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Ischemia Reperfusion Injury (I/R)

hypoxia

Reperfusion
(O2 , H2O2)
.-

mitochondrial disruption apoptosis, autophagy, necrosisnormoxia

Hypoxic Conditioning
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Reperfusion
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.-

mitochondrial disruption apoptosis, autophagy, necrosisnormoxia
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Ischemia Reperfusion Injury (I/R) and Hypoxic Conditioning

Stimulus Transduction Activation Effector Response



H2S protection in ischemia reperfusion injury (I/R)

I/R (Perconditioning?)
Heart: mouse, rat, pig
Kidney: mouse, rat
Brain: rat
Liver: mouse

Preconditioning
Heart: mouse, rat
Kidney: mouse
Brain: rat
Liver: mouse, rat
Retina: rat
Heart and kidney: human N-acetylcysteine prior to angioplasty

Postconditioning
Heart: rat, pig
Skeletal muscle: mouse
Intestine: rat
Remote conditioning?
Liver ischemia, heart and kidney protected: rat

Nutrient conditioning?
Liver ischemia, heart and kidney protected: mouse, C.elegans, others



Ischemia Reperfusion Injury (I/R) and H2S Conditioning

Stimulus Transduction Activation Effector Response
Anti-oxidant enhances GSH formation, free radical scavenger
Anti-inflammatory suppresses leukocyte adherence/infiltration & edema
Anti-apoptotic nuclear localization of Nrf2, phosphorylation of PKC,

activates STAT-3 cascade, upregulates Bcl-2 & Bcl-xL, 
downregulates Bad, sulfhydrates Nf-B

ER Stress sulfhydrates (inactivates) protein tyrosine phosphatase thereby 
protecting protein kinase-like ER kinase

Pro-apoptotic
Smooth muscle relaxation/contraction (vascular, airway, GI/pulmonary)
Angiogenic (VEGF, Akt phosphorylation, endothelial function)
Suppresses insulin release
Neuronal signaling stimulates Ca influx in neurons and astrocytes,

long-term memory potentiation (hippocampus), NMDA receptor signaling,
nociceptor signaling

Channels/transporters (KATP BCa, TRP, TASK, Ena, L-type Ca, V-ATPase, etc)
Bacterial antibiotic resistance suppresses DNA breaks and inc catalase and SOD

Elrod et al., PNAS 
104: 15560, 2007



Ischemia Reperfusion Injury (I/R) and H2S Conditioning

Stimulus Transduction Activation Effector Response

H2S “hormetic” couple between O2

and activation/effector response
In both I/R and Conditioning

Olson et al AJP 298:R51, 2010

H2S is constitutively produced by all tissues but consumed by O2

Bovine pulmonary artery

time (min)

M
 s

ul
fi
de

 o
r 

O
2

0

1.0

2.0

3.0
sulfide
O2

0 10 20 30 40

air
NO H2O2

H2S O2



Ischemia Reperfusion Injury (I/R) and H2S Conditioning

Stimulus Transduction Activation Effector Response

H2S “hormetic” couple between O2

and activation/effector response

Olson et al AJP 298:R51, 2010

H2S is constitutively produced by all tissues but consumed by O2

Sea lion pulmonary arteryBovine pulmonary artery
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1. Chemistry/Biochemistry

2. Signaling

3. Evolution 

4. ROS or RSS?

5. Sulfide Donating Compounds

How does sulfide (H2S, HS-, S2-)
transduce the hypoxic signal?



H2S   Chemistry

H2S     H++HS- S2-+H+

pK 7.0 >12
3.pH

1.Volatile: t1
2/

5 min tissue culture, 3 min myograph, 
Langendorff ~1 circulation

2.Water & Lipid soluble Plasma (7.4):

Cytosol (6.9):

Mitochondrion (8.0):

Golgi (6.5):

Lysosome (4.7):

HS-/H2S

3.2

1

12.6

0.3

0.006
4.Reactivity (redox)

DeLeon et al., 2012 Anal.Biochem. 421:203, 2012;
Olson, Antioxid.Redox Signal. 17: 32, 2012
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cytosol
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Olson, Antioxid.Redox Signal. 2014 (in press)

CSB: cystathione -synthase
CSE: cystathione -synthase
3-MST: 3-mercaptopyruvate synthase

H2S metabolism L-Cystine

L-Cystine

glutamate

9
(extracellular)

(intracellular)

CSE

CSE
H2S(2-4)



H2S signaling

…or inhibits it

reversibly

Fe2+ heme a3

CuB
Cu2+O2

H2S

Elevated H2S
(10-50 M)

Reduces Fe3+

ATPX

Fe3+ heme a3

CuB
Cu+O2

H2S

or irreversibly

High H2S
(>50 M)

Reduces Cu2+

ATPX

1. As a Metabolic Regulator

Fe3+ heme a3

CuB
Cu2+

O2 H2O

Cytochrome c oxidase

Low H2S
(<10 M)

H2SO4

2e-
ATPQ III

H2S stimulates ATP production...

e-

C



2. As an anion (HS-) 
A. antiporters (Na-HCO3-Cl, HCO3-Cl 

B. symporters: (Na-K-2Cl)

C. channels (Cl-)

B. Reaction with ONOO-

(Filipovic et al Biochem J 441:609, 2012)

H2S + ONOO- HSNO2 + OH- HSO. .NO+

4. H2S interactions with H2O2
H2S + H2O2 2H2O + S0 (Olson et al Nitric Oxide 41:11, 2012)

3. H2S interactions with N
A. Novel S-nitrosothiol

H2S.NO+ SNO (Filipovic et al., J Am Chem Soc 134:12016, 2012)

C. Reaction with NO2
-

H2S + NO2
- HSNO + OH- HSNO + HS- HNO + HSSH

(Miljkovic et al. Angew Chem Int Ed 52:12061, 2013)

X

X

5. H2S interactions with Zn2+ (angiotensin converting enz)
(Laggner et al. J Hypertens 25:2100, 2007)



Potential mechanisms of H2S signaling via protein cysteine

H2O2

Cys

SOH H2S

Cys

SH
2. Sulfenyl

reversal

SH

Cys

NO

Cys

SNO H2S
Cys

SH3. S-nitrosothiol
reversal

SH

Cys

1. Disulfide reduction H2SCys S

SCys

Cys

Cys

SH

SH

cGMP

Cys

SGMP

4. Prevention of
S-guanylation

SH

Cys

NO
8-NO2-cGMP

H2S
8-SH-cGMP

However, H2S is 
a weak reductant



H2S(n)

5. Sulfhydration
SH

Cys

S
SH

Cys

Lipid phosphatase (PTEN)

H2S

5. Sulfhydration
SH

Cys

S
SH

Cys

Mustafa et al. Sci.Signal 2:ra72, 2009

Need 2e-

oxidation
of H2S

X

H2S signaling via protein cysteine (cont)

Polysulfide, H2Sn (n=3-8)

Persulfide, H2S2 (n=2)
2e-

HS- HS0 HS0 H2S2HS-+ (enzyme)
.

HS-HS- H2S2+.HS-
.

HS-
e-

(transition metal)



In the beginning there was no oxygen

H2S & EVOLUTION

S2-

FeS
Fe S SCyS

SCys

CysS

CysS

FeS
Fe S

SCys

SCys

Fe S
FeS

CysS

CysS

2Fe,2S

4Fe,4S

S2-

S2-

(HS-, H2S)

e-

Pratt, Artif. Life 17:203, 2011
Martin & Russell, Phil Trans R Soc Lond 358:59, 2003

S

FeS
Fe S

S

S

Fe S
FeS

Fe
S

FeS
Fe S S

S

S

S

mackinawite

greigite

Fe2+

Fe2+

The “iron-sulfur world” Wächtershäuser, Microbiol.Rev.52:452, 1988

catalysts &
membranes

energy

FeS



Chemistry at a 
Hydrothermal Vent

Fe2++S2-  FeS FeS
Fe2S2

Fe4S4

H2S Fe
S

H2S+CO2+H2CH3SH

8e-/H2S: 55,000 moles/m3

H2S+CO2+2H2O  CH4+H2SO4

CO2
H2

CH3SH
N2

CH4
CH3SH
CH3C(2-4)SH
CH3COOH
NH3
CH3CONH-R
H2S(2-7)

FeS
H2S

M2++S2-  MS MS

Cu2+

Zn2+

Mn2+

Ni2+

Co2+

M

H2

Massive sulfide deposits
400 oC

magma

Seawater
pH 6.5 pH 3.5

H+

H+

H2S+4H2O 4H2+H2SO4

H+

S0, SS  SSn

H2S
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fish
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(Ward Sci Am 295:64, 2006)*

H2S - Oxygen and Evolution

H2S O2

plants

purple
sulfur
bacteria

cyanobacteria



Evolution, Reactive Oxygen Species (ROS) and I/R injury

RSS: ancient, long evolutionary history, promiscuous electrons. 

H2S

O2

H2O2 O2H2O
e- e-e-e-

HO
.- O2

.-plants

H2O2 O2H2O
e- e-e-e-

HO
.- O2

.-animals

H2S2 S2(8)H2S
e- e-e-e-

HS
.- S2

.-sulfide

H2O2Reactive Oxygen Species (ROS) O2
.-+

S2
.-Reactive Sulfide Species: (RSS) H2S2+

1. Are RSS more reactive/physiological than ROS?
2. Are we sure we are measuring ROS not RSS?



NO H2O2

H2S O2

Can we confuse H2O2 with H2S or H2O2?       Commercial amperometric “H2O2” electrodes are 25x
more sensitive to H2S than H2O2
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Redox-sensitive Green Fluorescent Protein (roGFP)

Time (min)
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1.0
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+30 mM H2O2
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DeLeon, unpub Meyer and Dick, ARS 13:621, 2010



H2S - normoxia

Time (min)
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K2Sn mixed polysulfides S1, S2, S3… S7 (~40% K2S)

Polysulfides (K2Sn)  normoxia

Time (min)
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Concentration (log M)
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Olson, Antioxid.Redox Signal. 2014 (in press)



H2S vs H2S2 signaling?
H2S2SH

Cys

S
SH

Cys

TRANSIENT HYPOXIA (Conditioning)

H2S
SQR
2e-

Q

SSO3
2-

GSSH

H2O
O2

ETHE1

C
III IV H2O

O22/1

XH2S

H2S2
GSH

RSH e-SO3
2- SO4

2-SO

H2S
SQR
2e-

Q

SSO3
2-

GSSH

H2O
O2

ETHE1

C
III IV H2O

O22/1

PROLONGED HYPOXIA (I/R)

XH2S

H2S2

GSH

X

H2S

RSH e-SO3
2- SO4

2-SO

REOXYGENATION (sulfide paradox?)

SQR
2e-

Q

SSO3
2-

GSSH

H2O
O2

ETHE1

C
III IV H2O

O22/1

XH2S

H2S2
GSH

H2S

H2S

RSH e-SO3
2- SO4

2-SO

NORMOXIA

H2S
SQR
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Q

SSO3
2-

GSSH

H2O
O2

ETHE1

III IV H2O

O22/1

RSH

C

e-SO3
2- SO4

2-SO

SQR: sulfur:quinone oxidoreductase
ETHE1: mitochondrial sulfur dioxygenase
SO: sulfite oxidase

H2S, I/R and conditioning – a hypothesis

H2S?



Can this explain remote conditioning?

H2S

Fe2+

HS-HS.
HS-

Fe2+

SS.-

Fe2+

O2

Fe2+

SS.O2

S2O3
2-

Vitvitsky et al. JBC 
290:8310, 2015

1-electron oxidation of methemoglobin
(other Fe3+ proteins? Myoglobin?)

SSSH H2Sn

H2S
Red Blood Cell

H2STissue hypoxia

Plasma

Tissue

NO

HSNO

2HS.-
HSSH

HSSH

2HS.-

HS-.

Miljkovic et al. 
Angew Chem Int Ed 
52:12061, 2013

NO2
-
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Fe3+Fe2+
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+  NO

HNO

RSNO

HS-
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HS.- .
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roGFP localized to cytosol or mitochondria in HEK293 cells



roGFP localized to cytosol or mitochondria in HEK293 cells (DeLeon unpub.)
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H2S “donating” compounds

S S
O

HO
ACS81

O
N S S CH3

O

OH
ACS 43

O
O S S CH3
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OACS 33

S
S

SHO

O
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MeO P
S
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N
OH2N+-

GYY4137

MeO P

S
S

S
S

Lawesson’s reagent

P OMe

S
SS

diallyl trisulfide

N C SS
H3C

O
sulforaphane

NH2

O
S

S-propargyl cysteine

OH

NaHS Na2S

S
SS

HO O
O

OH3C
ACS50

S
SS

HO

ATD-OH
(anethole trithione)

NH

O

S

S-diclofenac; ATB-337, ACS 15

ATB: Antibe Therapeutics
ACS: CTG Pharma

ATB-429 (mescalamine) Inflammatory Bowel Disease (IBD): first stage clinical trials
ATB-284 (?) Irritable Bowel Syndrome (IBS): pre-clinical
ATB-346 (?) joint pain pre-clinical

Olson, Am.J.Physiol. 301:R297,2010



Traditional 
NSAID

H2S releasing 
moiety

O

O

O

C
O

S
S

S

HS-Aspirin

ADT-OH + …
latanoprost
valproate
sildenafil
losartan
L-DOPA
leonurine

H2S+other
Aspirin

H2S

NO

H2S+NSAIDs
ADT-OH + …
aspirin
sulindac
Naproxin
indomethacin
ibuprofen
mescalamine

“NOSH”

Controllable hydrogen sulfide donors and the activity against 
myocardial ischemia-reperfusion injury.
Zhao et al., ACS Chem.Biol. 8:1283. 2013

Perthiol-based H2S donor

Mitochondrial-targeted H2S donor



H2S and polysulfides
1. Physiologically versatile signaling molecules

2. Evolutionarily ancient

3. Key in O2 sensing

4. Are RSS the endogenous ROS?

5. H2S “donating” drugs may allow greater control over 

H2S delivery, turnover and site of action.

CONCLUSIONS: 


