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Default Mode Network
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Will to Persevere

Parvizi et al. Neuron 80, 1359–1367, December 18, 2013
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Mito Architecture

Schon et al. Trends in Molecular Medicine 16 (2010) 268–276



Mito Genome

Torell et al. Am J Med Genet Part B 162B:213–223.



Mitochondria Energy Pathway
• Convert redox energy 

– from food into high energy phosphate bonds 
of ATP

• Reducing equivalents 
– donated to NADH

• Electron energy from NADH 
– donated to mitochondrial electron transport 

chain
• Generates proton gradient 

– transfer of energy to ATP



Mitochondria
• Provide energy

– ATP
– Reactive oxygen species (ROS)
– Needed for proteins and membranes synthesis

• Neuronal plasticity
– Neurogenesis, dendritogenesis, 

synaptogenesis
– Regulates cell survival
– Regulates apoptosis





Oxidative Stress

• Natural Reactive Oxygen Species (ROS) 
from mitochondrial respiration
– Superoxide anion
– Nitric oxide
– Hydrogen peroxide

• ROS can exceed metabolic capacity
– Peroxynitrite
– Hydroxy radical



Oxidative Stress

• Cellular dysfunction or death
• Non-physiologic ROS reactivity

– Proteins
– Nucleic acids
– Carbohydrates
– Lipids

• Due to dysfunctional electron flow in 
mitochondrial inner membrane



Oxidative Stress

• ROS damage mitochondria
• Decreased ATP
• Damaged membrane
• Abnormal calcium sequestration
• Apoptosis
• Neurons especially susceptible



Psychiatric Disorders in
Mitochondrial Diseases



Lifetime Prevalence Psychiatric 
Disorders in Mito Disease

• 50% of children with depression

• 70% of adults with major psychiatric 
disorders

• Onset of psychiatric disorders averaged 
13 years before diagnosis of mito disease

• Psychiatric disorders resistant to 
psychiatric medications

Fattal O, et al. CNS Spectr 2007;12:429–438 Morava E, et al. Mitochondrion 
2010; 10:528–533



Psychiatric Presentations
• Major depressive disorder
• Bipolar disorder
• OCD
• Anorexia
• Bizarre hallucinations
• Anxiety disorders 
• Substance abuse 
• Borderline personality disorder, and catatonia.

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Psychiatric Symptoms

Inczedy-Farkas et al. Behavioral and Brain Functions 2012, 8:9



47 Reported Cases

• Depression with psychotic features
• Psychosis 
• Cognitive deterioration 
• Anxiety disorders 
• Bipolar disorder 
• Frontal lobe syndrome 

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Physical Manifestations

• Muscle weakness or atrophy 
• seizure disorder 
• migraine or headache
• hearing loss 
• short stature
• Type 2 diabetes mellitus, severe 

constipation often with ileus, ataxia (N=6), 
dysarthria, strokes

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



fMRI 

• White-matter lesions
• Cerebral or cerebellar atrophy
• Ischemia or an old infarct
• Basal ganglia calcifications or 

hyperintensities

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Mito Neurologic Findings

• White matter deterioration.
• Underlying defect in the respiratory chain 

or concomitant oxidative stress 
• Neuronal death 
• Replacement of neurons by glial cells

Finsterer J, Mahjoub SZ. 2012. Primary mitochondrial arteriopathy. Nutr
Metab Cardiovasc Dis 22:393–399.



Mito Mutations
• MELAS 3243 and 3271mutations. 
• MERRF (myoclonus epilepsy with ragged-red 

fibers) 8363 and 8344, 
• CPEO with a 7.5 kb deletion and a 3.3 kb 

deletion
• MNGIE and two novel mutations.
• No clear genotype/psychiatric phenotype 

relationship

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Physical Manifestations

• Wolf-Parkinson-White syndrome

• Ophthalmoplegia

• Ptosis

• Cardiomyopathy

• Cardiac conduction defect

• Abnormal movements

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Deterioration on psychotropic 
medications

• Typical and atypical antipsychotics impair 
complex I 

• SSRIs and tricyclic antidepressants inhibit 
the mitochondrial respiratory chain and 
oxidative phosphorylation

• Valproic acid induces carnitine deficiency

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Treatment

• Coenzyme Q10, 
• Creatine monohydrate 
• Alpha lipoic acid
• Vitamin E, vitamin C, and riboflavin
• Antioxidant idebenone
• Reduction or discontinuation of 

psychotropic drugs

Anglin et al. The Journal of Neuropsychiatry and Clinical Neurosciences 2012; 
24:394–409)



Mitochondrial Dysregulation in 
Psychiatric Disorders







Mitochondrial Genes



Downregulated Genes

• NADH ubiquinone oxidoreductase
– Complex I

• Ubiquinol-cytochrome c reductase
– Complex III 

• Cytochrome c oxidase polypeptide
– Complex IV

• ATP synthase 
– Complex V

Sun et al. J Psychiatry Neurosci 2006;31:189 



Bipolar Disorder

Torell et al. Am J Med Genet Part B 162B:213–223.



Major Depressive Disorder

Torell et al. Am J Med Genet Part B 162B:213–223.



Schizophrenia

Torell et al. Am J Med Genet Part B 162B:213–223.



Eugene M. Johnson, PH.D, Washington University, and Neuron

Free radical activity 
increased in neurons

after decrease 
in BDNF



Mitochondrial Abnormalities in 
Bipolar Disorder

• Altered mitochondrial gene expression
• Decreased brain energy metabolism
• Altered calcium metabolism
• Dysregulated calcium channel genes
• Decreased oxidative stress with lithium 

and valproate









Arch Gen Psychiatry. 2007;64:555-564



Naydenov et al. Arch Gen Psychiatry. 2007;64:555-564



Gene-expression differences in peripheral blood  

between lithium responders and non-responders in the  

“Lithium Treatment -Moderate dose Use Study” (LiTMUS). 

Robert D. Beech1*, Janine J. Leffert1, Aiping Lin2, Louisa G. Sylvia3, Sheila Umlauf4, Shrikant Mane4, Hongyu 

Zhao5, Charles Bowden6, Joseph R. Calabrese7, Edward S. Friedman8, Terence Ketter9, Dan V Iosifescu10, Michael 

Thase11, and Andrew Nierenberg3. 



  

Current Study:        
Li+OPT_R vs NR 

Lowthert et al., 2012: 
Bipolar Depression_R vs NR 

REFSEQ_ID SYMBOL 
Fold-

Difference  p-value 
Fold-

Difference  p-value  
NM_138578.1 BCL2L1 1.63 0.01 1.35 0.37 
NM_033480.2 FBXO9 1.47 0.02 1.42 0.07 
NM_014632.2 MICAL2 1.45 0.01 1.56 0.03 
NM_002756.3 MAP2K3 1.43 0.07 1.66 0.06 
NR_002206.1 GTF2IP1 1.42 0.01 1.47 0.01 
NM_002343.2 LTF 1.42 0.02 1.46 0.05 
NM_001033056.1 GLUL 1.32 0.02 1.36 0.22 
NM_002756.3 MAP2K3 1.32 0.04 1.66 0.06 
NR_002139.1 HCG4 1.31 0.01 1.43 0.13 
NM_001031617.2 COX19 -1.30 0.03 -1.41 0.01 
NM_198795.1 TDRD1 -1.31 0.05 -1.37 0.08 
NM_178231.1 ALS2CR14 -1.31 0.04 -1.56 0.05 
XM_939697.1 C9orf130 -1.31 0.01 -1.66 0.03 
NM_005317.2 GZMM -1.32 0.05 -1.59 0.03 
XM_936461.1 LOC647389 -1.32 0.02 -1.43 0.08 
XM_930344.2 LOC644934 -1.33 0.02 -1.31 0.37 
NM_198271.2 LMOD3 -1.36 0.02 -1.41 0.05 
XM_940430.1 LOC648852 -1.43 0.01 -1.63 0.04 
NM_018973.3 DPM3 -1.45 0.00 -1.73 0.00 
NM_001004322.1 FLJ38717 -1.45 0.02 -1.49 0.02 

 











Prefrontal Cortex



MRS: Metabolic Metabolites



Lower Levels of Creatine and 
Phosphocreatine in Bipolar Disorder



Lower Levels Choline containing 
compounds in Bipolar Disorder





Peripheral Markers of 
Oxidative Stress



Peripheral Markers of Oxidative 
Stress

• Thiobarbituric acidic reactive substances 
(TBARS)

• Superoxide dismutase (SOD)
• Catalase
• Glutathione
• Nitric oxide

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



TBARS Meta-analysis

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



Cu Zn Super Oxide Dismutase
Meta-analysis

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



Catalase Meta-analysis

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



Glutathione Peroxidase Activity 
Meta-analysis

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



Nitric Oxide Meta-analysis

Andreazza, A.C., et al., Oxidative stress markers in bipolar disorder: A meta-analysis, 
J. Affect. Disord. (2008), doi:10.1016/j.jad.2008.04.013



Calcium Channel Genes



CACNA1C 

Alpha subunit L-type
Calcium channel

Sklar et al. Molecular Psych
2008:13;558



Ferriera et al. Nature Genetics 2008;40:1056

Ankyrin 3 and alpha subunit of L-type Calcium Channel



Wang et al. Canadian J Psychiatry 2007:52:753



Can bipolar relapse be 
decreased by modulating 

mitochondria?



Mitochondrial Modulators

• N-acetyl-cysteine (NAC)
• Acetyl-L-carnitine (ALCAR)
• Alpha lipoic acid
• Coenzyme Q10
• S-adenosylmethionine (SAMe)



hopes.stanford.edu/treatmts/ebuffer/j1.html

http://hopes.stanford.edu/treatmts/ebuffer/j1.html


n-acetyl-cysteine (NAC)

cysteineglycineglutamate

glutathione



NAC
• Increases synthesis of glutathione (GSH) 
• GSH 

– reacts with hydrogen peroxide H2O2 to form H2O 
– conjugates with oxidized products, catalyzed by 

glutathione-s-transferase (GST) to further reduce 
oxidative stress. 

• Lithium and valproate neuroprotective effects 
– mediated by increasing GSH and glutamate-cysteine 

ligase levels 
– lithium increases gene expression of GST 

isoenzymes
Atkuri KR, et al. Current Opinion in Pharmacology 2007;7(4):355-359.
Shao L, et al. Neuroscience 2008;151(2):518-524.



NAC

• Neuroprotective
• Prevents oxidative damage in complex
• Broad efficacy

– Bipolar depression
– Schizophrenia
– OCD spectrum
– Autism
– Cocaine, marijuana, smoking

Mayer M, Noble M. Proc Natl Acad Sci 1994;91:7496 -7500.
Nicoletti et al. Neurochemical Research 2005;30:737-752.
Grant JE, et al. Biological Psychiatry 2007;62(6):652-657.



N-Acetyl Cysteine for Depressive Symptoms
in Bipolar Disorder—A Double-Blind 

Randomized
Placebo-Controlled Trial

Michael Berk, David L. Copolov, Olivia Dean, Kristy Lu, 
Sue Jeavons, Ian Schapkaitz,

Murray Anderson-Hunt, and Ashley I. Bush

Biological Psychiatry 2008



N-acetyl-cysteine RCT



Acetyl-L-Carnitine (ALCAR)
• Carnitines

– transport fatty acids into mitochondria 
• beta-oxidation
• energy generation 

– scavenge ROS 
– fatty acids

• enter mitochondria as acyl-carnitines, 
• when oxidized, release energy 
• form acetyl-coenzyme a, which then enters 

the citric acid cycle
Hoppel C. American Journal of Kidney Diseases 2003;41(Supplement 4):S4-S12.
Al-Majed AA, et al. Clin Exp Pharmacol Physiology 2006;33(8):725-733.
Rebouche et al. Annals of the NY Academy of Sciences 2004;1033(1):30-41.



Acetyl-L-Carnitine (ALCAR)

• ALCAR absorbed better than L-carnitine 

• able to cross the blood-brain barrier

• neuroprotective and antiapoptotic properties

• block glutamate-induced over-expression of 
glutamic acid decarboxylase GAD67

• reverse age-related degeneration in animal 
models

• decrease oxidative stress?

• may slow down or reverse age-related cognitive 
and motoric decline in rats

• reverse diminished reactivity to the environment

Ames BN, Liu J. Annals New York Academy of Sciences 2004;1033(1):108-116.



Acetyl-L-Carnitine (ALCAR)

• Alzheimer’s Disease, 

• ADHD inattentive type 

• Fatigue and peripheral neuropathy 
– HIV infection 

– Chemotherapy, 

– Diabetic neuropathy 
– Fibromyalgia 

– may prevent or reverse valproate-induced 
hepatotoxicity 

• equivalent to amisulpride for dysthymic disorder

Rossini M, et al. Clinical and Experimental Rheumatology 2007;25:182-188.
Elmslie JL et al. Bipolar Disorders 2006;8:503-507.



Alpha Lipoic Acid
• Cofactor for pyruvate dehydrogenase complex
• Increase cellular uptake of glucose
• Scavenge ROS

Soczynska. Expert Opin. Investig. Drugs (2008) 17(6):827-843
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