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ABSTRACT/SUMMARY

Disease conditions evident in Chronic Fatigue Syndrome (CFS) reflect mitochondrial
hypo-function, resulting in multi-system hypo-function. Mitochondrial hypo-function can
result from disturbances of hydrogen sulfide homeostasis. CFS involves mitochondrial
hypo-function related to disturbed hydrogen sulfide homeostasis in the body. Disturbed
hydrogen sulfide homeostasis leads to systemic changes at the molecular level.
Understanding the role of hydrogen sulfide in the body may provide a unifying lens
through which to view the diverse manifestations of this complex disease known as
Chronic Fatigue Syndrome.



HYPOTHESIS: CHRONIC FATIGUE SYNDROME, MITOCHONDRIAL HYPO-
FUNCTION, AND HYDROGEN SULFIDE

Introduction

Defining the debilitating disease known as Chronic Fatigue Syndrome is a challenge.
According to the International Association for Chronic Fatigue Syndrome, CFS, (also
known as Myalgic Encephalomyelitis, or ME), is an immune-related illness with immune
activation or dysfunction resulting from a number of possible root causes, including
triggers by infectious agents, environmental sensitivities, genetic factors and/or physical
stressors.

Many U.S. clinicians treating CFS patients have found the 1994 CDC definition® too
ambiguous for diagnostic purposes, preferring to use a more specific case definition,
formally adopted by the Canadian government in 2003. Under that definition, a patient
with ME/CFS must meet the following criteria for a minimum of six months:
unexplained (after excluding known causes) debilitating fatigue, post-exertional malaise
and/or fatigue, sleep dysfunction, and pain, and have two or more specific
neurological/cognitive manifestations, and one or more symptoms from two of the
categories of autonomic, neuroendocrine, and immune disorders.’

A multi-factorial systems approach may provide the greatest opportunity for
understanding the complex web of relationships in this disease. I propose that CFS
involves an external trigger, possibly infectious and/or environmental, possibly in
conjunction with a genetic predisposition, leading to systemic changes at the molecular
level. The occurrence of periodic outbreaks is consistent with an external trigger.
Understanding the role of hydrogen sulfide in the body may provide a uniform basis in
which to view this complex disease.

Data on the interaction of environmental exposures with genetic factors to alter
normal biological function are sparse, although this topic recently has become a focus of
research at the National Institutes of Health.*” The systematic integration of diverse data,
such as that proposed by the CDC, will certainly broaden our base of knowledge.’

Mitochondria

The primary manifestation of CFS is a severe and highly debilitating deficit of energy.
Energy is generated at the cellular level in the mitochondria, the “power plants” of the
body’s oxygen-based aerobic cellular respiration. Adenosine triphosphate (ATP), the
molecule the cell uses for the bulk of its energy needs, is produced here. Cells requiring
large amounts of ATP, such as muscle cells, have many mitochondria.



Mitochondria are cellular organelles descended from ancient eukaryotes.”® The
eukaryotes had a physiologically diverse range of oxygen requirements, ranging from
aerobic, facultatively anaerobic to strictly anaerobic. The study of evolutionary
metabolic pathways,”'*'" particularly with respect to substrate flexibility and
bacteria/organelle interface, may provide insight into CFS.

Mitochondrial Disease

Mitochondria contain their own DNA (mtDNA). Protein products of this mtDNA join
with nuclear DNA-coded proteins in the electron transport chain, '> where damaged
(either through genetic inheritance or through environmental insult) nuclear DNA can
result in damage to mtDNA. In addition to defects of mtDNA which can occur as a result
of inheritance, damage to DNA can be sustained through environmental injury, e.g., such
as that arising from methyl mercury or manganese exposure.'>'*'> Thus there are several
possible ways in which damage to the mitochondrial DNA can occur.

Mitochondrial disease leads to impaired respiratory chain function and reduced ATP
production.'® Because mitochondria exist in almost all cells of the body, multi-system
dysfunction and phenotypic variability are hallmarks of mitochondrial disease. The range
of mitochondrial injury and resulting illness is extensive, for example, from severe,
irreversible pathogenic early-onset disease such as Leber’s optic neuropathy, which leads
to blindness in young adults, to lesser dysfunction associated with metabolic pathways,
such as oxidative phosphorylation (OXPHOS) diseases. ' "'® The understanding of
mitochondrial encephyalomyopathies is quickly evolving.'***!

Exogenous Hydrogen Sulfide

H,S, the gas with a rotten egg odor, is generally considered to be an environmental
toxin, on the level of cyanide.”” *>** At a level of 1000 parts per million, breathing H,S is
lethal. In 1999, nearly 130 public health and related groups called for the EPA to list
hydrogen sulfide as a hazardous air pollutant. According to their report, demonstrable
symptoms of chronic exposure included pronounced deficits in balance and reaction time,
as well as such ailments as dizziness, insomnia, and overpowering fatigue, as well as
abnormal neurobehavioral functioning and altered mood states (e.g., depression, fatigue,
tension, vigor). Further, the report indicated that numerous CNS-brain effects occur
including: changes in brain density, headache, memory loss, reduced sense of smell, loss
of balance, dizziness, sleep difficulties, and ’fatigue.25

The traditional explanation of the toxic effects of hydrogen sulfide is based on its
property as a chemical asphyxiate; it binds to the mitochondrial enzyme cytochrome ¢
oxidase (iron-containing protein), blocking oxidative phosphorylation and ATP
production. In rats, the gas causes an increase of blood lactate concentration and the
lactate/pyruvate ratio, leading to anaerobic glycolysis and inhibition of lipid
peroxidation.*®



Recent research has indicated that exogenous hydrogen sulfide induces functional
inhibition and cell death of cytotoxic lymphocyte subsets for CD8 (+) T cells and NK
cells. ”’ Lowered CD8+ T cells and poorly functioning NK cells are among the most
robust immunological abnormalities found in CFS. **

Endogenous Hydrogen Sulfide

Within the last decade, interest has been directed towards the role of endogenous H,S
as the “third” gaseous mediator involved in natural biological function, after carbon
monoxide and nitric oxide. **°'*? Homeostatic abnormalities of the gas in the body
have been identified in several disorders, including ulcerative colitis, Alzheimer ’s
disease®®*, Down’s syndrome™ and possibly in diabetes’® and sudden infant death
syndrome.’’

Of particular interest to the CFS community is that, at certain oxygen tensions, H,S
has been used to produce a (reversible) hibernative state of reduced metabolic activity in
mice>*, not dissimilar from the disease conditions that exist in patients with Chronic
Fatigue Syndrome. Physiological responses induced in the mice included a decrease in
core body temperature, an apnea-like sleep state, reduced heart and respiration rates, and
severe metabolic changes, with possible vagus nerve involvement. Oxygen consumption
dropped by ~50% and carbon dioxide output dropped by ~60% within the first five
minutes. By inhibiting cytochrome ¢ oxidase and oxidative phosphorylation, it was
theorized that the gas had “switched off” the cell’s utilization of oxygen. It recently has
been reported that hydrogen sulfide could protect mice in the hibernative state from lethal
hypoxiafoa‘l‘rlld that H,S serves as an oxygen sensor/transducer, mitigating effects of
hypoxia.™

Hydrogen Sulfide and Chronic Fatigue Syndrome

The physical responses of hibernation induced by the gas are not unlike the symptoms
and torpor experienced by CFS/ME patients. A similar mechanism is postulated to play
arole in CFS patients.

H,S is apparently active in many of the same systems involved in CFS. It is produced
from cysteine in the brain by two enzymes, cystathionine beta-synthase and cystathionine
gamma lyase, in response to neuronal excitation. There it alters hippocampal long-term
potentiation, initiates calcium waves, and regulates the release of corticotrophin-releasing
hormone from the hypothalamus.*** H,S may also play a role in the control of the
neuroendocrine stress axis. ***

H,S plays an important role in the cerebrovascular system. It serves as an oxygen
sensor/transducer in vertebrate hypoxic vasoconstriction and hypoxic vasodilation. *°
Low concentrations of H»S cause arterial vasoconstriction, reverse NO-mediated
vasorelaxation and cause an NO-dependent pressor effect in vivo.*” It is reported to be a
mediator of cerebral ischemic damage.*® H,S is believed to affect vasoactivity in an



oxygen-dependent manner,” and to regulate the availability of nitric oxide in the vascular
50
system.

Genetic evidence of mitochondrial involvement in CFS has been found, including in
genes related to fatty acid metabolism, apoptosis, mitochondrial membrane function,”!
protein production in mitochondria,’>> and others.”***> Two studies have found evidence
of cytochrome ¢ oxidase gene involvement.”® The metabolic processes associated with
the production of energy, reactive oxygen species (ROS), otherwise known as free
radicals, and the accumulation of mtDNA damage, have been suggested as underlying
pathophysiological mechanisms of CFS.>"*%>%¢

The mechanisms involving reduction and utilization of oxygen (redox) and those
involving ATP, as well as fatty acid metabolism, are all of relevance to mitochondrial
processes.

The cell’s ability to utilize oxygen in the process of creating ATP is critical. Too
much or too little oxygen can be deadly.’' Mitochondria adapt to hypoxia, or more
precisely, to differing oxygen tensions, by altering mitochondrial oxygen consumption.®*
636485 Further, the role of reactive sulfur species’® may be important in the oxidation
process and balance of CFS patients. Preferential retention of sulfur amino acids occurs
during an inflammatory response, suggesting an increased requirement for cysteine and a
higher level of glutathione turnover during sepsis in rats.””%*

H,S affects the cell’s ability to utilize oxygen by inhibiting Level IV of the electron
transport chain. The inhibition of mitochondrial complex IV may lead to secondary loss
in complex II-III activity, which may lower reactive oxygen species formation.” In
addition, hydrogen sulfide binds to hemoglobin in red blood cells, interfering with
oxygen transport. Decreased levels of reactive oxygen species can improve cell viability
and, in doing so, limit cellular damage induced by homocysteine. '’ Recent research on
the molecular mechanisms of H,S toxicity points to reactive oxygen species formation
and mitochondrial depolarization.”'

Mitochondria show a very high affinity for sulfide that permits its use as an energetic
substrate at low micromolar concentrations, hence, below the toxic level. However, if the
supply of sulfide exceeds the oxidation rate, poisoning renders mitochondria inefficient
and an anaerobic mechanism involving partial reversion of Krebs cycle already known in
invertebrates may take place.”” Given a predisposing genetic background that
compromises DNA repair or “hyper-susceptibility”, H,S may lead to genomic instability
or cumulative mutations. "™

H,S plays a pivotal role in both aerobic and anaerobic organisms as a signaling
mediator.”® It contributes significantly to chronic intestinal disorders that are dependent
upon gene-environment interactions.””’>”’ Impaired butyrate oxidation and raised counts
of sulfate-reducing bacteria in the colon of patients with ulcerative colitis indicate that the
disease may be induced or aggravated by hydrogen sulfide toxicity.*” HaS induces direct
radical-associated DNA damage, highlighting the possible role of sulfide as an



environmental insult that, given a predisposing genetic background, may lead to genomic
instability or the cumulative mutations characteristic of colorectal cancer. ®'

Metal toxicity and glutathione depletion also appear to be affected by H,S. Both also
have also been mentioned as underlying causes of CFS. It is theorized that H,S can
reduce intracellular bound ferric iron to form unbound ferrous iron, which activates iron.
Bacteria in the gut produce H,S, which when combined with ferrous iron, produces
insoluble heavy metal sulfides.

Additionally, H,S can increase hepatocyte formation of reactive oxygen species. H,S
cytotoxicity also involves a reactive sulfur species, which depletes glutathione (GSH) and
activates oxygen to form ROS. Glutathione-depleted hepatocytes have been shown to be
susceptible to NaHS cytotoxicity, indicating that GSH detoxifies NaHS (a H,S source) or
H,S in cells.*> H,S also plays a role in cellular proliferation and apoptosis.®

Recently, gram-negative bacteria, which are increased in gut-intestinal permeability,
were implicated in the etiology of CFS®, and similarly, in AIDS activation.*® The
relationship between bacteria, other microorganisms and hydrogen sulfide in the context
of chronic fatigue syndrome should be investigated.

Conclusion

All of these systems described in the foregoing have a role in CFS. It is proposed that
focused research will demonstrate that the mitochondrial hypo-function in CFS can result
from abnormalities of hydrogen sulfide homeostasis. Understanding the role of hydrogen
sulfide in the body may provide a unifying lens through which to view the diverse
manifestations of this complex disease.



REFERENCES

! International Association for Chronic Fatigue Syndrome. Etiology of ME/CFS: Model
of Pathogenesis. http://www.iacfs.net/pdf/etiology-modelofpathogenesis.pdf.

% Fukuda K, Straus SE, Hickie I, Sharpe MC, Dobbins JG, Komaroff A, The Chronic
Fatigue Syndrome: A Comprehensive Approach to Its Definition and Study, Annals of
Internal Medicine, 15 Dec. 1994 Vol. 121 Issue 12 ; pp.953-959,
http://www.annals.org/cgi/content/full/121/12/953

3 Carruthers BM, et al, Myalgic Encephalomyelitis/Chronic Fatigue Syndrome: Clinical
Working Case Definition, Diagnostic and Treatment Protocols, Journal of Chronic
Fatigue Syndrome, Vol. 11 (1) 2003 , pp. 11-13 http://www.cfids-
cab.org/MESA/ccpeed.pdf

* The Genes, Environment and Health Initiative:
:-www.gel.nih.gov/+Genestand+environment+tinitiative&hl=en&ct=clnk&cd=1&gl=us

> Schwartz D, Collins F, Environmental Biology and Human Disease, Science 4 May
2007 Vol. 316 no. 5825, pp. 695-696 PMID: 17478705

% Vernon SD, Whistler T, Aslakson E, Rajeevan M, Reeves WC, Challenges for
molecular profiling of chronic fatigue syndrome, Pharmacogenomics. 2006
Mar;7(2):211-8. PMID: 16515400

! Dyall SD, BrownMT, Johnson PJ, Ancient Invasions: from endosymbionts to
organelles, Science, 2004 Apr. 9; 304(5668): 253-7. PMID: 15073369

$ Gray MW, Lang BF, Burger G, Mitochondria of protists Annu Rev Genet.
2004;38:477-524 PMID: 15568984

? Theiseen U, Hoffmeister M, Grieshaber M, Martin W, Single eubacterial origin of
eukaryotic sulfide: quinine oxidoreductase, a mitochondrial enzyme conserved from the

early evolution of eukaryotes during anoxic and sulfidic times. Mol Biol Evol. 2003
Sep;20(9):1564-74 PMID: 12832624

' Vellai T, Vida G, The origin of eukaryotes: the difference between prokaryotic and
eukaryotic cells. Proc Biol Sci. 1999 Aug 7;266(1428):1571-7 PMID: 10467746

' Koonin EV,Fedorova ND, Jackson JD, Jacobs AR,Krylov DM,Makarova KS,
Mazumder R, Mekhedov SL,Nikolskaya AN, Rao BS, Rogozin IB, Smirnov S, Sorokin
AV,Sverdlov AV, Vasudevan S, Wolf YI,Yin JJ, Natale DA A comprehensive




evolutionary classification of proteins encoded in complete eukaryotic genomes Genome
Biol. 2004;5(2):R7. Epub 2004 Jan 15 PMID: 14759257

2 DiMauro S, Mitochondrial Function and Disorders, Basic and Clinincal Neurosciences
Dept. Coumbia University
http://neuroscienceupdate.cumc.columbia.edu/speakers/speaker dimauro.html

" Mori N, Yasutake A, Hirayama K, Comparative study of activities in reactive oxygen
species production/defense system in mitochondria of rat brain and liver, and their
susceptibility to methylmercury toxicity. Arch. Toxicol. 2007 April 27, PMID:
17464500

Yin Z, Milatovic D, Aschner JL, Syversen T, Rocha JB, Souza DO, Sidoryk M,
Albrecht J, Aschner M, Methylmercury induces oxidative injury, alternations in
permeability and glutamine transport in cultured astrocytes, Brain Res. 2007 PMID:
17182013

15 MilatovicD, Yin Z, Gupta RC, Sidoryk M, Albrecht J, Aschner JL, Aschner M,
Manganese induces oxidative impairment in cultured rat astrocytes Toxicol. Sci. 2007
Apr 27 PMID: 17468184

16 Shepherd RK, Checcarelli N, Naini A, De Vivo DC, DiMauro S, Sue CM,
Measurement of ATP production in mitochondrial disorders, J Inherit Metab Dis. 2006
Feb;29(1):86-91 PMID: 16601873

17

http://72.14.205.104/u/emoryuniversity?q=cache:WYd37X5AR7gJ):www.med.emory.edu
/research/information/CONFERENCES/CURRENT/molecular_medicine.html+mitomap
&hl=en&ct=clnk&cd=2&gl=us&ie=UTF-8

18 Berdanier, C, editor, Mitochondria in Health and Disease (Oxidative Stress and
Disease), CRC Press, Taylor & Francis Group, 2005, p. 53

¥ DiMauro S, HiranoM, Mitochondrial encephalomyopathies: an update. Neuromuscul
Disord. 2005 Apr;15(4):276-86 PMID: 1572866

% DiMauro S, Mitochondrial myopathies, Curr. Opin. Rheumatol. 2006 Nov;18(6):634-
41PMID: 17053512

2 Mende S, Storch A, Reichmann H, Gene expression profiling of classic mitochondrial
disorders: its value in finding therapeutic strategies, Nervenarzt 2007 Apr 26 PMID:
17458528

> Hydrogen Sulfide: Human Health Aspects, Concise International Chemical
Assessment Document 53, World Health Organization, Geneva, 2003



 Toxicological Profile for Hydrogen Sulfide, Agency for Toxic Substances and Disease
Registry, Department of Helath and Human Services, US Government, July 2006

** Beauchamp RO Jr, Bus JS, Popp JA, Boreiko CJ, Andjelkovich DA, A critical review
of the literature on hydrogen sulfide toxicity. Crit Rev Toxicol. 1984;13(1):25-97
PMID: 6378532, and

2 Sierra Club Press Release, January 25, 1999

*Seredenko MM, Miniailenko TD, et al, Effect of inhalation of an air mixture with
hydrogen sulfide-containing industrial natural gas on gycolysis and lipid peroxidation in
rats, Fixiol ZH. 1991 Sept-Oct.; 37(5):70-4. PMID: 1790819

*"Mirandola P, Gobbi G, Sponzilli I, Pambianco M, Malinverno C, Cacchioli A, De
Panfilis G, Vitale M, J Cell Physiol 2007 May 21, PMID: 17516567

8 Komaroff, AL, HHV-6 Biology, Viruses and Immunology in Chronic Fatigue
Syndrome, paper presented at the IACFS Conference, January 12-14, 2007
www.iacfs.net

* Bhatia M, Hydrogen sulfide as a vasodilator. [UBMB Life. 2005 Sep;57(9):603-6
PMID: 16203678

3% Snyder SH, Ferris CD, Novel Neurotransmitters and Their Neuropsychiatric
Relevance, Am J Psychiatry 157:1738-1751, November 2000
http://ajp.psychiatryonline.org/cgi/content/full/157/11/1738

3! Wang, Rui, The gasotransmitter role of hydrogen sulfide, Antioxid Redox Signal 2003
Aug;5(4):493-501 PMID: 13678538

32 Lowicka E, Beltowski J, Hydrogen sulfide (H(2)S) — the third gas of interest for
pharmacologists. Pharmacol Rep. 2007 Jan-Feb;59(1):4-24 PMID: 17377202

33 Kimura H, Hydrogen Sulfide Is Severely Decreased in Alzheimer Disease Brains,
Molecular Neurobiology of Alzheimer Disease and Related Disorders, 2004, pp 79-83

** Eto K, Asada T, Arima K, Makifuchi T, Kimura H. Brain hydrogen sulfide is severely
decreased in Alzheimer’s disease, Biochem Biophys Res Commun. 2002 May
24;293(5):1485-8 PMID: 12054683

33 Ichinoke A, Kanaumi T, Talashima S, Enokido Y, Nagai Y, Kimura H. Cystathionine
beta-synthase is enriched in the brains of Down’s patients. Biochem Biophys Res
Commun. 2005 Dec 23;338(3):1547-50 PMID: 16274669

10



3¢ Kaneko Y, Kimura Y, Kimura H, Niki I, L-cysteine inhibits insulin release from the
pancreatic beta-cell: possible involvement of metabolic production of hydrogen sulfide, a
novel gasotransmitter. Diabetes,2006 May;55(5):1391-7. PMID: 16644696

37 Mann NS, Rossaro L, Sudden infant death syndrome: the colon connection. Med
Hypotheses 2006;66(2):375-9. PMID: 16229961

*¥Blackstone, Eric, Morrison, Mike, Roth, Mark B., “H2S Induces a Suspended
Animation-Like State in Mice, Science Magazine, April 2005, Vol. 308 no. 5721, p. 518,
DOI: 10.1126/science.1108581

%? Blackstone E, Roth MB, SUSPENDED ANIMATION-LIKE STATE PROTECTS
MICE FROM LETHAL HYPOXIA, Shock 2007 Apr;27(4):370-372. PMID:17414418

%0 Dombkowski RA, Doellman MM, Head SK, Olson KR, Hydrogen sulfide mediates
hypoxia-induced relaxation of trout urinary bladder smooth muscle, J. Exp Biol. 2006
Aug;209(Pt16):3234-40. PMID: 16888071

1 Olson KR, Dombkowski RA, Russell MJ, Doellman MM, Head SK, Whitfield NL,
Madden JA, Hydrogen sulfide as an oxygen sensor/transducer in vertebrate hypoxic
vasoconstriction and hypoxic vasodilation. J Exp Biol. 2006 Oct;209(Pt 20):4011-23
PMID: 17023595

*2 Kimura H, Hydrogen sulfide as a neuromodulator, Mol. Neurobiology. 2002 Aug;
26(1):13-9. PMID: 2392053

* Tsugane M, Nagai Y, Oka JI, Kimura H. Differentiated Astrocytes Acquire Sensitivity
to Hydrogen Sulfide That Is Diminished by the Transformation into Reactive Astrocytes.
Antioxid Redox Signal 2007 Jan 1 Epub ahead of print PMID: 17115938

* Navarra P, Dello Russo C, Mancuso C, Preziosi P, and A Grossman. Gaseous
neuromodulators in the control of neuroendocrine stress axis. Ann N Y Acad Sci.
2000;917:638-46. PMID: 11268392

* Dello Russo C, Tringali G, Ragazzoni E, Maggiano N, Menini E, Vairano M, Preziosi
P, Navarra P, Evidence that hydrogen sulfide can modulate hypothalamo-pituitary-
adrenal axis function: in vitro and in vivo studies in the rat. J Neuroendocrinol. 2000
Mar;12(3):225-33. PMID: 10718918

%6 Olson, KR, Dombkowski RA, Russell MJ, Doellman MM, Head SK, Whitfield NL,
Madden JA, J Exp. Biol 2006 Oct; 209 (Pt 20): 4011-23. PMID: PMID: 17023595

*" O’Sullivan SE, What is the significance of vascular hydrogen sulfide (H2S)? Br. J.
Pharmacology 2006 Nov;149(6):609-10. Epub 2006 Oct 3 PMID: 17016506

11



48 Qu K, Chen CP, Halliwell B, Moore PK, Wong PT. Hydrogen sulfide is a mediator of
cerebral ischemic damage. Stroke. 2006 Mar;37(3):889-93. PMID: 16439695

* Koenitzer JR, Isbell TS, Patel HD, Benavides GA, Dickinson DA, Patel R, Darley-
Usmar VM, Lancaster JR, Doeller JE, Kraus DW. HYDROGEN SULFIDE MEDIATES
VASOACTIVITY IN AN O2-DEPENDENT MANNER. Am J Physiol Heart Circ
Physiol. 2007 Jan 19 [Epub ahead of print]. PMID: 17237242

0 Ali MY, Ping CY, Mok YY, Ling L, Whiteman M, Bhatia M, Moore PK. Regulation
of vascular nitric oxide in vitro and in vivo; a new role for hydrogen sulfide? BrJ
Pharmacol. 2006 Nov.;149(6);625-34. Epub 2006 Oct 3 PMID: 17016507

! Vernon S, Whistler T, Cameron B, Hickie IB, Reeves W, Lloyd A, Preliminary
evidence of mitochondrial dysfunction associated with post-infective fatigue after acute
infection with Epstein Barr Virus, BMC Infect Dis. 2006; 6:15

>? “Chronic fatigue is not all in the mind”, 21 July 2005
http://www.newscientist.com/article.ns?id=mg18725093.700&print=true

> The most comprehensive study of genetics in CFS is being undertaken at the
Department of Cellular and Molecular Medicine, St. George’s University of London,
Imperial College, London. So far, the principal investigator has found three genes related
to mitochondrial function in his gene expression study. For general information see,
Current research priorities in chronic fatigue syndrome/myalgic
encephalomyelitis:disease mechanisms, a diagnostic test and specific treatments. J Clin
Pathol. 2007 Feb;60(2):113-6 PMID: 16935968

>* Kaushik N, Fear D, Richards SC, McDernott CR, Nuwaysir EF, Kellam P, Harrison
TJ, Wilkinson RJ, Tyrrell DA, Holgate ST, Kerr JR, Gene expression in peripheral blood
mononuclear cells from patients with chronic fatigue syndrome, J. Clin. Pathol. 2005
Aug;58(8):826-32. PMID:16049284

>3 Vecchiet L, Montanari G, Pizzigallo E, Iezzi S, de Bigontina P, Dragani L, Vecchiet J,
Giamberardino MA, Sensory characterization of somatic parietal tissues in humans with
chronic fatigue syndrome, Neurosci Lett. 1996 Apr 19;208(2):117-20 PMID: 8859904

> Ibid., Vernon, et al

>7 Ali M, The Cause of Fibromyalgia: the respiratory-to-fermentative shift (the DysOx
State) in ATP production, J. Integrative Medicine 2003;8:135-140

>% Plioplys AV, Plioplys S, Electron-microscopic investigation of muscle mitochondria in
chronic fatigue syndrome. Neuropsychobiology. 1995;32(4):175-81 PMID: 8587699

12



>® Pieczenik SR, Neustadt J, Mitochondrial dysfunction and molecular pathways of
disease, Exp. Mol Pathol., 2007 Jan 17; [Epub ahead of print] PMID: 17239370

% Myhill, Sarah, CFS is Heart Failure Secondary to mitochondrial Malfunction: A
Nutritional Support Protocol, 11-15-2006, www.immunesupport.com.

%! Adler, J, To Treat the Dead: The new science of resuscitation is changing the way
doctors think about heart attacks-and death itself. Newsweek, May 7, 2007, p. 56

%2 Richmond KN, Burnite S, Lynch RM, Oxygen sensitivity of mitochondrial metabolic
state in isolated skeletal and cardiac myocytes, Am J Physiol Cell Physiol 273: C1613-
C1622, 1997; 0363-6143/97 PMID: 9374647

63 Papandreou I, Cairns RA, Fontana L, Lim AL, Denko NC, HIF-1 mediates adaptation
to hypoxia by actively downregulating mitochondrial oxygen consumption Cell Metab
(2006) 3: 187-97 PMID: 16517406

64 Gjedde A, Johannsen P, Cold GE, Ostergaard L, Cerebral metabolic response to low
blood flow: possible role of cytochrome oxidase inhibition, J. Cereb Blood Flow Metab.
2005 Sep;25(9):1183-PMID: 15815583

% Gjedde A, The pathways of oxygen in brain. II. Competitions for cytochrome ¢
oxidase and NOS are keys to flow-metabolism coupling. Adv. Exp Med Biol.
2005;566:277-83. PMID: 16594163

% Giles GI, Jacob C, Reactive sulfur species: an emerging concept in oxidative stress,
Biol Chem 2002 Mar-Apr;383(3-4):375-88 PMID: 12033429

67 Malmezat T, Breuille D, Pouyet C, Mirand, PP, Obled C, Metabolism of Cysteine Is
Modified During the Acute Phase of Sepsis in Rats, The Journal of Nutrition Vol. 128 No
1 Jan 1998, pp 97-105, PMID:9430609

8 Malmezat T, Breuill D, Capitan P, Mirand PP, Obled C, Glutathione turnover is
increased during the acute phase of sepsis in rats, J. Nutr. 2000 May;130(5):1239-46,
PMID:10801925

69 Hargreaves IP, Duncan AJ, Wu L, Agrawal A, Land JM, Heales SJ. Inhibition of
mitochondrial complex IV leads to secondary loss complex II-III activity: Implications
for the pathogenesis and treatment of mitochondrial encephalomyopathies.
Mitochondrion 2007 Feb. 12; PMID: 17395552

" Yan SK, Chang T, Wang H, Wu L, Wang R, Meng QH, Effects of hydrogen sulfide on
homocysteine-induced oxidative stress in vascular smooth muscle cells. Biochem
Biophys Res Commun. 2006 Dec. 15; 351(2):485-91. PMID: 17069760

13



""Eghbal MA, Pennefather PS, O’Brien PJ, H2S cytotoxicity mechanism involves
reactive oxygen species formation and mitochondrial depolarization. Toxicology 2004
Oct. 15; 203(1 -3):69-76 PMID: 5363583

2 Goubern M, Andriamihaja M, Nubel T, Blachier F, Bouillaud F, Sulfide, the first
inorganic substrate for human cells, FASEB J. 2007 Feb 23. PMID: 17314140

7 Attene-Ramos MS, Wagner ED, Plewa MJ, Gaskins HR. Evidence that hydrogen
sulfide is a genotoxic agent. Mol. Cancer Res. 2006 Jan: 4(1):9-14. PMID: 16446402

7 Attene-Ramos et al, Hydrogen Sulfide Induced Direct Radical-Associated DNA
Damage, Mol. Cancer Res. 2007 PMID: 17475672

> Kamoun, P. H2S, a new modulator. Med Sci (Paris) 2004 Jun-Jul;20(6-7):697-700
PMID: 15329822

7% Lloyd D, Hydrogen sulfide: clandestine microbial messenger? Trends Microbiol.
2006 Oct; 14(10):456-62. PMID: 16908154

" Attene-Ramos Matias S, Wagner Elizabeth D, Plewa Michael J, Gaskins H Rex,
Evidence That Hydrogen Sulfide Is a Genotoxic Agent, Molecular Cancer Research 4:9-
14 (2006) American Association for Cancer Research PMID: 16446402

8 Schicho R, Krueger D, Zeller F, Von Weyhern CW, Frieling T, Kimura H, Ishii I, De
Giorgio R, Campi B, Schemann M., Department of Human Biology, Technical
University Munich, Munich, Germany, Hydrogen sulfide is a novel prosecretory

neuromodulator in the Guinea-pig and human colon. Gastroenterology, 2006
Nov;131(5):1542-52. PMID: 17101327

7 Ramasamy S, Singh S, Taniere P, Langman MJ, Eggo MC, Sulfide-detoxifying
enzymes in the human colon are decreased in cancer and upregulated in differentiation.
AmlJ Phsiol Gastrointest Liver Physiol 2006 Aug;291(2):G288-96 PMID: 16500920

89 Picton R, Eggo MC, Langman MJ, Singh S. Impaired detoxication of hydrogen sulfide
in ulcerative colitis? Dig Dis Sci. 2007 Feb;52(2):373-8.; Epub 2007 Jan 11.ahead of
print PMID: 17216575

81 Attene-Ramos MS, Wagner ED, Gaskins HR, Plewa MJ, Hydrogen Sulfide Induces
Direct Radical-Associated DNA Damage Mol Cancer Res. 2007 May 2; [Epub ahead of
print] PMID: 17475672

82 Wang L, Warner NE, Sherrod AE, Pathological Quiz Case: A 79-Year Old Woman
with a Black, Ulcerated Cecal Tumor and 3 Negative Guaiac Test Results, Archives of
Pathology and Laboratory Medicine: Vol. 129, No. 1, pp. 113-114 PMID: 15628891

14



8 Truong DH, Eghbal MA, Hindmarsh W, Roth SH, O’Brien PJ, Molecular mechanisms
of hydrogen sulfide toxicity. Drug Metab Rev. 2006; 38(4):733-44 PMID: 17145698

% Yang GD, Wang R. H2S and cellular proliferation and apoptosis. Sheng Li Xue Bao.
2007 Apr. 25;59(2):133-40 PMID: 17437034

% Maes M, Mihaylova I, Leunis JC, Increased serum IgA and IgM against LPS of
enterobacteria in chronic fatigue syndrome(CFS): indication for the involvement of gram-
negative enterobacteria in the etiology of CFS and for the presence of an increased gut-
intestinal permeability, J. Affect Disord. 2007 Apr;99(1-3);237-40 PMID: 17007934

% Science 19 January 2007, Vol. 315. no/ 5810, pp.302-303 Editors’ Choice: Highlights
of the Recent Literature, citing Nat. Med. 12, 1365 (2006)

15



