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GLOSSARY of mitochondria function 

David Brealey. et al. Lancet 2002; 360: 219–23  

BIOENERGETIC STATUS 
Energy "stored" in a form (ATP) that is readily available for cellular 

metabolism. 

OXIDATIVE PHOSPHORYLATION 
The coupling of energy released from substrate oxidation by the 

respiratory chain to the synthesis of ATP. 

RESPIRATORY CHAIN 
Terminal pathway of oxidative phosphorylation, a series of 

mitochondrial oxidoreductive molecules including cytochromes 

responsible for the stepwise transfer of electrons from substrates to 

oxygen. 



Properties of mitochondria 

Murphy, M. P. (1997) Trends Biotechnol. 15, 326–330 



Mitochondrial respiratory chain showing electron transfer and 

proton pumping across the inner mitochondrial membrane 

ADP : adenosine diphoshate,  ATP : adenosine triphosphate, Cyt C : cytochrome C,  

Pi : inorganic phosphate, Q : ubiquinone   



Schematic diagram showing the sources of electrons 

in the electron transport chain of mitochondria 

(indicated by a red star) 

 

H. F. Galley. British Journal of Anaesthesia 107 (1): 57–64 (2011) 



Illustration of Mitochondrial Metabolism Showing the Uptake of 

Free Fatty Acids (FFA) and Pyruvate, The Citric Acid Cycle, and 

The Respiratory Chain with Complexes 1, 2, 3, 4, and ATP Synthase 

Katarina Fredriksson. et al. Crit Care Med 2007; 35[Suppl.]:S449–S453  



dead-end waste product of 

glycolysis Lactate  hypoxia 

J Physiol 558.1 (2004) pp 5–30 



Assessment of Splanchnic Perfusion by Gastric Tonometry in Patients 

with Acute Hypovolemic Burn Shock 

Holm C. et al..Burns 32 (2006) 689–694 

Lactate≒ splanchnic ischemia/reperfusion  



Overview of mitochondrial ROS production 

H. F. Galley. British Journal of Anaesthesia 107 (1): 57–64 (2011) 



Overview of mitochondrial reactive oxygen species (ROS) production 

Helen F Galley. Galley Critical Care 2010, 14:230 



Reactive Oxygen Species (ROS) 

can be generated from ― 

1. Complexes I and III of the mitochondrial electron 

transport chain (ETC) 

2. The tricarboxylic acid (TCA) cycle enzymes aconitase  

3. α-ketoglutarate dehydrogenase 

4. Non-TCA cycle enzymes (including pyruvate 

dehydrogenase and glycerol-3-phosphate dehydrogenase) 

5. Monoamine oxidases  

6. Cytochrome b5 reductase (located in the outer 

mitochondrial membrane) 

Helen F Galley. Galley Critical Care 2010, 14:230 



In addition to producing ROS 

1. the mitochondrial respiratory chain is capable of 

producing nitric oxide and other reactive nitrogen 

species (RNS), including (notably) peroxynitrite 

formed from the reaction of nitric oxide with 

superoxide anion.  

2. RNS can oxidize proteins and nucleic acids an d 

cause nitrozati on or nitration of cellular targets, 

including proteins and glutathione. 

Helen F Galley. Galley Critical Care 2010, 14:230 



Overview of mitochondrial reactive oxygen species (ROS) production 

Helen F Galley. Galley Critical Care 2010, 14:230 

Oxidative damage to mitochondrial 

proteins, membranes, and DNA 

impairing the ability of 

mitochondria to synthesize ATP 

increase the tendency of 

mitochondria to release cytochrome c 

(cyt c) into the cytosol by 

mitochondrial outer membrane 

permeabilization (MOMP) 

induction of the mitochondrial 

permeability transition pore (PTP), 

which makes the inner membrane 

permeable to small molecules 

reversible redox signal modulating 

the activity of a range of cellular 

functions 

 

 

 

 

 



Association between mitochondrial dysfunction 

and severity and outcome of septic shock 

In septic patients, we found an association between 

nitric oxide overproduction, antioxidant depletion, 

mitochondrial dysfunction, and decreased ATP 

concentrations that relate to organ failure and 

eventual outcome. These data implicate bioenergetic 

failure as an important pathophysiological 

mechanism underlying multiorgan dysfunction. 

David Brealey. et al. Lancet 2002; 360: 219–23  



Activities in Respiratory 

and Leg Muscle of Patients 

with Sepsis-induced 

Multiple Organ Failure and 

Age-matched Control 

Patients Undergoing 

Elective Surgery 

Katarina Fredriksson. et al. Crit Care Med 2007; 35[Suppl.]:S449–S453  

:sepsis-induced multiple organ failure 

:age-matched control patients  

     undergoing elective surgery 



Correlation between Citrate Synthase Activities in 

Respiratory and Leg Muscle in Patients with Sepsis-

induced Multiple Organ Failure 

Katarina Fredriksson. et al. Crit Care Med 2007; 35[Suppl.]:S449–S453  



Concentrations of ATP, Creatine Phosphate (CrP), and 

Lactate in Respiratory and Leg Muscle of Patients 

Katarina Fredriksson. et al. Crit Care Med 2007; 35[Suppl.]:S449–S453  

:sepsis-induced multiple organ failure 

:age-matched control patients  

     undergoing elective surgery 



 

Katarina Fredriksson. et al. PLoS ONE 3(11): e3686  

Interleukin-6 and The MicroRNA Mir21 to Have 

Many Significantly Changed Genes in the Septic 

Patients Compared with The Controls 



Concentrations in skeletal muscle of ATP, ADP, 

AMP, phosphocreatine, and creatine 

David Brealey. et al. Lancet 2002; 360: 219–23  



Association between mitochondrial dysfunction 

and severity and outcome of septic shock 

David Brealey. et al. Lancet 2002; 360: 219–23  

Tissue ATP concentrations in patients with sepsis and in controls 



Association between mitochondrial dysfunction 

and severity and outcome of septic shock 

David Brealey. et al. Lancet 2002; 360: 219–23  

Correlation between norepinephrine requirement, tissue nitrite/nitrate concentration, 

complex I activity, and ATP concentration 



Activities of mitochondrial complexes and concentrations of reduced 

glutathione and nitrite/nitrate in skeletal muscle 

David Brealey. et al. Lancet 2002; 360: 219–23  



Association between mitochondrial dysfunction 

and severity and outcome of septic shock 

David Brealey. et al. Lancet 2002; 360: 219–23  

Correlation between tissue nitrite/nitrate concentration, simplified acute physiology 

score (SAPS II), tissue reduced glutathione (GSH) concentration, and complex I activity 



Hyperglycemia increases flux through 

the polyol pathway 

Brownlee M. Nature 414:813–820, 2001 

Aldose reductase and the polyol pathway. Aldose reductase 

reduces aldehydes generated by reactive oxygen species 

(ROS) to inactive alcohols, and glucose to sorbitol, using 

NADPH as a co-factor. In cells where aldose reductase activity 

is sufficient to deplete reduced glutathione (GSH), oxidative 

stress is augmented. Sorbitol dehydrogenase (SDH) oxidizes 

sorbitol to fructose using NAD+ as a co-factor 



Hyperglycemia-induced production of superoxide by the 

mitochondrial electron transport chain 

• Increased hyperglycaemia-derived electron donors from the TCA cycle (NADH and 

FADH2) generate a high mitochondrial membrane potential (DmH+) by pumping protons 

across the mitochondrial inner membrane 

• This inhibits electron transport at complex III 

• increasing the half-life of free-radical intermediates of coenzyme Q (ubiquinone), which 

reduce O2 to superoxide 

Brownlee M. Nature 414:813–820, 2001 



The unifying mechanism of 

hyperglycemia- 

induced cellular damage 

Brownlee M. et al. Diabetes 54:1615–1625, 2005 



ROS-induced DNA damage 

activates PARP and modifies 

GAPDH 

Brownlee M. et al. Diabetes 54:1615–1625, 2005 



Insulin resistance causes mitochondrial overproduction of 

ROS in macrovascular endothelial cells by increasing FFA 

flux and oxidation 

From Hofmann S, Brownlee M: Biochemistry and molecular cell biology of diabetic complications: 

a unifying mechanism. In Diabetes Mellitus: A Fundamental and Clinical Text. 3rd ed. LeRoith D, 

Taylor SI, Olefsky JM, Eds. Philadelphia, Lippincott Williams & Wilkins, p. 1441–1457, 2004. 



Mitochondrial overproduction of superoxide activates 

four major pathways of hyperglycemic damage by 

inhibiting GAPDH 

Brownlee M. Nature 414:813–820, 2001 



J Am Soc Nephrol 14: S254–S258, 2003 

The formation of advanced glycation end products 

(AGE), through a variety of mechanisms, leads to 

diabetic nephropathy 



Therapeutic Approach Include Augmenting 

ROS Scavenging by Antioxidants  

1. Delivered specifically to mitochondria 

2. Act where needed in the mitochondria 

3. Pharmacologically or genetically increase 

endogenous expression of mitochondrial 

antioxidant systems. 

Helen F Galley. Galley Critical Care 2010, 14:230 



Other targeted antioxidants 

• Hemigramicidin-TEMPOL 

 

 
4-hydroxy-2,2,6,6-tetrameethyl 

piperidine-1-oxyl. A superoxide 

dismutase mimetic that belongs 

to a class of non-thiol-

containing radiation protectors.  

A membrane-permeable radical 

scavenger.  

A part of the antibiotic  

gramicidin-S. 

Gramicidin has high affinity for 

mitochondrial membranes. 

Crit Care Med. 2007 Sep;35(9 Suppl):S461-7. 



Bench-to-bedside review: Targeting 

antioxidants to mitochondria in sepsis 

1. Development of organ dysfunction associated with sepsis is now 

accepted to be due at least in part to oxidative damage to 

mitochondria.  

2. Complex interacting antioxidant defense systems control 

oxidative stress within mitochondria.  

3. No studies have yet provided conclusive evidence of the 

beneficial effect of antioxidant supplementation in patients with 

sepsis.  

4. The antioxidants are not accumulating in the mitochondria, 

where they are most needed.  

5. Antioxidants can be targeted selectively to mitochondria by 

several means. 

Helen F Galley. Galley Critical Care 2010, 14:230 



Selective targeting of bioactive 

compounds to mitochondria I 

 

Protein import into mitochondria 

Murphy, M. P. (1997) Trends Biotechnol. 15, 326–330 



Selective targeting of bioactive 

compounds to mitochondria II 

Murphy, M. P. (1997) Trends Biotechnol. 15, 326–330 

Accumulation of lipophilic 

cations in mitochondria 



Synthesis of TPPB and its selective 

accumulation by mitochondria 

Robin A. J. Smith. et al. Eur. J. Biochem. 263, 709±716 (1999) 

The last synthetic step to TPPB by reaction of triphenylphosphine with bromo vit E is 

shown, along with its accumulation within the matrix of an energized mitochondrion 



Antioxidants conjugated to the lipophilic cation TPP, 

accumulate specifically within mitochondria, and block 

mitochondrial oxidative damage and redox cell signalling 

H. F. Galley. British Journal of Anaesthesia 107 (1): 57–64 (2011) 

If an antioxidant is attached to 

triphenylphosphonium, it 

accumulates several hundred-fold 

within mitochondria in cells and 

selectively blocks mitochondrial 

oxidative damage and 

mitochondrial redox signaling 

Helen F Galley. Galley Critical Care 2010, 14:230 



lipophilic cation TPP 

(triphenylphosphonium) 

抗氧化劑(Vit. E或Q10) 

與親脂性陽離子結合， 

利用粒線體膜電位差進入 

粒線體。 

British Journal of Anaesthesia 107 (1): 57–64 (2011) 

Targeting antioxidants  

to mitochondria 



Crit Care Med 2007, 35:S461-467. 

有些sepsis病人的粒
線體膜電位會發生去
極化，此時TTP所攜
帶的抗氧化劑亦不易
進入粒線體。若提高
TTP所攜帶的藥物劑
量，也會有膜內陽離
子過高使去極化更嚴
重的疑慮。 

Targeting antioxidants  

to mitochondria 



雖然有上述疑慮，MitoQ仍被廣泛研究。在動物實
驗中，老鼠以LPS/PepG induce sepsis之後立刻靜脈
輸注MitoQ，肝、腎功能異常的程度明顯減輕。 

Galley Critical Care 2010, 14:230 



Summary  

1. Mitochondrial oxidative damage is a major factor in many human disorders, 

including neurodegenerative diseases, ischaemia-reperfusion injury, ageing and 

inflammatory damage. 

2. Mitochondrial OXIDATIVE PHOSPHORYLATION is responsible for over 90% of 

total body oxygen consumption and ATP generation. 

3. Oxidative damage accumulates more in mitochondria than in the rest of the cell 

because electrons continually leak from the respiratory chain to form damaging 

reactive oxygen species. 

4. NADH-ubiquinone oxidoreductase (complex I) and cytochrome C oxidase (complex 

IV), can be inhibited by reactive oxygen and nitrogen species such as nitric oxide. 

5. This oxidative damage impairs mitochondrial ATP synthesis and calcium 

homeostasis and induces the mitochondrial permeability transition, leading to 

necrotic or apoptotic cell death. 

6. antioxidants such as vitamin E, ubquinol and N-acetyl cysteine have been shown to 

decrease mitochondrial oxidative damage, but because these compounds were not 

accumulated within mitochondria their effectiveness was limited. 

Clementi E, et al.  Proc Natl Acad Sci USA 1998; 95: 7631–36 

Shigenaga, M.K.,(1994) et al. Proc. Natl Acad. Sci. USA 91, 19771-19778 

Ames, B.N., et al. (1993) Proc. Natl Acad. Sci. USA 90, 7915-7922 

Zoratti, M. & Zabo, I. (1995) Biophys. Acta 1241, 139-176. 

Matthews, R.T., et al. (1998)  Proc. Natl Acad. Sci. USA 95, 8892-8897. 
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