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Free RadicalFree Radical:: Species with one or more unpaired electrons that is free to 
partake in chemical bonds.  Denoted by  • before the charge:

e.g.  NO O2
-

Step-wise reduction of O2

O2  O2
-  H2O2  OH  H2O

Superoxide
anion radical

Hydroxyl
radicalHydrogen

peroxide

HO2
 (Hydroperoxyl radical)

pKa~5

Reactive oxygen species (ROS)Reactive oxygen species (ROS):: Species derived from reduction of 
molecular dioxygen (O2), which may or may not be radicals:

A note about OXYGEN

Atmospheric pO2 ~ 160mmHg
(21% of 760)

Arterial ~ 100
Tissue ~ 10
Intracellular ~ 0.5-1.0

Basic Free Radical / ROS Nomenclature
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Mitochondrial Sources of ROSMitochondrial Sources of ROS
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Mitochondrial AntioxidantsMitochondrial Antioxidants
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How can we measure How can we measure mitomito’’ ROSROS

‐ Accumulation of product
‐ Kinetic information

Small molecule ROS probes (DCF, DHE, Amplex red, mitoSOX etc.)

HUGELY artifact prone…
‐ DCF fluo’ is dependent on free iron (Fenton chemistry?)
‐ DHE  HE, fluo’ enhanced upon DNA binding
‐Many other reactive species (e.g. ONOO‐) can convert DHE>>HE

JBC (2004) 279:13044‐13053

‐ Steady‐state reduction status of cysteine couple
‐ No kinetics
‐ Does not “measure ROS”

Genetically encoded probes Genetically encoded probes (roGFP, cpYFP etc.)



““Superoxide FlashesSuperoxide Flashes””

Trends Cell Biol. (2012) 22: 503‐508 

• Entire signal can be accounted for by 
an alkaline pH shift of 0.2‐0.4 units.

• Limiting  pH  shifts  (by  pH  clamp, 
enhancing  buffering,  or  limiting  ETC 
activity) eliminates flashes.

• “Superoxide  flashes” more  likely 
transient uncoupling/PTP opening.



Hirst, JBC 2012

ROS from Complex I ROS from Complex I ‐‐ FlavinFlavin



ROS at Complex III (& ROS at Complex III (& CxICxI?) from Q?) from Q1010
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The Q Cycle @ Complex IIIThe Q Cycle @ Complex III

Complex IIIComplex I

OUT

IN

Cycle 1
• QH2 in pool goes to P site, gives 
2H+ to outside & 1 e‐ to the Fe‐S, 
making Q•

• Q• gives 2nd e‐ to cyt‐bL , making 
Q, which leaves P site

• e‐ passes from cyt‐bL to cyt‐bH
• Q  from  pool  receives  e‐ from  
cyt‐bH at N site, making Q•
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Complex III Complex III –– different inhibitorsdifferent inhibitors
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AA

AA  – Antimycin A,  blocks  at  b‐hemes,  prevents 
ubisemiquinone at Qo site from passing on 2nd electron, so 
stabilizes radical at Qomore ROS

Myx – Myxothiazol (N.B. Also inhibits CxI at higher doses), 
blocks  Fe‐S  center, prevents passage of  1st electron  and 
the generation of ubisemiquinone radical  less ROS

Myx

Regulation of MitoRegulation of Mito’’ ROS GenerationROS Generation
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Transmembrane Proton Gradient

J. Neurochem. (2003) 86: 1101‐7

Regulation of MitoRegulation of Mito’’ ROS GenerationROS Generation

““Dwell TimeDwell Time”” of of UbisemiquinoneUbisemiquinone RadicalRadical
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Faster flux,  Q• appears more frequently, but for less time

Slower flux, Q• appears less often, but for longer
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Slow… likelihood of one car falling off in loop‐de‐
loop is greater, but fewer cars go through overall

Fast… each car less likely to fall off in loop, but 
more cars go through overall
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How can there be not enough O2

for ETC  to work, but  still enough 
O2 to make ROS?
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What  is  the  KM for  O2 of  mito’
ROS generating systems?

Mitochondrial ROS Elevation in Hypoxia?Mitochondrial ROS Elevation in Hypoxia?

AlsoAlso…… NONO•• DoesnDoesn’’t Elevate ROSt Elevate ROS
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• Inhibition at CxIV Reduced cyt-c & c1  Less QH•  Less ROS

• CN inhibition does not elevate ROS

• Knocking down cyt-c1 or Fe-S lowers hypoxic ROS Cell Metab (2005) 1: 401‐8  



Open Flow Open Flow RespirometryRespirometry

.
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Cole (1982) J. App. Physiol. 53: 1116‐24
Brookes (2003) J. Biol. Chem. 278: 31603‐9

Hoffman (2007) Am. J. Physiol. 292: H101‐108
Hoffman (2009) JBC 284: 16236‐45

• Enables  prolonged  (1  hr.)  
incubation  of  mitochondrial 
suspensions  at  defined  steady‐
state O2 tensions

•Monitoring  of  cytochrome
redox state throughout

• Amplex Red/HRP  to  measure 
mito’ H2O2 generation

• 11  different  combinations  of 
respiratory  substrates,  to 
determine ROS from 4 different 
sites in ETC
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11 Experimental Conditions11 Experimental Conditions
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In isolated mitochondria, ROS In isolated mitochondria, ROS 
never goes up in hypoxianever goes up in hypoxia

Hoffman (2007) Am. J. Physiol. 292: H101‐108
Hoffman (2009) JBC 284: 16236‐45
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Cells           vs.        MitoCells           vs.        Mito’’ss

Hypoxia

↓ROS

Hypoxia

HIF‐1α

↑ROS vs.

Missing signal remains to be identified

Reversed Electron TransferReversed Electron Transfer

CxI is “thermodynamically weak”, so high Δp or 
reduced Co‐Q could drive it backwards to reduce NAD+



So… if RET occurs, where could those backward
flowing electrons go, if not onto NAD+?

But…

[NAD+] is usually low under normal conditions

Succinate to drive RET would normally come from 
upstream dehydrogenases (αKGDH) that consume NAD+

What about a complex pathologic situation?

Cardiac IschemiaCardiac Ischemia‐‐Reperfusion InjuryReperfusion Injury

Circ. Res. (2012) 111: 1222‐36. 



Lots of Complex I inhibitors are protective Lots of Complex I inhibitors are protective 
against cardiac IR injuryagainst cardiac IR injury

Rotenone, Rotenone, AmobarbitalAmobarbital, Volatile Anesthetics, , Volatile Anesthetics, 
SS‐‐nitrosothiolsnitrosothiols, , RanolazineRanolazine, Capsaicin, , Capsaicin, 
MetforminMetformin, Ischemic Preconditioning, Ischemic Preconditioning

Original ideaOriginal idea……. Slow reversal of inhibition at reperfusion allows . Slow reversal of inhibition at reperfusion allows 
more more ““gradual wake upgradual wake up”” of respiration, avoids surge of ROSof respiration, avoids surge of ROS

DiazoxideDiazoxide, 3, 3‐‐NP, NitroNP, Nitro‐‐linoleatelinoleate, HNO, , HNO, 
AtpeninAtpenin A5, A5, MalonateMalonate, Methyl, Methyl‐‐malonatemalonate

BUTBUT…… lots of Complex II inhibitors are also lots of Complex II inhibitors are also 
protective against cardiac IR injuryprotective against cardiac IR injury

Complex II doesnComplex II doesn’’t contribute much to respiration, especially in t contribute much to respiration, especially in 
the heart which is mostly reliant on the heart which is mostly reliant on ββ‐‐oxidationoxidation





Summary / ConclusionsSummary / Conclusions

There is no simple relationship between rate of ROS There is no simple relationship between rate of ROS 
generation & status/activity of the respiratory chain.generation & status/activity of the respiratory chain.

So, what does matter?So, what does matter?
•• Dwell time of reactive intermediatesDwell time of reactive intermediates
•• Degree of Degree of ““electron pressureelectron pressure”” in the ETCin the ETC
•• pH and pH and ΔΔpHpH
•• [O[O22]]
•• Status of antioxidants (GSH, SOD etc.)Status of antioxidants (GSH, SOD etc.)



Resources

SFRBM - Society for Free Radical Biology & Medicine (www.sfrbm.org)

• Virtual Free Radical School down-
loadable lecture notes on >100 topics

• $25 student membership

• Annual conference ~700 attendees

• Free webinars

• $2500 mini-fellowships, for trainees to 
visit another lab and learn a new method

• 2 Journals (FRBM, Redox Biology)


