	 [14,	 15]	 leading	 to	 the	 up-

regulation	 of	 numerous	 antioxidant	 and	 anti-inflammatory	 proteins	 [16].	 In	 addition,	

bardoxolone	is	a	potent	 inhibitor	of	the	nuclear	factor-kB	inflammatory	pathway	[17].		

These	 cellular	 benefits	 have	 led	 to	 extensive	 preclinical	 and	 clinical	 studies	 of	

bardoxolone	 in	 chronic	 kidney	 disease,	 including	 a	 positive	 phase	 2	 clinical	 trial	 in	

patients	 with	 advanced	 chronic	 kidney	 disease	 [18].	 	 However,	 the	 effects	 of	

bardoxolone	 in	 the	 heart	 have	 not	 been	 studied	 in	 detail.	 One	 of	 the	 few	 published	

articles	on	the	cardiovascular	effects	of	Nrf2	upregulation,	used	an	alternative	synthetic	

triterpenoid	 derivative,	 DH404.	 This	 study	 demonstrated	 that	 DH404	 suppressed	

angiotensin	 II	 (AngII)-induced	 oxidative	 stress	 in	 cultured	 cardiomyocytes	 [19].		

Another	 showed	 that	 pressure	 overload-induced	 heart	 failure	 can	 be	 alleviated	 by	

DH404	 [20].	 In	 this	 study,	 we	 have	 examined	 the	 effects	 of	 Nrf2	 activation	 via	 the	

administration	of	DH404	on	ischemic	ventricular	remodeling	in	a	rat	model	of	MI.		
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Methods 

Animal	studies	and	MI	model:		The	 study	was	 approved	 by	 the	Northern	 Sydney	 Local	

Health	District	Animal	Ethics	Committee	(approval	number	1210-016A)	and	conforms	

to	 the	National	Health	and	Medical	Research	Council	of	Australia's	Code	of	Practice	for	

the	Care	and	Use	of	Animals	for	Scientific	Purposes.	Experiments	were	performed	in	male	

Sprague	Dawley	rats	(250-350	g).	 

	

MI	model	in	rats	

To	mimic	 the	clinical	 scenario	of	primary	percutaneous	 intervention	 for	ST	elevation	

MI	(STEMI),	a	model	of	transient	coronary	ligation,	followed	by	reperfusion	was	used.	

Initial	studies	demonstrated	that,	even	with	2	days	preloading,	DH404	had	no	effect	on	

MI	size	2	days	post-MI,	when	measured	by	infarct	area	normalized	to	the	area	at	risk	by	

Evan’s	blue	stain	(data	not	shown).	Given	this	result,	and	the	fact	that	it	is	not	practical	

in	the	clinical	situation	to	administer	a	potentially	protective	agent	for	the	days	prior	to	

an	MI,	we	focused	on	the	potential	therapeutic	effect	of	DH404	in	the	remodeling	phase	

from	day	 2	 to	 28	 post	MI.	 Rats	were	 anaesthetized	with	 2%	 isoflurane	 vaporized	 in	

oxygen,	 delivered	 via	 a	 nose-cone	 at	 1.0	 l/min.	 Endo-tracheal	 intubation	 was	

performed	 using	 a	 16-gauge	 intravenous	 catheter	 after	 direct	 visualization	 of	 the	

vocal	 cords	and	 ventilation	was	applied	 (80	 breaths/min	 tidal	 volume;	 1.5	ml/100	 g	

body	weight)	 using	 a	 small	 animal	 ventilator.	 The	 chest	 was	 opened	 at	 the	 left	 5th	

intercostal	 space	 with	 the	 incision	 parallel	 to	 the	 ribs,	 exposing	 the	 heart.	 The	

pericardium	 was	 opened,	 taking	care	not	 to	 injure	 the	epicardium.	The	 left	 coronary	

artery	(LCA)	was	visualized	and	ligated	using	a	5/0	Prolene	suture,	which	was	passed	

through	the	myocardium	deep	to	the	vessel	as	described	previously	[21],	and	secured	
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~2	 to	 3	mm	 distal	 to	 the	 junction	 of	 pulmonary	 artery	 and	 left	 atrial	 appendage	 to	

create	 transient	 ligation.	After	30	minutes	 the	 ligature	was	released	and	an	18-gauge	

intravenous	 chest	 tube	 used	 to	 create	 negative	 intra-thoracic	 pressure.	 The	 animals	

were	 then	 hyperventilated	 to	 assist	 in	 lung	 reflation	 prior	 to	 final	 chest	 closure	

with	 layered	 sutures.	 Lignocaine	 (10mg/kg	 i.m)	was	administered	pre-surgery	and	2	

hours	post-surgery	to	assist	in	preventing	arrhythmias.	 In	the	 sham	 procedure	 group,	

the	 suture	was	passed	 underneath	 the	 LCA	 but	 not	 tightened.	 Rats	were	 allowed	 to	

recover,	 with	 administration	 of	 buprenorphine	 (0.1	 mg/kg,	 s.c.)	 as	 required	 and	

ampicillin	(100mg/kg,	s.c)	at	the	end	of	surgery.	Rats	were	culled	at	28	days	post	MI.			

	

DH404	preparation	and	dosing:		DH404	was	dissolved	 in	 sesame	oil	 and	administered	

daily	via	oral	gavage	at	10	mg/kg/day	for	26	days	from	the	second	day	post	MI.	Vehicle	

controls	 received	 sesame	 oil	 only.	 The	 dosage	 and	 frequency	 was	 based	 upon	

experience	of	REATA	pharmaceuticals	in	rodent	dosing	of	DH404.	

	

Echocardiography:	Animals	underwent	echocardiography	measurements	1	day	prior	to	

commencement	of	DH404	treatment,	immediately	before	the	surgical	procedure	and	 at	

2,	 7,	 14	 and	 28	 days	 post-surgery.	 Anesthesia	 was	 induced	 using	 vaporized	 2%	

isoflurane	and	maintained	using	 a	nose-cone.	Parasternal	short	axis	views	of	the	left	

ventricle	 (LV)	 were	 recorded	 and	 used	 to	 calculate	 LV	 systolic	 and	 diastolic	

dimensions	and	LV	ejection	 fraction	as	 indexes	of	 cardiac	remodeling	 in	 response	 to	

MI.	

	

Assessment	of	MI:	Heart	 sections	 (5	 μm)	 from	 five	 levels,	 sectioned	 on	 the	 short	 axis	

were	 stained	 with	 Milligan’s	 trichrome	 and	 imaged	 using	 light	 microscopy.	 	 The	
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circumference	 of	 the	 fibrotic	 infarct	 area	was	measured	 using	 Image	 J	 software	 (NIH	

Image)	and	normalized	 for	 left	 ventricle	 size	as	previously	described	 [22].	Picrosirius	

red	staining	plus	polarized	light	microscopy	were	used	to	detect	collagen	and	this	was	

quantified	in	regions	of	interest	similar	to	the	Milligan’s	trichrome	stain	[23].	

	

Messenger RNA quantification.  Total	 RNA	 was	 isolated	 from	 whole	 heart	 homogenate	

using	Qiagen	RNA	extraction	minikit	(Qiagen,	Australia)	with	DNase	treatment	step	and	

quantified	using	nanodrop	 spectrophotometry	 (Thermofisher,	Australia).	 1	µg	of	RNA	

was	 converted	 to	 cDNA	 using	 Tetro	 cDNA	 synthesis	 kit	 (Bioline,	 Australia).	 For	

quantitative	 real-time	 polymerase	 chain	 reaction	 (PCR)	 template	 cDNA	was	 added	 to	

FastStart	 Universal	 SYBR	 Green	 Mastermix	 (ROX)	 with	 ANP	 (forward	 primer	 5’	

GAGGAGAAGATGCCGGTAG	 	 3’;	 reverse	 primer	 5’	 TCAGAGAGGGAGCTAAGTG	 3’),		

fibronectin	 (forward	 primer	 5’	 GGGATCAAAGGGAAACACAG	 3’;	 reverse	 primer	 5’	

AGACGGCAAAAGAAAGCAG	 3’)	 and	 qPCR	 was	 performed	 over	 40	 cycles	 using	

ABI7900HT	 (Applied	 Biosystems,	 Australia).	 Gene	 expression	 was	 normalized	 to	

expression	of	β-actin	(forward	primer	5’	CCCGCGAGTACAACCTTCT		3’;	reverse	primer	5’	

CGTCATCCATGGCGAACT	 3’)	 and	 analysed	 using	 2-ΔΔCt[24].	 Grx1	 (forward	 primer	 5’	

CTGTCAGCATGGCTCAGGAGT	 3’;	 reverse	 primer	 5’	 CCACAAATTCCAGGAGACCAC	 3’	

expression	 was	 detected	 by	 reverse	 transcriptase	 PCR	 using	 Superscript	 III	 ®	

(Invitrogen,	USA).	For	Nrf2	target	genes,	mRNA	was	quantified	as	previously	described	

using	 the	 Quantigene™	 Plex	 2.0	 assay	 from	 Affymetrix	 (Santa	 Clara,	 CA)	 [25].	 	 A	

modified	 multiplex	 panel	 (Catalog	 #	 331173)	 with	 targets	 designed	 against	 the	 rat	

genome	was	used.	 	A	description	of	the	panel	with	accession	numbers	can	be	found	at	

https://www.ebioscience.com/application/gene-expression/quantigene-plex-
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assay.htm.	 The	 mRNA	 expression	 data	 were	 standardized	 to	 the	 internal	 control	

ribosomal	protein	l19	(Rpl19)	and	presented	as	fold	the	mean	vehicle	control.			

	

Immunoprecipitation:	Hearts	 isolated	from	the	experimental	animals	were	snap-frozen	

and	homogenized	in	ice-cold	lysis	buffer	containing	150	mM	NaCl,	200	mM	Tris-HCl	(pH	

8.0),	 1%	Triton	X-100,	 0.5%	Deoxycholic	 acid,	 0.1%	SDS	 and,	 and	protease	 inhibitors	

(cOmpleteTM	EDTA-free,	Roche	Diagnostics).	500	μg	of	protein	 lysate	was	used	for	the	

co-immunoprecipitation	with	 eNOS	 by	 incubating	 samples	 with	 protein	 G	 dynabeads	

(1.5	 mg/ml,	 2.8	 μm	 beads,	 Thermofisher	 Scientific,	 Australia)	 conjugated	 with	 anti-

eNOS		antibody	(BD	Biosciences,	1	μg).	Samples	were	denatured	and	run	on	SDS-PAGE	

and	 transferred	 onto	 polyvinylidene	 fluoride	 membrane	 and	 the	 amount	 of	

glutathionylated	 eNOS	 was	 determined	 by	 immunoblotting	 under	 non-reducing	

conditions	 with	 anti-glutathione	 antibody	 (Virogen,	 1:500).	 Anti-fibronectin	 (BD	

biosciences,	 1:1000)	 and	 anti-Grx1	 (Abcam,	 1:500)	 were	 detected	 under	 reducing	

conditions.	Anti-glutathione	was	used	 for	detecting	 total	glutathionylation	under	non-

reducing	conditions	using	Licor	Odyssey	Western	blotting	with	fluorescent	anti-mouse	

secondary	antibodies.	H9C2	rat	cardiomyocytes	(ATCC,	Australia)	were	grown	to	~50%	

confluence	 in	 DMEM	 supplemented	 with	 10%	 fetal	 bovine	 serum	 and	

penicillin/streptomycin	 (50	 U/ml	 penicillin	 and	 0.5	 mg/ml	 streptomycin)	 before	

exposure	to	AngII	(500nmol/l)	and	either	vehicle	(0.01%	dimethyl	sulfoxide)	or	DH404	

(200	nmol/l)	for	24	hours.	Cells	were	lysed	in	NP-40	buffer	(NaCl	150	mmol/l,	Tris-Cl	

50	mmol/l,	pH	8.0,	NP-40	1%)	for	optimal	preservation	of	protein-protein	associations.	

500	μg	protein	lysate	was	used	for	eNOS-Grx1	co-immunoprecipitation	under	reducing	

conditions.	Lysate	was	also	incubated	with	mouse	IgG	as	a	negative	control	[26,	27].	
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NO	 and	 superoxide	 detection:	 Intracellular	 levels	 of	 nitric	 oxide	 in	 living	 cells	 were	

detected	using	4-Amino-5-Methylamino-2’,7’-Difluorofluoroscein	Diacetate	(DAF-FM;	1	

µmol/l)	and	O2.-	levels	were	detected	using	dihydroethidium	(DHE;	2	µmol/l)	according	

to	 manufacturer’s	 instructions	 (Thermofisher	 Scientific,	 Australia).	 H9C2	 cells	 were	

grown	 to	~50-70%	confluence	on	glass	 coverslips	before	 treatment	with	either	AngII	

(500	nmol/l)	 +	 0.01%	DMSO	vehicle	 or	AngII	 +	DH404	 (200	nmol/l)	 for	 24	 hours	 in	

DMEM	 medium	 with	 0.5	 %	 serum.	 Media	 was	 replaced	 with	 physiological	 saline	

solution	containing	2.5	mmol/L	calcium	chloride	and	DAF-FM	or	DHE	(in	presence	or	

absence	of	 superoxide	dismutase	mimetic,	MnTMPyP,	30	µmol/L)	was	 then	added	 for	

30	minutes	 in	before	cells	were	washed	and	 fixed	 in	4%	paraformaldehyde.	The	 fixed	

cells	 on	 coverslips	 were	 mounted	 on	 glass	 slides	 with	 ProLong	 Diamond	 Antifade	

Mountant	 with	 DAPI	 (Thermofisher	 Scientific,	 Australia).	 Confocal	 images	 were	

collected	with	a	40	x	oil	objective	(Leica	Microsystems,	Germany)	to	detect	DAF-FM	or	

DHE	staining	at	an	excitation/emission	maxima	of	495/515	nm	(DAF-FM)	or	518/605	

nm	(DHE).	In	some	experiments,	24	hours	prior	to	treatment	with	AngII	±	DH404,	cells	

were	 transfected	 with	 either	 rat	 non-specific	 siRNA	 (Mission®	 Universal	 negative	

control,	 Sigma	 Aldrich,	 Australia)	 or	 rat	 Grx1	 siRNA	 (SASI_Rn01_00108522;	 Sigma	

Aldrich,	Australia)	at	0.3	µmol/l	using	Lipofectamine	2000	transfection	reagent	(3.75	µg,	

Invitrogen,	USA)	in	OptiMEM,	according	to	manufacturer´s	recommendations.	For	each	

condition	6	fields	were	randomly	chosen	per	experiment	for	image	capturing	and	total	

fluorescence	 per	 field	 was	 quantified	 and	 normalized	 to	 cell	 number	 using	 Leica	

imaging	software.	 

Statistical	analysis:	 Data	 are	 expressed	 as	mean	 ±	standard	 error	 of	 the	mean	 (SEM).	

Calculations	were	performed	using	unpaired	Student’s	t-test	for	comparing	two	groups,	

or	 by	 one-way	 analysis	 of	 variance	 (ANOVA)	 with	 Bonferroni	 post-hoc	 analysis	 for	
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multiple	comparisons.	Data	not	normally	distributed	were	tested	using	non-parametric	

Mann-Whitney	 or	 Kruskal-Wallis	 with	 Dunn’s	 correction	 tests.	 	 A	 P	 value	 <0.05	 was	

considered	statistically	significant.		

	

Results	

Effect	of	DH404	on	ventricular	remodeling	post	MI	

We	examined	the	effect	of	DH404	on	ventricular	remodeling	using	a	rat	model	of	MI.	In	

our	 hands,	 temporary	 ligation	 of	 the	 LCA	 for	 30	 minutes	 results	 in	 a	 reproducible	

degree	of	MI	of	35.6±2.6	%	of	the	area	at	risk	two	days	post	MI	surgery.		This	resulted	in	

a	drop	in	fractional	shortening	at	the	mid-ventricular	level	from	64.7±2.4	%	pre-surgery	

to	50.5±2.7	%	2	days	post	MI	(n=16,	P=0.0005	Student’s	t-test).	At	this	point,	treatment	

with	DH404	or	vehicle	 commenced	and	 continued	 to	28	days	post	MI.	 	There	was	no	

effect	of	DH404	on	LV	dimensions	or	contractility	in	the	sham-treated	animals.	However,	

DH404	 exerted	 a	 protective	 effect	 on	 the	 post	 MI	 ventricular	 remodeling	 as	

demonstrated	by	improved	fractional	shortening	and	smaller	end-systolic	area	on	serial	

echocardiography	 compared	with	 vehicle-treated	MI	 rats	 (Figure	 1).	Whereas	 the	MI	

animals	receiving	vehicle	control	had	an	almost	doubling	of	the	end-systolic	area	by	day	

28,	those	receiving	DH404	were	resilient	to	this	increase	(Figure	1A,	B).	The	protective	

effect	 of	 DH404	 on	 end-systolic	 area	was	 significant	 from	 day	 14,	 greatest	 at	 day	 28	

(Figure	 1A,B);	 and	 was	 associated	 with	 almost	 complete	 return	 to	 pre-MI	 systolic	

function	(Figure	1E,F:	60.2	±	4.1%	at	day	28	vs.	pre-MI	of	64.3	±	4.5%;	vs.	36.2	±	1.9	%	

at	day	28	 in	vehicle-treated	MI	 rats).	End-diastolic	 areas	were	not	affected	by	DH404	

treatment	(Figure	1C,	D).	
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Figure	1.	Serial	echocardiographic	data	in	rats.	Systolic	area	(A,	B),	diastolic	area	(C,	D)	
and	fractional	shortening	(E,	F)	were	measured	before	and	serially	over	28	days	post-
surgery	 in	sham	(n=5-6)	and	rats	undergoing	MI	 (n=8)	with	DH404	or	vehicle.	Apical	
echocardiography	data	is	presented	on	the	left	panels	(A,	C,	E)	and	mid-ventricular	data	
on	the	right	(B,	D,	F).	Data	are	presented	as	mean	±	SEM.	Two-way	ANOVA	was	used	to	
determine	differences	between	sham	and	MI	(####P<0.0001	vs.	sham)	and	between	MI	
vehicle	and	MI	+	DH404	(*P<0.05,	***P<0.001).		
	

Effect	of	DH404	on	infarct	expansion	and	remodeling		

In	order	to	assess	the	effect	of	DH404	on	infarct	expansion,	we	examined	infarct	size	as	

a	 proportion	 of	 LV	 area	 at	 day	 28	 on	 Milligan’s	 trichrome	 stained	 sections.	 Heart	

weights	 (normalized	 to	 tibial	 length)	 were	 not	 different	 in	 any	 of	 the	 experimental	

groups.	Infarct	size	was	significantly	reduced	in	DH404-treated	animals	compared	with	
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vehicle-treated	MI	rats	(Figure	2A,	B).	Collagen	accumulation,	as	estimated	by	polarized	

light	microscopy	in	picrosirius	red	stained	sections,	substantially	increased	after	MI	but	

was	attenuated	by	DH404	treatment	(Figure	2C,	D).	

	

Figure	2.	Effect	of	DH404	on	infarct	size	at	day	28	post	MI	(n=4-5).	(A)	Representative	
images	 and	 (B)	 summary	 data	 for	 infarct	 size.	 (C)	 Representative	 images	 and	 (B)	
summary	analysis	of	picrosirius	red	stained	heart	sections	demonstrating	collagen	are	
shown	 Data	 are	 shown	 as	 mean	 ±	 SEM.	 *P<0.05,	 ***P<0.001	 versus	 MI	 +	 vehicle	 by	
Mann-Whitney	or	Kruskal-Wallis	tests;	####P<0.0001	vs.	sham.	
	

Fibronectin,	a	key	marker	of	fibrosis,	was	elevated	up	to	6-fold	in	the	myocardium	of	the	

MI	 group	 compared	 to	 sham-operated	 hearts.	 However,	 this	 increase	was	more	 than	

halved	 in	 the	 animals	 receiving	 DH404	 (Figure	 3A),	 with	 a	 similar	 trend	 also	 being	

observed	 in	 protein	 expression	 (Figure	 3B).	Markers	 of	 heart	 failure,	 ANP	 and	 sarco-

endoreticuloplasmic	 Ca2+	 ATPase	 2A	 (SERCA-2)	 expression	 [28]	 were	 increased	 and	

decreased	 respectively	 at	 day	 28	 post	 MI,	 and	 both	 were	 normalized	 by	 DH404	

treatment	(Figure	3C	and	D).	
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Figure	3.	mRNA	and	protein	expression	of	 fibronectin	 (A,B)	and	mRNA	expression	of	
ANP	(C)	and	SERCA-2	(D)	 in	heart	homogenates	 from	sham	and	MI	rats	(n=3)	treated	
with	vehicle	or	DH404.	Expression	was	normalized	to	beta-actin	and	expressed	relative	
to	 sham-vehicle	 group.	 Data	 are	 presented	 as	 mean	 ±	 SEM.	 Statistical	 analysis	 was	
performed	 by	 Kruskal-Wallis	 test.	 #P<0.05,	 ##P<0.01,	 ###P<0.001	 vs.	 sham	 vehicle,	
**P<0.01	vs.	MI	vehicle.	
	
	
	
Effect	of	DH404	on	redox	signalling	that	underpins	chronic	remodeling	post	MI	

Nrf2	 is	 a	 well-known	 master	 regulator	 of	 antioxidant	 enzymes	 via	 transcriptional	

regulation	 of	 the	 antioxidant	 response	 element	 [29].	 In	 preliminary	 studies	we	 found	

that	Nrf2	 activation	 resulted	 in	upregulated	mRNA	expression	of	 known	downstream	

antioxidant-associated	 targets	 including	 NAD(P)H:quinone	 oxidoreductase	 1,	 the	 GSH	

regulating	genes,	glutamate-cysteine	ligase	complex	catalytic	subunit	and	glutathione	S-
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transferase,	 	 thioredoxin	 (Trx)	 regulating	 genes	 (Trx1,	 Trx1	 reductase	 and	

peroxiredoxin)		and	sulfiredoxin	(Table1).		

Table	1.	mRNA	expression	in	Nrf2	target	genes	after	acute	DH404	administration	in	hearts	
of	rats	

Gene DH404 
(fold change) 

SEM P value 

NADPH quinone oxidoreductase 1 (Nqo1) 1.68 0.16 0.0028 

GCL catalytic subunit 2.17 0.08 <0.0001 

Glutathione S-transferase 1 1.98 0.17 0.0004 

Thioredoxin reductase 1 1.33 0.04 0.0001 

Peroxiredoxin 1.19 0.05 0.0107 

Thioredoxin 1 1.20 0.03 0.0005 

Sulfiredoxin 1 2.24 0.21 0.0002 

Data	=	mean	±	SEM,	presented	as	fold	change	from	vehicle-treated	rats;	n=	6	per	group.	

	

Given	 known	 Nrf-2	 dependence	 of	 enzymes	 involved	 in	 regulating	 glutathionylation	

[30],	we	examined	the	effect	of	DH404	administration	on	total	protein	glutathionylation	

detected	 by	 anti-glutathione	 in	 non-reduced	 rat	 heart	 homogenates.	 We	 found	 no	

difference	in	total	glutathionylation	across	any	of	the	treatment	groups	(Figure	4A,	B).	

However,	 we	 were	 particularly	 interested	 in	 glutathionylation	 of	 eNOS	 as	 this	 redox	

modification	 mediates	 eNOS	 uncoupling,	 resulting	 in	 a	 dramatic	 switch	 from	 NO	 to	

superoxide	 production	 [31,	 32]	 and	 is	 a	 strong	 candidate	 to	 play	 a	 role	 in	 ROS-

dependent	 adverse	 cardiac	 remodeling	 [33].	 	 While	 eNOS	 glutathionylation	 was	

detected	at	almost	double	the	pre	MI	levels	in	vehicle-treated	control	animals	at	day	28,	

this	increase	was	completely	abrogated	by	treatment	with	DH404	(Figure	4C,	D).			
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Figure	 4.	 Total	 glutathionylation	 (GSH)	 (A,	 B)	 and	 eNOS-specific	 (C,	 D)	
glutathionylation	(eNOS-GSS)	measured	by	immunoprecipitation	in	heart	homogenates	
from	sham	and	MI	vehicle	and	DH404	treated	rats	(n=3).	Data	presented	as	mean	±	SEM.	
Statistical	 analysis	 by	 Kruskal-Wallis	 test.	 *P<0.05	 vs.	 MI	 vehicle,	 #P<0.05	 vs.	 sham	
vehicle.	IP=	immunoprecipitate;	IB=	immunoblot.		
	
	
Given	 that	 eNOS	 glutathionylation	 has	 been	 reported	 to	 substantially	 reduce	 NO	

generation	 and	 augment	 superoxide	 production[31]	 and	 is	 increased	 after	 AngII	

treatment	[34],	we	investigated	the	role	of	DH404	on	NO	and	superoxide	production	in	

H9C2	 rat	 cardiomyocytes	 treated	 with	 AngII,	 to	 mimic	 the	 neurohormonal	

abnormalities	 seen	 in	 heart	 failure	 patients,	 or	 vehicle	 control.	 In	 these	 cells	 eNOS	

glutathionylation	followed	the	same	pattern	as	for	the	heart	tissue,	as	like	MI,	eNOS	GSS	

tended	to	increase	after	AngII	treatment	and	returned	to	baseline	after	DH404	but		this	

failed	 to	 reach	 statistical	 significance	 (eNOS:GSS	 fold	 change:	 vehicle	1.00±0.09,	AngII	

2.85±1.26,	AngII	+	DH404	1.65±0.50,	P>0.05	by	1-way	ANOVA,	n=6).	Importantly,	AngII	
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treatment	 caused	 an	 increase	 in	 superoxide	 production	 which	 was	 attenuated	 by	

DH404	(Figure	5A)	and	this	was	associated	with	reduced	NO	production	after	AngII	that	

was	restored	by	DH404	(Figure	5B).	

	
	

	

Figure	 5.	 	 Representative	 confocal	 images	 of	 cells	 showing	 superoxide	 production	 (A,	
red)	 and	NO	 production	 (B,	 green),	with	 cell	 nuclei	 shown	 by	DAPI	 stain	 (A,B,	 blue).	
DH404	attenuates	AngII-induced	superoxide	production	(C	),	and	this	was	confirmed	to	
be	superoxide,	rather	than	another	species	as	superoxide	dismutase	mimetic	MnTMPyP	
abolished	the	component	attributed	to	 increase	by	AngII	(D).	DH404	also	restores	NO	
production	 following	 NO-induced	 impaired	 NO	 generation	 (E)	 in	 H9C2	 rat	
cardiomyocytes	 (n=14-24	 experiments)	 .	 Data	 presented	 as	 mean	 ±	 SEM.	 Statistical	
analysis	 by	 one-way	 ANOVA.	 **P<0.01,	 ****P<0.0001	 vs.	 AngII;	 #P<0.05,	 ##P<0.01	 vs.	
vehicle.	
	

Mechanism	for	DH404	effects	on	eNOS	uncoupling	

Given	the	protective	effects	of	DH404	on	eNOS-GSS,	we	studied	expression	of	Grx1,	the	

enzyme	 akin	 to	 a	 phosphatase,	 which	 facilitates	 de-glutathionylation.	 DH404	

administration	did	not	significantly	alter	expression	of	Grx1	in	rat	hearts	at	28	days	post	

MI	(fold	change:	sham	vehicle	1.00±0.230,	MI	vehicle	0.97±0.10,	MI	DH404	1.06±0.20;	

n=3;	P>0.05	Student’s	 t-test).	Nevertheless,	 since	Grx1	activation	 is	currently	believed	
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to	occur	via	an	encounter	reaction,	 i.e.	by	translocation	to	 its	targets,	we	examined	the	

effect	 of	 DH404	 on	 eNOS-Grx1	 interaction	 by	 co-immunoprecipitation.	 eNOS-Grx1	

interaction	was	decreased	in	response	to	both	MI	(Figure	6A)	and	after	AngII	treatment	

in	 H9C2	 cardiomyocytes	 (Figure	 6B).	 DH404	 increased	 eNOS-Grx1	 interaction	

compared	with	vehicle	control	in	both	the	rat	heart	s	and	in	cardiomyocytes	(Figure	6).			

	

Figure	 6.	 Co-immunoprecipitation	 (IP)	 of	 eNOS	 and	 Grx1.	 	 eNOS	 immunoprecipitate	
was	 immunoblotted	 (IB)	 for	 Grx1.	 Densitometry	 data	 was	 normalized	 to	 eNOS	
expression	in	rat	hearts	(A,	n=3)	and	AngII-treated	H9C2	neonatal	rat	cardiomyocytes	
(B,	n=3)	in	the	absence	or	presence	of	DH404.	Data	are	shown	as	mean	±SEM.	Statistical	
analysis	 performed	 by	 Kruskal-Wallis	 test.	 *P<0.05	 vs.	 	 sham	 or	 vehicle,	 #P<0.05,	
##P<0.01	vs.	MI	or	AngII.	
	

To	 elucidate	 whether	 the	 DH404	 induced	 increase	 in	 eNOS-Grx1	 interaction	 was	

functionally	 involved	 in	 improved	 eNOS	 coupling,	 we	 investigated	 whether	 the	

augmented	 NO	 production	 post-DH404	 in	 rat	 cardiomyocytes	 was	 affected	 by	 Grx1	

knockdown.	 After	 transfecting	 cardiomyocytes	 with	 Grx1	 siRNA	 we	 confirmed	 Grx1	

knockdown	(KD)	by	~10-fold	reduction	 in	Grx1	protein	expression.	This	resulted	 in	a	
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reduction	 in	NO	generation	 compared	with	 control	 cells	 transfected	with	non-specific	

siRNA	(Figure	7),	suggesting	that	Grx1	 is	 involved	 in	the	de-glutathionylation	of	eNOS	

after	DH404	treatment.	

	

Figure	7.	The	augmented	NO	production	by	DH404	in	AngII-treated	H9C2	cells	(n=12-

24),	 transfected	with	non-specific	 (NS)	 siRNA,	was	abolished	 in	 cells	 transfected	with	

Grx1	siRNA	(Grx1	KD).	Data	presented	as	mean	±	SEM	and	analysed	by	one-way	ANOVA	

with	Bonferroni	post-hoc	analysis.	##P<0.01	vs.	vehicle,	**P<0.01	vs.	NS.	

	

Discussion	

In	 this	 study,	we	 have	 demonstrated,	 for	 the	 first	 time,	 that	 the	 oral	 bardoxolone	

analogue	DH404	 is	 protective	 against	 the	 chronic	 adverse	 remodeling	 occurring	 over	

the	 weeks	 post	 MI	 in	 a	 rat	 model.	 	 We	 have	 observed	 important	 functional	 effects	

against	infarct	expansion,	end-systolic	dimensions,	and	contractile	function.		The	finding	

that	 DH404	 protects	 against	 eNOS	 glutathionylation,	 the	 molecular	 switch	 of	 the	

enzyme’s	 uncoupling	 [31],	 suggests	 a	 new	 mechanism	 of	 benefit	 in	 ROS-dependent	

cardiovascular	 disease	 states.	 Overall,	 our	 results	 strongly	 support	 the	 therapeutic	

potential	 of	 DH404	 in	 protecting	 against	 post	 MI	 cardiomyopathy	 and	 heart	 failure,	
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which	 remains	 a	 major	 cause	 of	 morbidity	 despite	 advancements	 in	 primary	

percutaneous	coronary	intervention	and	early	reperfusion	for	acute	MI.			

Despite	the	known	role	of	ROS	in	heart	failure,	general	antioxidants	such	as	Vitamin	E	

have	 failed	 to	 demonstrate	 clinical	 benefit	 in	 large	 trials	 [35].	 	 This	 is	 partially	

attributable	to	difficulties	of	such	supplements	to	penetrate	cellular	micro	domains	that	

are	home	to	tightly	regulated	redox	signaling.	The	caveolae	are	an	excellent	example	of	

this.	 These	 flask-like	 invaginations	 of	 the	 plasma	 membrane	 provide	 a	 structural	

platform	 for	 regulated	 function	 of	membrane	 proteins	 [36].	 The	 enrichment	 of	 these	

micro	 domains	 with	 eNOS	 and	 NADPH	 oxidase	 facilitates	 receptor-coupled	

physiological	signalling	by	these	enzymes.		However,	in	pathophysiological	states,	it	also	

allows	 focal	 dysregulated	 ROS	 production	 that	 can	 inhibit	 the	 function	 of	 important	

membrane	proteins	that	co-localize	in	caveolae	such	as	ion	channels,	the	Na+-K+	pump	

[36,	37]	and	eNOS	[31].	We	hypothesized	that	Nrf2	activation	by	DH404	may	influence	

redox-mediated	 dysregulation	 of	 caveolar	 proteins	 during	 the	 remodeling	 phase	 post	

MI,	 and	 focused	 on	 eNOS	 as	 both	 a	 sensor	 and	 effector	molecule	 in	 redox-dependent	

signalling	 cascade	 [38].,	 We	 report,	 for	 the	 first	 time	 to	 our	 knowledge,	 that	 MI	 is	

associated	with	marked	elevations	in	eNOS	glutathionylation,	a	molecular	event	highly	

likely	to	contribute	to	redox-dependent	adverse	remodeling.		DH404	protection	against		

eNOS	 glutathionylation	 and	 uncoupling	 may	 be	 key	 in	 its	 beneficial	 effects	 against	

adverse	remodeling	since	this	molecular	switch	is	causally	associated	with	an	increase	

in	NO	bioavailability,	 and	a	 reduction	 in	 superoxide	 levels;	 shifting	 the	equilibrium	 in	

NO/redox-dependent	 signaling	back	 towards	physiological	 levels	 (Figure	8).	Although	

not	 directly	 tested	 in	 this	 study,	 we	 predict	 that	 this	 occurs	 within	 the	 caveolae,a	

signalling	compartment	that	has	over	200	redox-sensitive	proteins,	many	of	which	are	
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either	 ion	 channels	 or	 pumps,	 or	 are	 critical	 to	 a	 multitude	 of	 cellular	 signaling	

pathways	[39].	

	

Figure	 8.	 Summary	 of	 the	 new	 mechanism	 contributing	 to	 the	 protective	 effect	 of	
DH404	 against	 redox-mediated	 adverse	 remodeling	 post	 MI,	 as	 suggested	 by	 our	
current	 study.	 	 Myocardial	 remodeling	 post	 MI	 is	 mediated	 by	 dysfunctional	 redox	
signaling.	The	uncoupling	of	eNOS,	mediated	by	glutathionylation	(eNOS-GSS)	results	in	
increased	 superoxide	 (O2·-)	 and	 decreased	 NO,	 and	 is	 a	 likely	 contributor	 to	 ROS-
mediated	 remodeling.	 Nrf2	 activation	 by	 DH404	 results	 in	 increased	 co-
immunoprecipitation	 of	 Grx1	 with	 eNOS,	 and	 an	 associated	 decrease	 in	 eNOS-GSS.		
Although	 the	 mechanism	 for	 this	 remains	 to	 be	 elucidated,	 we	 postulate	 that	 this	
signaling	event	plays	an	important	role	in	the	protective	effect	of	DH404	on	myocardial	
remodeling	post	MI	injury.		
	

Although	we	clearly	demonstrate	that	DH404	protects	against	eNOS	glutathionylation	in	

the	myocardium	undergoing	remodeling,	 the	mechanism	for	this	was	not	 immediately	

obvious.	 DH404	 activates	 Nrf2,	 which	 is	 under	 regulatory	 control	 by	 the	 repressor	

molecule,	 Keap1.	 However	 when	 stimulated	 by	 bardoxolone,	 Nrf2	 undergoes	

translocation	 to	 the	 nucleus	 where	 it	 transcriptionally	 regulates	 ARE	 [14,	 15].	 This	
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ultimately	 leads	 to	 the	 up	 regulation	 of	 a	 panel	 of	 redox-sensitive	 genes,	 such	 as	

Nqo1[40,	41],	sulfiredoxin[42],	Gstp1[41]	and	Grx1[40].	Although	these	enzymes	are	all	

known	 to	 have	 a	 role	 in	 cellular	 redox	 status,	 the	 specific	 role	 of	 these	 enzymes	 in	

protecting	 caveolar	 proteins	 from	 pathophysiological	 ROS	 is	 not	 well	 understood.		

Indeed,	 Grx1,	 the	most	 valid	 candidate	 for	 decreasing	 glutathionylation,	 is	 classically	

considered	a	cytosolic	enzyme.		However,	we	and	others	have	previously	demonstrated	

it	 to	 interact	 with	 and	 deglutathionylate	 two	 resident	 caveolar	 proteins,	 the	 Na+-K+	

pump	 [27,	 43,	 44]	 and	 eNOS	 [31,	 32,	 45].	 	 The	 mechanism	 of	 regulation	 of	 Grx1	

translocation	and	interaction	with	caveolar	proteins	is	poorly	understood.		

Although	we	found	no	significant	increase	in	Grx1	expression	to	explain	the	protection	

against	 MI-induced	 eNOS	 glutathionylation,	 oral	 DH404	 increased	 the	 co-

immunoprecipitation	of	Grx1	with	eNOS.	This	reflects	enhanced	 functional	 interaction	

of	 Grx1	 to	 its	 caveolar	 target.	 	 Glutaredoxin	 is	 known	 to	 deglutathionylate	 eNOS,	

facilitating	 NO	 production	 [32,	 45].	 The	 role	 of	 Grx1	 in	 DH404	 protection	 of	 eNOS	

glutathionylation	 and	uncoupling	was	 strongly	 supported	by	data	 from	a	 reductionist	

cell	 culture	 model.	 	 Here,	 the	 ability	 of	 DH404	 to	 reverse	 AngII	 induced	 eNOS	

uncoupling	in	H9C2	cardiomyocytes	was	lost	by	silencing	Grx1.	Together	our	data	point	

to	a	new	mechanism,	for	DH404	to	protect	the	myocardium	via	enhancing	the	functional	

interaction	 of	 glutaredoxin	 with	 eNOS	 and	 decreasing	 glutathionylation.	 	 The	

reestablishment	 of	NO/superoxide	 balance	 during	 the	 recovery	 phases	 post	MI	 likely	

contributes	to	the	observed	protective	effect	of	DH404.	

In	 addition	 to	 the	 new	 molecular	 mechanistic	 insights	 unraveled	 in	 this	 study,	 it	 is	

important	to	consider	the	implications	of	the	functional	findings	for	clinical	translation	

and	 potential	management	 of	 heart	 failure	 in	 post	MI	 patients.	 DH404	 had	 profound	

effects	 in	 protecting	 against	 the	 increase	 in	 LV	 end-systolic	 dimensions	 in	 the	



	 24	

remodeling	 period.	 End	 systolic	 dimensions	 are	 recognized	 as	 one	 of	 the	 most	

important	 surrogate	 markers	 in	 human	 clinical	 trials	 post	 MI,	 and	 are	 powerful	

predictors	 of	 mortality	 [46].	 	 The	 associated	 improvements	 in	 fractional	 shortening,	

ANP	 and	 fibronectin	 expression,	 and	 the	 trend	 to	 attenuated	 remodeling-induced	

SERCA-2	expression	[47],	all	support	the	functional	benefits.	SERCA-2	is	also	recognized	

as	being	sensitive	 to	post-translational	modification	by	glutaredoxin	 [48]	however	we	

did	not	address	this	in	this	study.	The	translational	potential	of	the	findings	in	this	study	

are	 particularly	 enticing	 given	 the	 substantial	 clinical	 incidence	 of	 heart	 failure	 in	

patients	surviving	MI,	as	well	as	the	current	availability	of	Nrf2	activating		therapies	for	

human	trials	[18,	49].		

	

A	 valid	 consideration	 regarding	 the	 potential	 application	 of	Nrf2	 activation	 to	 human	

heart	 failure	post	MI	 is	 the	observation	 in	 the	Phase	3	BEACON	Trial	of	patients	with	

diabetes	and	stage	4	renal	failure	that	bardoxolone	methyl	was	associated	with	a	higher	

rate	 of	 heart	 failure	 events	 (occurring	 in	 8.8%)	 compared	with	 placebo	 (occurring	 in	

5.0%)	 [49].	 Two	 major	 risk	 factors	 were	 shown	 to	 predict	 heart	 failure	 events	 in	

BEACON	study:	baseline	BNP>200	pg/ml	and	previous	hospitalization	for	heart	failure	

[50].	 Intriguingly,	 this	appears	to	result	 from	a	reduction	 in	urine	volume	and	sodium	

excretion	 in	 the	 early	 weeks	 after	 commencing	 therapy,	 consistent	 with	 preclinical	

studies	 that	 had	 demonstrated	 an	 effect	 of	 bardoxolone	 methyl	 in	 modulating	

endothelin	expression	 in	 the	kidneys	 [50]	 [51],	 and	 is	 independent	of	Nrf2	 signalling.	

This	postulated	mechanism,	impacting	negatively	on	a	very	select	population	of	patients	

identified	 to	 be	 at	 high	 risk	 of	 decompensated	 heart	 failure	 after	 small	 alterations	 in	

sodium	excretion,	does	not	preclude	a	possible	direct	beneficial	 effect	of	bardoxolone	

methyl	 or	 related	 compounds	on	 redox-dependent	myocardial	 remodeling	 in	patients	
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with	normal	 renal	 function.	 Importantly,	 in	patients	not	 susceptible	 to	 fluid	overload,	

the	risk	of	bardoxolone–precipitated	heart	failure	was	similar	to	controls	(2%)	[50].		

	

Since	 the	premature	 termination	of	 the	BEACON	study	due	to	 the	higher	rate	of	heart	

failure	 events,	 a	 number	 of	 other	 disease	 populations	 have	 received	 Bardoxolone	

methyl,	 or	 its	 close	 structural	 analogue	 RTA	 408	 in	 Phase	 II	 studies	 [52],	 including	

pulmonary	 hypertension	 (NCT02036970),	 where	 initial	 results	 are	 promising	 	 and	

Phase	 III	development	 is	being	 initiated	with	bardoxolone	methyl	 [53],	 and	with	RTA	

408	 for	 mitochondrial	 myopathy	 (NCT02255422),	 Friedrich’s	 ataxia	 (NCT02255435)	

[54],	or	radiation-induced	tissue	damage	during	cancer	chemotherapy	(NCT02142959)	

[54].	 	 In	 these	populations,	 less	 susceptible	 to	 subtle	 changes	 in	 sodium	excretion,	no	

issues	 with	 heart	 failure	 have	 been	 raised.	 Thus,	 it	 seems	 that	 our	 findings	 may	 be	

translated	 to	 human	 studies	 in	 the	 population	 of	 patients	with	 impaired	 LV	 function	

post-ST	elevation,	excluding	those	with	significant	renal	dysfunction.			

	

In	 conclusion,	 the	Nrf2	 activator,	 DH404	was	 protective	 against	 infarct	 expansion	

and	maladaptive	remodeling	post	MI	in	rats	when	administered	from	day	2	post	injury.	

The	 associated	 decrease	 in	 redox	 modification	 of	 eNOS	 in	 DH404-treated	 animals	

suggests	that	the	agent	is	able	to	protect	against	dysregulated	oxidative	signaling	in	the	

caveolae	 micro	 domain	 in	 a	 manner	 that	 may	 benefit	 functionally	 important,	 redox-

sensitive	membrane	biomolecules.	This	study	provides	a	rationale	for	further	studies	in	

pre-clinical	models	 and	human	studies	where	 cardiac	 remodeling	post	MI	 remains	an	

undertreated	major	problem.	
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