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Mitochondrial energy deficit is considered a key element of different clinical pathologies - from inherited 
disorders of energy metabolism to drug-induced mitochondrial toxicity, to cardiometabolic and 
neurodegenerative diseases.  However, clinical manifestations of impaired bioenergetics are not easy to 
recognize, with patient-reported features usually include non-pathognomonic fatigue and weakness, or 
exercise intolerance, while specific lab tests are missing.  Although it is not clear whether poor energetics is 
a primary deficit or a secondary consequence of specific disorders, improving mitochondrial viability 
remains a challenging task in both experimental and clinical medicine.  In this review, biochemical and 
clinical evidence of energy deficits were reviewed, along with possible therapeutic options to tackle energy 
failure and restore bioenergetics.
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Introduction
The capacity of each cell to provide and sustain energy 

is essential to life.  It seems that optimal energy flux mainly 
depends on mitochondria, subcellular structures that deliver 
chemical energy.  Owing to their ability to produce adenos-
ine triphosphate (ATP), a central molecular proxy for intra-
cellular energy transfer, mitochondria became a driving 
force in evolution (Friedman and Nunnari 2014).  Many 
intrinsic and extrinsic factors may affect mitochondrial 
capacity to furnish energy of ATP, including pre-compo-
nents availability, functionality of synthetic machinery, or 
challenging environment (Fig. 1).  Whatever damages this 
energy-making capacity could easily translate into clinical 
outcomes of impaired bioenergetics that particularly tackle 
energy-demanding tissues such as the brain, myocardium, 
skeletal muscle, pancreas or liver (Archer 2013).  Here, I 
review biochemical and clinical evidence of energy deficits 
in clinical medicine, either inherited or acquired, and dis-
cuss possible therapeutic options to tackle impaired mito-
chondrial bioenergetics in biomedicine.

Inherited Mitochondrial Disorders of  
Energy Metabolism

Several relatively rare (10 to 15 cases per 100,000 per-
sons) inherited metabolic disorders affect energy metabo-
lism, and induce a great diversity of signs and symptoms 
due to a deficiency of energy production and/or utilization 
(Ezgu 2016).  Fostered by a defect in a gene coding for a 

mitochondrial protein, these conditions negatively impact 
mitochondrial metabolism of pyruvate and fatty acids, also 
Krebs cycle and electron transport chain, within the central 
and peripheral nervous system, skeletal muscle, heart, and 
other organs (Mak et al. 2013; Vernon 2015).  These include 
congenital lactic acidosis, fatty acid oxidation defects, glu-
coneogenesis defects, and mitochondrial respiratory chain 
disorders.  Main characteristics of above disorders are out-
lined in Table 1.  Many other inherited metabolic diseases 
can also affect cellular bioenergetics, including creatine 
deficiency syndromes (Mercimek-Mahmutoglu and 
Salomons 2009) or muscle-specific glycogen synthase defi-
ciency (Cameron et al. 2009), but the pathophysiology and 
clinical characteristics of these conditions are outside of the 
scope of this paper.

Although above conditions are distinct in prevalence, 
etiology and severity, all share a common feature - an 
impaired cellular bioenergetic that translates into energy 
depletion-related signs and symptoms, including muscle 
weakness, exercise intolerance and neuromuscular fatigue 
(Mak et al. 2013).  Many studies confirmed incapacitated 
bioenergetics in inherited mitochondrial disorders, as 
assessed via low levels of high-energy phosphates (HEPs) 
in target tissues.  For example, Eleff and co-workers (1990) 
found that phosphocreatine-to-ATP ratios were significantly 
reduced, with phosphorylation potentials and percentage of 
maximal rate of ATP synthesis significantly altered in the 
brain of patients with heritable disorders of oxidative phos-
phorylation.  Equivalent ATP depletion has been reported in 
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the skeletal muscle and heart of patients suffering from 
mitochondrial cytopathies, with some tissues seem to be 
more vulnerable to energy deficiencies (Korzeniewski 
2016).

Usually discovered during the newborn period or early 
infancy, inherited disorders of energy metabolism have 
polyvalent pathophysiology, spreading from minor muta-

tions with mild phenotypic features to life-threatening 
multi-system defects of energy metabolism.  Due to the fact 
that most mitochondrial disorders often manifest as minor 
defects with unremarkable clinical picture while well-
defined syndromes are not always seen (Chinnery and 
Turnbull 1997), an integrated investigation of patients with 
suspected disease is essential.  Diagnostic approaches com-

Fig. 1.  Metabolic map summarizing mitochondrial bioenergetics.
	 mtDNA, mitochondrial DNA; TCA, tricarboxylic acid cycle; PCr, phosphocreatine; ETC, electron transport chain; 

NADH, reduced form of nicotine amide dinucleotide; FADH2, reduced form of flavin adenine dinucleotide.
	  denotes possible blockages in bioenergetics pathways due to impaired gene coding or direct obstruction of energy-

generating processes.

Disorder Prevalence Mutation Pathophysiology Clinical picture Diagnosis Treatment 

Congenital lactic acidosis 1 : 50.000 PDHA1 Deficit of pyruvate dehydrogenase 

enzymatic complex that converts pyruvate 

into acetyl-CoA 

Hypotonia, lethargy, intellectual 

disability, seizures; vomiting, severe 

breathing problems, abnormal heartbeat  

↑ Lactate in blood and CSF Ketogenic diet 

Dichloroacetate 

Fatty-acid oxidation disorders 

(12+ diseases) 

~ 1 : 10.000 

(combined prevalence) 

SLC22A5, SCL25A20, 

CPT1A, CPT2, ACADVL, 

ACADM, ACADS, ACAD9, 

HADHA, HADHB, DECR1 

Defects in transport and utilization of fatty 

acids and related intermediates  

Fasting hypoketotic hypoglycemia, 

cardiomyopathy, rhabdomyolysis, 

muscle weakness, myalgia, liver 

dysfunction, sudden death; also 

neuropathy and pigmentary retinopathy 

↑ Acylcarnitine metabolites in blood  

↑ Dicarboxylic acids and acylglycines in urine 

Dietary modification 

Avoidance of fasting 

Carmitine suppl.  

Gluconeogenesis defects ~ 1 : 20.000 

(combined prevalence) 

PC, G6PC, SLC37A4, 

PEPCK, FBP1, FBP2 

Defects in any of the four enzymes (PC, 

PEPCK, FDPase, G6Pase) of the 

glycolytic-gluconeogenic pathway  

Hypoglycemia, hyperventilation, 

hypotonia, moderate hepatomegaly, 

progressive neurodegenerative disorder, 

seizures 

↑ Lactate in blood and CSF Dietary modification 

Avoidance of fasting 

Vitamin suppl. 

Mt respiratory chain disorders 1 : 5.000 ND1, ND2, ND3, ND4L, 

ND4, ND5, ND6, CytB, A6, 

A8, COXI, COXII, COXIII 

etc. 

Impaired production of ATP Psychomotor retardation, seizures, 

ataxia, myoclonus, dystonia, peripheral 

neuropathy, weakness and exercise 

intolerance, short stature, 

cardiomyopathy, liver failure 

↑ Lactate in blood and CSF 

Ragged-red fibers on muscle biopsy 

Dichloroacetate 

Arginine 

Co-enzyme Q10 

Idebenone 

Exercise 

Table 1.  Characteristics of inherited disorders of energy metabolism.

Mt, mitochondrial; CSF, cerebrospinal fluid; CoA, coenzyme A; PC, pyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxyki-
nase; FDPase, fructose-1,6-bisphosphatase; G6Pase, glucose-6-phosphatase; ATP, adenosine triphosphate; PDHA1, pyruvate dehydroge-
nase E1 alpha 1 subunit gene; SLC22A, solute carrier family 22 genes (member 5 and 20); CPT, carnitine palmitoyltransferase genes 
(subunits 1A and 2); ACADVL, acyl-CoA dehydrogenase genes (short, medium and very long chains, and family member 9); HADHA, 
hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex genes (subunits alpha and beta); DECR1, 2,4-dienoyl-CoA reduc-
tase 1 gene; PC, pyruvate carboxylase gene; G6PC, glucose-6-phosphatase catalytic subunit gene; SLC37A4, solute carrier family 37 
member 4 gene; PEPCK, gene encoding phosphoenolpyruvate carboxykinase; FBP, fructose-bisphosphatase genes (units 1 and 2); ND, 
mitochondrially encoded nicotine amide dinucleotide dehydrogenase genes (subunits 1-6); CytB, mitochondrially encoded cytochrome b 
gene; A6-8, gene encoding small interleukin enhancer-binding factor 3/nuclear factor 90-associated RNA A6 and 8; COX, mitochondri-
ally encoded cytochrome c oxidase genes (subunits I-III).



Impaired Bioenergetics in Clinical Medicine 229

prise evaluation of clinical features and investigational lab-
oratory tests, including blood and cerebrospinal fluid chem-
istry, fibroblasts culture or muscle biopsy for enzyme assay, 
and DNA analysis (Vernon 2015).  Those disorders are also 
hard to tackle, with current management options (e.g. vita-
mins, co-factors, dietary modifications, exercise) typically 
prescribed to prevent or reduce severe symptomatic epi-
sodes (for review see Vernon (2015)) while no cure is avail-
able at the moment.  Future advances in genomic therapies 
to synthesize and deliver deficient mitochondrial enzymes 
or protein units (Chinnery and Turnbull 1997), or novel 
approaches in pharmaco-nutritional science to develop 
mitochondria-targeted energy-rich compounds might offer a 
new hope for population with inherited disorders of energy 
metabolism.

Intoxications that Affect Energy Metabolism
Different mitochondrial uncouplers, inhibitors and tox-

ins could jeopardize the organelle’s production of cell 
energy (Chan et al. 2005; Kovacic et al. 2005), with many 
individuals might be extensively exposed to those agents in 
everyday life.  Overall, mitochondrial toxins could affect 
energy flux by two means: (1) through direct obstruction or 
aggravation of energy-generating processes in the organelle, 
and (2) by provoking detrimental reactions that indirectly 
affect mitochondrial bioenergetics through overproduction 
of reactive oxygen species (ROS), mitochondrial DNA 
(mtDNA) damage, or impairment of mitochondrial mem-
brane structure.  For example, benzene, a widespread color-
less volatile organic compound, could negatively affect 
mitochondrial bioenergetics, acting as a blocker of the elec-
tron chain transport in the mitochondrial matrix, ROS-
generating toxicant, and mtDNA-mutagenic agent (Shen et 
al. 2008).  The substances with mitochondrial toxicity 
include pharmaceuticals (including anticonvulsants, psy-
chotropics, antibiotics or anti-arrhythmics), industrial 
chemicals and pesticides (e.g. carbon monoxide, polyaro-
matic hydrocarbons, rotenone, pentachlorophenol, para-
quat), or illicit drugs or related agents (such as cocaine, 
methamphetamine, tobacco, or alcohol) (for detailed review 
see Meyer et al. (2013)).  Most of these agents inhibits elec-
tron chain transport activity and uncouples oxidative phos-
phorylation, causing a decrease in cellular levels of ATP 
and cytotoxicity.  Several toxic agents also attack mtDNA, 
with damaged mitochondrial genome causes a misexpres-
sion of the proteins involved in energy metabolism 
(Hargreaves et al. 2016).

No data known to author are available concerning the 
prevalence of intoxications that affect mitochondrial bioen-
ergetics in clinical environment.  Since mitochondrial 
effects are often secondary to effects of toxicants elsewhere 
(or perhaps too complex to recognize), it seems that most 
cases remain unobserved.  Nevertheless, many recent 
reports suggested that off-targeted mitochondrial toxicity 
might be highly frequent, and therefore should be recog-
nized as a critical factor to be considered by clinicians and 

drug developers as a possible causative factor that contrib-
utes to the adverse side effects associated with certain drug 
regimens or environmental exposures (Varga et al. 2015; 
Hargreaves et al. 2016).  For example, drug-induced mito-
chondrial damage has been recognized as an important 
adverse effect of nucleoside analogue reverse transcriptase 
inhibitors in patients with human immunodeficiency virus 
infection, with many patients exhibit iatrogenic organ-spe-
cific mitochondrial damage and insufficient energy produc-
tion (Gardner et al. 2014).  Another well-known example is 
doxorubicin, a chemotherapeutic whose clinical use is lim-
ited since its off-target effects include inhibition of mito-
chondrial ATP production via uncoupling of oxidative phos-
phorylation and irreversible cardiomyopathy (Wallace 
2007).  Exposure to rotenone, an isoflavone-based broad-
spectrum pesticide, inhibits complex I of the mitochondrial 
respiratory chain that could induce significant respiratory 
depression and respiratory arrest (Wood et al. 2005).  It 
seems that prolonged exposure to mitochondrial toxins 
induce diverse clinical features that includes myopathy, car-
diomyopathy, and peripheral neuropathy, also lipodystro-
phy, hepatosteatosis and biochemical disturbances, with 
lactic acidosis being a classic hallmark (Gerschenson and 
Brinkman 2004).  Deleterious consequences of toxicant-
induced mitochondrial dysfunction seem to depend on 
many aspects, including a level of exposure and bioaccu-
mulation (Meyer et al. 2013), and cell type sensitivity 
(Brown and Borutaite 2012).  Therefore, it is important to 
test for mitochondrial toxicity early in drug development or 
during environmental exposure to pollutants (Chan et al. 
2005), since impairment of mitochondrial bioenergetics can 
induce various pathological conditions, and also to consider 
adjuvant strategies that target impaired bioenergetics asso-
ciated with certain toxicants in clinical medicine.

Energy Deficit and Neurodegeneration
Impaired bioenergetics from mitochondrial dysfunc-

tion is at least partially causative for many neurodegenera-
tive diseases, with the most notable being Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), Huntington’s disease 
(HD), and amyotrophic lateral sclerosis (ALS).  In experi-
mental models of neurodegeneration, there is a strong evi-
dence for energy deficit, as evaluated by tissue ATP and 
phosphocreatine depletion, reduced glucose uptake and 
increased lactate concentration, and elevated lactate-to-
pyruvate ratio in the brain, but also in peripheral tissues 
(Pathak et al. 2013).  However, only a handful of in vivo 
studies evaluated energy deficit in clinical patients with 
neurodegenerative diseases.  Kudo et al. (1997) reported 
impaired regional HEPs and phospholipid metabolism in 
the brain of patients with PD, as evaluated with 31P mag-
netic resonance spectroscopy (MRS).  Impaired brain bio-
energetics in PD patients has been confirmed by 31P MRS, 
with HEPs drop significantly (by 36%) after visual activa-
tion (Rango et al. 2006).  Another MRS study with HD and 
PD patients detected no major changes in cerebral phospho-
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creatine and ATP, yet small, systematic changes in brain 
creatine and alterations in other key cerebral metabolites 
were demonstrated in all patients individually (Hoang et al. 
1998).  Several in vivo trials confirmed impaired bioener-
getics in AD patients (Longo et al. 1993; Pettegrew et al. 
1994; Mandal et al. 2012).  Gonzalez and co-workers 
(1996) reported unfluctuating brain energy stores in AD yet 
abnormalities in biophysical state of membrane phospho-
lipid metabolism were found in all patients with the disease.  
Impaired oxidative phosphorylation, oxidative stress and 
incapacitated mitochondrial calcium turnover, and deregu-
lation of mitochondrial biogenesis are suggested as bio-
chemical means of energy deficit in neurodegeneration 
(Mochel and Haller 2011).

Although neurodegenerative diseases manifest with 
different clinical features, with symptoms and signs of neu-
rodegeneration usually depend on the area within the brain 
where dysfunction takes place, all share attributes of grad-
ual energy failure leading to neuronal death as the disease 
progresses (Pathak et al. 2013).  Impaired bioenergetics in 
the brain of HD and PD patients especially affects basal 
ganglia (Amano et al. 2015) while energy deficit seems to 
commence in the precuneus and spread to other parts of the 
cerebral cortex in AD (Love and Miners 2016).  In addition, 
a state of chronic energy deficit in the motor cortex has 
been reported in ALS (Ioannides et al. 2016).  Several 
recent reviews described possible therapeutic advances in 
targeting mitochondrial bioenergetics in neurodegeneration 
(Yao and Brinton 2011; Yadav et al. 2014).  However, it 
appears that many candidates that seem to potentiate brain 
metabolic energetics, including -lipoic acid, resveratrol and 
B vitamins, primarily tackle mitochondria as antioxidants 
or signaling modulators rather than energy-boosting com-
pounds.  On the other hand, energy-promoting agents (such 
as creatine) are occasionally used in neurodegenerative dis-
ease, with effectiveness and practicability rather debatable 
(as described below).

Cardiometabolic Diseases and  
Impaired Bioenergetics

Several pioneering trials from 1970-s reported smaller 
or dysfunctional mitochondria in the liver, muscle, or adi-
pose tissue from obese and diabetic patients (Marubbio et 
al. 1976; Petersen 1977; Vondra et al. 1977), implying 
insufficient energy production (or excessive utilization) in 
different cardiometabolic disorders.  Recent clinical studies 
confirmed above supposition using non-invasive 31P MRS 
techniques to quantify ATP concentrations or synthesis in 
target tissues.  Research in humans on hepatic energy 
metabolism under conditions of type 2 diabetes mellitus, 
insulin resistance and non-alcoholic fatty liver disease 
revealed reduced HEPs content, decreased ATP recovery 
and altered flux through ATP synthase (for review see 
Koliaki and Roden (2013)).  Mitochondrial transmembrane 
potential, inorganic phosphate utilization (indicative of ATP 
synthase capacity), and the activities of respiratory chain 

complexes I-IV in subcutaneous white adipose tissue were 
all reduced in obese and type 2 diabetes mellitus patients 
compared to those in control subjects (Kraunsøe et al. 2010; 
Chattopadhyay et al. 2011).  Obesity and insulin resistance 
were also associated with impaired bioenergetics following 
exercise in overweight-to-obese children (Slattery et al. 
2014; Wells et al. 2017) and adults (Valkovič et al. 2013), 
as evaluated via slower mitochondrial oxidative capacity 
recovery in the skeletal muscle.  Type 2 diabetes mellitus 
patients with apparently normal cardiac function have 
impaired myocardial and skeletal muscle energy metabo-
lism, with significantly lower phosphocreatine-to-ATP ratio 
(1.50 ± 0.11) than the healthy volunteers (2.30 ± 0.12) 
(Scheuermann-Freestone et al.  2003).  Compromised mito-
chondrial bioenergetics has also been described in patients 
with hypertrophied or failing human hearts, as evaluated by 
a decrease in HEPs and an increase in ADP concentration 
quantified with 31P MRS on the whole heart in vivo 
(Ventura-Clapier et al. 2011).  Phosphocreatine drops for 
50-70% in heart failure while ATP levels are diminished by 
~ 30% (Beer et al. 2002; Weiss et al. 2005).  Although it is 
not clear is impaired mitochondrial bioenergetics accounts 
as a cause or a consequence of cardiometabolic dysfunc-
tion, it appears that defective oxidative metabolism in the 
organelle is involved in visceral fat gain and the develop-
ment of insulin resistance (Affourtit 2016).

In a situation of excess energy intake that usually char-
acterizes cardiometabolic phenotype, it appears that fatty 
acid cannot be used properly by mitochondria.  That leads 
to the accumulation of fatty acid intermediates, that in turn 
inhibit the insulin signaling pathway and induce insulin 
resistance accompanied by inadequate mitochondrial ATP 
production (Aguer and Harper 2012).  The detailed mecha-
nism seems to involve many intracellular modulators, 
including peroxisome proliferator-activated receptor-γ 
co-activator-1α, adenosine monophosphate activated pro-
tein kinase, or estrogen-related receptors, with skeletal 
muscle being a major site of bioenergetic impairment 
(Affourtit 2016).  The clinical picture of cardiometabolic 
disorders comprises of many well-known attributes, with 
patient-reported features of impaired mitochondrial bioen-
ergetics often include reduced ability to exercise, post-exer-
tional malaise, ongoing muscle weakness, and fatigue.  To 
confirm the diagnosis of bioenergetic impairment with car-
diometabolic background, a clinician needs to order rather 
non-standard tests (e.g. muscle or liver biopsy, 31P MRS) 
since no robust and routine tests exist at the moment.  
Although some patients with obesity and type 2 diabetes 
may have an elevated blood lactate (as a consequence of 
altered mitochondrial oxidative phosphorylation) (Lovejoy 
et al. 1992) or low co-enzyme Q10 levels (due to stress-
induced depletion of this component of the mitochondrial 
electron transport chain) (McDonnell and Archbold 1996), 
both tests seem to lack sensitivity and specificity to be 
widely used.  Many management strategies are available to 
treat cardiometabolic disorders, however impaired mito-
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chondrial bioenergetics has not been recognized so far as 
the primary target for pharmacological or nutritional inter-
ventions here.  While recent evidence suggests some benefi-
cial effects of co-enzyme Q10 administration in mitochon-
drial dysfunction with metabolic and cardiovascular 
background (Alam and Rahman 2014), its direct role for 
improved bioenergetics has never been demonstrated in 
clinical environment.

Other conditions with Bioenergetic Impairment
A plethora of other clinical conditions seems to be 

accompanied by mitochondria-related energy deficit.  Levy 
(2007) suggested inadequate oxidative phosphorylation and 
defective electron-transport-chain function in the heart and 
other organs during sepsis, leading to cellular metabolic 
down-regulation and organ dysfunction syndrome.  
Dysfunctional mitochondrial bioenergetics has been recog-
nized in the pathogenesis of various hepatic disorders 
(Auger et al. 2015), with the inactivation of crucial mito-
chondrial enzymes and decreased ATP levels could criti-
cally contribute to alcoholic liver disease and hepatocellular 
carcinoma.  Emerging role of bioenergetics deregulation 
has been advocated in osteoarthritis, where impaired chon-
drocyte bioenergy might contribute to the inflammation and 
disease progression (Liu-Bryan and Terkeltaub 2015).  
Furthermore, patients with chronic fatigue syndrome had 
abnormally reduced phosphocreatine-to-ATP ratio and 
higher adenosine diphosphate (ADP) on exercise in the 31P 
MRS of their skeletal muscles (Barnes et al. 1993; 
Chaudhuri and Behan 2004), suggesting that bioenergetics 
abnormalities could be present in patients with this perplex-
ing medical condition.  Abnormal brain and muscle energy 
metabolism has been also shown in patients affected by 
migraine with aura, with tissue 31P MRS disclosed a low 
phosphocreatine content accompanied by high ADP con-
centration and a low phosphorylation potential (Barbiroli et 
al. 1992; Reyngoudt et al. 2011).  Reduction of brain HEPs 
has been detected in patients with bipolar disorders (Kato et 
al. 1994); same group reported more decreased phosphocre-
atine levels in severely depressed patients compared to mild 
depressives (Kato et al. 1992).  Impaired tissue bioenerget-
ics was also reported in patients with thyroid disorders 
(Erkintalo et al. 1998; Khushu et al. 2010; Rana et al. 
2012), lung cancer (Leij-Halfwerk et al. 2000), peripheral 
arterial disease (Schocke et al. 2008), Friedreich ataxia 
(Nachbauer et al. 2013), schizophrenia (Fukuzako et al. 
1995), Marfan syndrome (Crilley et al. 2007), adults with 
Down’s syndrome (Phillips et al. 2013), and college ath-
letes after concussion (Sikoglu et al. 2015).  The above 
inventory of clinical conditions should be kept open since 
pre-clinical trials suggest dysfunctional mitochondrial ener-
getics with ATP depletion in many experimental disease 
models (Boczonadi and Horvath 2014), implying bioener-
getic-centric context as an unfolding clinical paradigm in 
human medicine.

Tackling Impaired Bioenergetics
At the moment, there are no pharmaceutical cures for 

impaired mitochondrial bioenergetics disorders in clinical 
medicine.  Although several mitochondria-targeted thera-
peutics have been developed in the past two decades, most 
compounds are designed as antioxidants, focused to tackle 
organelle-specific oxidative stress rather than energy deficit 
(Smith et al. 2011; Apostolova and Victor 2015).  So far, 
only few human trials evaluated the therapeutic value of 
non-specific energy-boosting compounds in clinical condi-
tions with impaired mitochondrial bioenergetics.  Most 
studies used oral creatine and creatine analogs, or amino 
acid derivatives and peptides, and revealed rather ambigu-
ous results.

Oral creatine monohydrate administration improved 
cellular energetics (as verified by increased muscle phos-
phocreatine-to-inorganic phosphate ratio by 31P MRS at 
post-administration) and muscle strength in ambulatory 
Duchenne muscular dystrophy patients (Banerjee et al. 
2010).  Creatine corrects muscle 31P spectrum in gyrate 
atrophy with hyperornithinaemia (Heinänen et al. 1999), 
improved in vivo 1H MRS brain creatine levels in a child 
with guanidinoacetate methyltransferase deficiency (Leuzzi 
et al. 2000), and partially recovered cerebral creatine levels 
in a patient with arginine:glycine amidinotransferase defi-
ciency (Ndika et al. 2012).  Creatine also improved brain 
bioenergetics in a dose-ranging 31P MRS study of adoles-
cent females with drug-resistant depression (Kondo et al. 
2016).  Yet, several clinical studies reported low-to-medium 
therapeutic potential of creatine to positively dysfunctional 
energy metabolism in Huntington’s disease (Bender et al. 
2005) and Parkinson’s disease (Bender et al. 2006), also 
schizophrenia (Kaptsan et al. 2007).  Co-administration of 
creatine and ketogenic diet did not result in 31P-MRS visible 
changes in muscle energy metabolism in patients with 
McArdle disease although the intervention showed some 
energy-independent beneficial effects (Vorgerd and Zange 
2007).  In addition, creatine has no beneficial effect on skel-
etal muscle energy metabolism in patients with single mito-
chondrial DNA deletions (Kornblum et al. 2005).  
Guanidinoacetic acid, a direct precursor of creatine, 
improved work capacity in women with chronic fatigue 
syndrome yet markers of tissue bioenergetics were not 
improved by the intervention (Ostojic et al. 2016), suggest-
ing non-energy related role of this compound.  Oral 
L-arginine, another precursor of creatine, positively affected 
energy metabolism in MELAS syndrome, an inherited dis-
order of mitochondrial energy metabolism (Rodan et al. 
2015), while its effectiveness to improve brain bioenerget-
ics in patients with X-linked creatine transporter defect was 
absent (Fons et al. 2008) or minimal (Chilosi et al. 2012).  
Improved muscle bioenergetics and mitochondrial function 
have been reported recently in children suffering from 
Duchenne muscular dystrophy treated with L-arginine and 
metformin for 16 weeks (Hafner et al. 2016).
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Although copper-histidine therapy improved markers 
of brain metabolism in a boy with Menkes disease, a rare 
inherited disorder of copper trafficking and ATPase abnor-
mality, the brain atrophy and severe neurological symptoms 
were not ameliorated by this intervention (Munakata et al. 
2005).  Similarly, sodium benzoate improved brain creatine 
in a girl with guanidinoacetate methyltransferase deficiency 
yet tissue bioenergetics remained below normal in the basal 
ganglia and white matter after 3 years of the intervention, 
and treatment did not improve intellectual disability 
(Mercimek-Mahmutoglu et al. 2014).  Also, studies failed 
to show any significant effect of L-carnitine administration 
on objective measures of muscle energetics in end-stage 
renal disease (Vaux et al. 2004).  31P MRS did not show 
improved mitochondrial bioenergetics after eight weeks of 
recombinant human erythropoietin exposition in skeletal 
muscle tissue of Friedreich ataxia patients (Nachbauer et al. 
2013).  Molecular hydrogen improved fatigability and 
serum lactate-to-pyruvate ratio (a surrogate marker of mito-
chondrial electron transport system viability) in MELAS 
patients, yet no markers of tissue energetics were evaluated 
in this study (Ito et al. 2011).  In addition, an acute adminis-
tration of allopurinol, a xanthine oxidase inhibitor, 
increased cardiac phosphocreatine-to-ATP ratio and phos-
phocreatine levels in patients with non-ischemic cardiomy-
opathy (Hirsch et al. 2012), offering preliminary evidence 
that myocardial energy can be pharmaceutically augmented 
in the failing human heart.

Although some encouraging 31P MRS data exist for the 
treatment of specific bioenergy disorders, most studies 
shown low-to-mild improvement, were inadequately sized 
or lacked a placebo group, with technical differences among 

trials often complicate interpretation of tissue bioenergetics 
assays.  In addition, no information is currently available 
concerning the degree of specific compound’s mitochon-
drial uptake, and its subcellular bioenergetic behavior dur-
ing intervention in clinical environment.  A supreme candi-
date agent should have chemical properties that enable its 
full-off delivery to the organelle when administered via 
enteral or parenteral route (Avula et al. 2014).  In addition, 
a superior ability to directly replenish cellular ATP that 
translates into clinical benefit is a must for such an agent.

Conclusions
Impaired mitochondrial bioenergetics disorders are 

becoming recognizable as clinical entities of interest in 
many medical disciplines, with conditions seem to be far 
more common than previously anticipated.  Many issues on 
impaired bioenergetics in clinical medicine remain unre-
solved, including unknown prevalence and burden of those 
disorders in clinical environment, a debatable degree in 
which local bioenergetic deficit translates into systemic 
energy failure, a lack of gold-standard tests for energy fail-
ure diagnosis, or a dearth of effective treatments to restore 
tissue bioenergetics (Fig. 2).  However, although it is not 
clear whether poor energetics is a primary deficit or a sec-
ondary consequence of the specific disease, improving 
mitochondrial bioenergetic status seems to emerge as a 
challenging task for drug manufacturers and physicians.  
This is particularly true for patients suffering from highly 
prevalent conditions that go together with bioenergetic 
impairment, such as obesity, type 2 diabetes, or Alzheimer’s 
disease, that could benefit a lot from advances in bioener-
getic medicine.

Fig. 2.  Clinical overview of impaired mitochondrial bioenergetic disorders.
HEPs, high-energy phosphates; MR, magnetic resonance; CSF, cerebrospinal fluid; ATP, adenosine triphosphate.



Impaired Bioenergetics in Clinical Medicine 233

Acknowledgments
This work was supported by the Serbian Ministry of Educa-

tion, Science and Technological Development (Grant No. 
175037), the Provincial Secretariat for Higher Education and 
Scientific Research (Grant No. 114-451-710), the Faculty of 
Sport and Physical Education, and the Center for Health, Exer-
cise and Sport Sciences.

Conflict of Interest
The author declares no conflict of interest.

References
Affourtit, C. (2016)  Mitochondrial involvement in skeletal muscle 

insulin resistance: a case of imbalanced bioenergetics.  
Biochim. Biophys. Acta, 1857, 1678-1693.

Aguer, C. & Harper, M.E. (2012)  Skeletal muscle mitochondrial 
energetics in obesity and type 2 diabetes mellitus: endocrine 
aspects.  Best Pract. Res. Clin. Endocrinol. Metab., 26, 
805-819.

Alam, M.A. & Rahman, M.M. (2014)  Mitochondrial dysfunction 
in obesity: potential benefit and mechanism of Co-enzyme 
Q10 supplementation in metabolic syndrome.  J. Diabetes 
Metab. Disord., 13, 60.

Amano, S., Kegelmeyer, D. & Hong, S.L. (2015)  Rethinking 
energy in parkinsonian motor symptoms: a potential role for 
neural metabolic deficits.  Front. Syst. Neurosci., 8, 242.

Apostolova, N. & Victor V.M. (2015)  Molecular strategies for 
targeting antioxidants to mitochondria: therapeutic implica-
tions.  Antioxid. Redox Signal., 22, 686-729.

Archer, S.L. (2013)  Mitochondrial dynamics: mitochondrial 
fission and fusion in human diseases.  N. Engl. J. Med., 369, 
2236-2251.

Auger, C., Alhasawi, A., Contavadoo, M. & Appanna, V.D. (2015)  
Dysfunctional mitochondrial bioenergetics and the pathogen-
esis of hepatic disorders.  Front. Cell Dev. Biol., 3, 40.

Avula, S., Parikh, S., Demarest, S., Kurz, J. & Gropman, A. (2014)  
Treatment of mitochondrial disorders.  Curr. Treat. Options 
Neurol., 16, 292.

Banerjee, B., Sharma, U., Balasubramanian, K., Kalaivani, M., 
Kalra, V. & Jagannathan, N.R. (2010)  Effect of creatine 
monohydrate in improving cellular energetics and muscle 
strength in ambulatory Duchenne muscular dystrophy patients: 
a randomized, placebo-controlled 31P MRS study.  Magn. 
Reson. Imaging, 28, 698-707.

Barbiroli, B., Montagna, P., Cortelli, P., Funicello, R., Iotti, S., 
Monari, L., Pierangeli, G., Zaniol, P. & Lugaresi, E. (1992)  
Abnormal brain and muscle energy metabolism shown by 31P 
magnetic resonance spectroscopy in patients affected by 
migraine with aura.  Neurology, 42, 1209-1214.

Barnes, P.R., Taylor, D.J., Kemp, G.J. & Radda, G.K. (1993)  Skel-
etal muscle bioenergetics in the chronic fatigue syndrome.  J. 
Neurol. Neurosurg. Psychiatry, 56, 679-683.

Beer, M., Seyfarth, T., Sandstede, J., Landschütz, W., Lipke, C., 
Köstler, H., von Kienlin, M., Harre, K., Hahn, D. & Neubauer, 
S. (2002)  Absolute concentrations of high-energy phosphate 
metabolites in normal, hypertrophied, and failing human 
myocardium measured noninvasively with (31)P-SLOOP 
magnetic resonance spectroscopy.  J. Am. Coll. Cardiol., 40, 
1267-1274.

Bender, A., Auer, D.P., Merl, T., Reilmann, R., Saemann, P., 
Yassouridis, A., Bender, J., Weindl, A., Dose, M., Gasser, T. & 
Klopstock, T. (2005)  Creatine supplementation lowers brain 
glutamate levels in Huntington’s disease.  J. Neurol., 252, 
36-41.

Bender, A., Koch, W., Elstner, M., Schombacher, Y., Bender, J., 
Moeschl, M., Gekeler, F., Müller-Myhsok, B., Gasser, T., 

Tatsch, K. & Klopstock, T. (2006)  Creatine supplementation 
in Parkinson disease: a placebo-controlled randomized pilot 
trial.  Neurology, 67, 1262-1264.

Boczonadi, V. & Horvath, R. (2014)  Mitochondria: impaired mito-
chondrial translation in human disease.  Int. J. Biochem. Cell 
Biol., 48, 77-84.

Brown, G.C. & Borutaite, V. (2012)  There is no evidence that 
mitochondria are the main source of reactive oxygen species 
in mammalian cells.  Mitochondrion, 12, 1-4.

Cameron, J.M., Levandovskiy, V., MacKay, N., Utgikar, R., 
Ackerley, C., Chiasson, D., Halliday, W., Raiman, J. & 
Robinson, B.H. (2009)  Identification of a novel mutation in 
GYS1 (muscle-specific glycogen synthase) resulting in sudden 
cardiac death, that is diagnosable from skin fibroblasts.  Mol. 
Genet. Metab., 98, 378-382.

Chan, K., Truong, D., Shangari, N. & O’Brien, P.J. (2005)  Drug-
induced mitochondrial toxicity.  Expert Opin. Drug Metab. 
Toxicol., 1, 655-669.

Chattopadhyay, M., Guhathakurta, I., Behera, P., Ranjan, K.R., 
Khanna, M., Mukhopadhyay, S. & Chakrabarti, S. (2011)  
Mitochondrial bioenergetics is not impaired in nonobese 
subjects with type 2 diabetes mellitus.  Metabolism, 60, 1702-
1710.

Chaudhuri, A. & Behan, P.O. (2004)  In vivo magnetic resonance 
spectroscopy in chronic fatigue syndrome. Prostaglandins 
Leukot. Essent. Fatty Acids, 71, 181-183.

Chilosi, A., Casarano, M., Comparini, A., Battaglia, F.M., 
Mancardi, M.M., Schiaffino, C., Tosetti, M., Leuzzi, V., 
Battini, R. & Cioni, G. (2012)  Neuropsychological profile and 
clinical effects of arginine treatment in children with creatine 
transport deficiency.  Orphanet J. Rare Dis., 7, 43.

Chinnery, P.F. & Turnbull, D.M. (1997)  Mitochondrial medicine.  
QJM, 90, 657-667.

Crilley, J.G., Bendahan, D., Boehm, E.A., Styles, P., Rajagopalan, 
B., Wordsworth, P. & Clarke, K. (2007) Investigation of 
muscle bioenergetics in the Marfan syndrome indicates 
reduced metabolic efficiency.  J. Cardiovasc. Magn. Reson., 9, 
709-717.

Eleff, S.M., Barker, P.B., Blackband, S.J., Chatham, J.C., Lutz, 
N.W., Johns, D.R., Bryan, R.N. & Hurko O. (1990) Phos-
phorus magnetic resonance spectroscopy of patients with 
mitochondrial cytopathies demonstrates decreased levels of 
brain phosphocreatine.  Ann. Neurol., 27, 626-630.

Erkintalo, M., Bendahan, D., Mattéi, J.P., Fabreguettes, C., Vague, 
P. & Cozzone, P.J. (1998)  Reduced metabolic efficiency of 
skeletal muscle energetics in hyperthyroid patients evidenced 
quantitatively by in vivo phosphorus-31 magnetic resonance 
spectroscopy.  Metabolism, 47, 769-776.

Ezgu, F. (2016)  Inborn errors of metabolism.  Adv. Clin. Chem., 
73, 195-250.

Fons, C., Sempere, A., Arias, A., López-Sala, A., Póo, P., Pineda, 
M., Mas, A., Vilaseca, M.A., Salomons, G.S., Ribes, A., 
Artuch, R. & Campistol, J. (2008)  Arginine supplementation 
in four patients with X-linked creatine transporter defect.  J. 
Inherit. Metab. Dis., 31, 724-728.

Friedman, J.R. & Nunnari, J. (2014)  Mitochondrial form and func-
tion.  Nature, 505, 335-343.

Fukuzako, H., Takeuchi, K., Hokazono, Y., Fukuzako, T., Yamada, 
K., Hashiguchi, T., Obo, Y., Ueyama, K., Takigawa, M. & 
Fujimoto, T. (1995)  Proton magnetic resonance spectroscopy 
of the left medial temporal and frontal lobes in chronic schizo-
phrenia: preliminary report.  Psychiatry Res., 61, 193-200.

Gardner, K., Hall, P.A., Chinnery, P.F. & Payne, B.A. (2014)  HIV 
treatment and associated mitochondrial pathology: review of 
25 years of in vitro, animal, and human studies.  Toxicol. 
Pathol., 42, 811-822.

Gerschenson, M. & Brinkman, K. (2004)  Mitochondrial dysfunc-
tion in AIDS and its treatment.  Mitochondrion, 4, 763-777.

Gonzalez, R.G., Guimaraes, A.R., Moore, G.J., Crawley, A., 



S.M. Ostojic234

Cupples, L.A. & Growdon, J.H. (1996)  Quantitative in vivo 
31P magnetic resonance spectroscopy of Alzheimer disease.  
Alzheimer Dis. Assoc. Disord., 10, 46-52.

Hafner, P., Bonati, U., Erne, B., Schmid, M., Rubino, D., Pohlman, 
U., Peters, T., Rutz, E., Frank, S., Neuhaus, C., Deuster, S., 
Gloor, M., Bieri, O., Fischmann, A., Sinnreich, M., Gueven, N. 
& Fischer, D. (2016)  Improved muscle function in Duchenne 
muscular dystrophy through l-arginine and metformin: an 
investigator-initiated, open-label, single-center, proof-of-
concept-study.  PLoS One, 11, e0147634.

Hargreaves, I.P., Al Shahrani, M., Wainwright, L. & Heales, S.J. 
(2016)  Drug-induced mitochondrial toxicity.  Drug Saf., 39, 
661-674.

Heinänen, K., Näntö-Salonen, K., Komu, M., Erkintalo, M., 
Alanen, A., Heinonen, O.J., Pulkki, K., Nikoskelainen, E., 
Sipilä, I. & Simell, O. (1999)  Creatine corrects muscle 31P 
spectrum in gyrate atrophy with hyperornithinaemia.  Eur. J. 
Clin. Invest., 29, 1060-1065.

Hirsch, G.A., Bottomley, P.A., Gerstenblith, G. & Weiss, R.G. 
(2012)  Allopurinol acutely increases adenosine triphospate 
energy delivery in failing human hearts.  J. Am. Coll. Cardiol., 
59, 802-808.

Hoang, T.Q., Bluml, S., Dubowitz, D.J., Moats, R., Kopyov, O., 
Jacques, D. & Ross, B.D. (1998)  Quantitative proton-decou-
pled 31P MRS and 1H MRS in the evaluation of Huntington’s 
and Parkinson’s diseases.  Neurology, 50, 1033-1040.

Ioannides, Z.A., Ngo, S.T., Henderson, R.D., McCombe, P.A. & 
Steyn, F.J. (2016)  Altered metabolic homeostasis in amyo-
trophic lateral sclerosis: mechanisms of energy imbalance and 
contribution to disease progression.  Neurodegener. Dis., 16, 
382-397.

Ito, M., Ibi, T., Sahashi, K., Ichihara, M., Ito, M. & Ohno, K. 
(2011)  Open-label trial and randomized, double-blind, 
placebo-controlled, crossover trial of hydrogen-enriched water 
for mitochondrial and inflammatory myopathies.  Med. Gas 
Res., 1, 24.

Kaptsan, A., Odessky, A., Osher, Y. & Levine, J. (2007)  Lack of 
efficacy of 5 grams daily of creatine in schizophrenia: a 
randomized, double-blind, placebo-controlled trial.  J. Clin. 
Psychiatry, 68, 881-884.

Kato, T., Takahashi, S., Shioiri, T. & Inubushi, T. (1992)  Brain 
phosphorous metabolism in depressive disorders detected by 
phosphorus-31 magnetic resonance spectroscopy.  J. Affect. 
Disord., 26, 223-230.

Kato, T., Takahashi, S., Shioiri, T., Murashita, J., Hamakawa, H. & 
Inubushi, T. (1994)  Reduction of brain phosphocreatine in 
bipolar II disorder detected by phosphorus-31 magnetic reso-
nance spectroscopy.  J. Affect. Disord., 31, 125-133.

Khushu, S., Rana, P., Sekhri, T., Sripathy, G. & Tripathi, R.P. 
(2010)  Bio-energetic impairment in human calf muscle in 
thyroid disorders: a 31P MRS study.  Magn. Reson. Imaging, 
28, 683-689.

Koliaki, C. & Roden, M. (2013)  Hepatic energy metabolism in 
human diabetes mellitus, obesity and non-alcoholic fatty liver 
disease.  Mol. Cell. Endocrinol., 379, 35-42.

Kondo, D.G., Forrest, L.N., Shi, X., Sung, Y.H., Hellem, T.L., 
Huber, R.S. & Renshaw, P.F. (2016)  Creatine target engage-
ment with brain bioenergetics: a dose-ranging phosphorus-31 
magnetic resonance spectroscopy study of adolescent females 
with SSRI-resistant depression.  Amino Acids, 48, 1941-1954.

Kornblum, C., Schröder, R., Müller, K., Vorgerd, M., Eggers, J., 
Bogdanow, M., Papassotiropoulos, A., Fabian, K., Klockgether, 
T. & Zange, J. (2005)  Creatine has no beneficial effect on 
skeletal muscle energy metabolism in patients with single 
mitochondrial DNA deletions: a placebo-controlled, double-
blind 31P-MRS crossover study.  Eur. J. Neurol., 12, 300-309.

Korzeniewski, B. (2016)  Faster and stronger manifestation of 
mitochondrial diseases in skeletal muscle than in heart related 
to cytosolic inorganic phosphate (Pi) accumulation.  J. Appl. 

Physiol., 121, 424-437.
Kovacic, P., Pozos, R.S., Somanathan, R., Shangari, N. & O’Brien, 

P.J. (2005)  Mechanism of mitochondrial uncouplers, inhibi-
tors, and toxins: focus on electron transfer, free radicals, and 
structure-activity relationships.  Curr. Med. Chem., 12, 2601-
2623.

Kraunsøe, R., Boushel, R., Hansen, C.N., Schjerling, P., Qvortrup, 
K., Støckel, M., Mikines, K.J. & Dela, F. (2010) Mitochon-
drial respiration in subcutaneous and visceral adipose tissue 
from patients with morbid obesity.  J. Physiol., 588, 2023-
2032.

Kudo, M., Mizuno, Y., Morita, H. & Miyazaki, M. (1997)  31P 
magnetic resonance spectroscopy(MRS) study in basal ganglia 
of patients with Parkinson’s disease.  Nihon Rinsho, 55, 
255-261(in Japanese).

Leij-Halfwerk, S., Dagneli, P.C., Kappert, P., Oudkerk, M. & 
Sijens, P.E. (2000)  Decreased energy and phosphorylation 
status in the liver of lung cancer patients with weight loss. J. 
Hepatol., 32, 887-892.

Leuzzi, V., Bianchi, M.C., Tosetti, M., Carducci, C., Cerquiglini, 
C.A., Cioni, G. & Antonozzi, I. (2000)  Brain creatine deple-
tion: guanidinoacetate methyltransferase deficiency (improving 
with creatine supplementation).  Neurology, 55, 1407-1409.

Levy, R.J. (2007)  Mitochondrial dysfunction, bioenergetic impair-
ment, and metabolic down-regulation in sepsis. Shock, 28, 
24-28.

Liu-Bryan, R. & Terkeltaub, R. (2015)  Emerging regulators of the 
inflammatory process in osteoarthritis.  Nat. Rev. Rheumatol., 
11, 35-44.

Longo, R., Giorgini, A., Magnaldi, S., Pascazio, L. & Ricci, C. 
(1993)  Alzheimer’s disease histologically proven studied by 
MRI and MRS: two cases.  Magn. Reson. Imaging, 11, 1209-
1215.

Love, S. & Miners, J.S. (2016)  Cerebral hypoperfusion and the 
energy deficit in Alzheimer’s disease.  Brain Pathol., 26, 
607-617.

Lovejoy, J., Newby, F.D., Gebhart, S.S. & DiGirolamo, M. (1992)  
Insulin resistance in obesity is associated with elevated basal 
lactate levels and diminished lactate appearance following 
intravenous glucose and insulin.  Metabolism, 41, 22-27.

Mak, C.M., Lee, H.C., Chan, A.Y. & Lam, C.W. (2013)  Inborn 
errors of metabolism and expanded newborn screening: review 
and update.  Crit. Rev. Clin. Lab. Sci., 50, 142-162.

Mandal, P.K., Akolkar, H. & Tripathi, M. (2012)  Mapping of 
hippocampal pH and neurochemicals from in vivo multi-voxel 
31P study in healthy normal young male/female, mild cogni-
tive impairment, and Alzheimer’s disease.  J. Alzheimers Dis., 
31, S75-86.

Marubbio, A.T. Jr., Buchwald, H., Schwartz, M.Z. & Varco, R. 
(1976)  Hepatic lesions of central pericellular fibrosis in 
morbid obesity, and after jejunoileal bypass.  Am. J. Clin. 
Pathol., 66, 684-691.

McDonnell, M.G. & Archbold, G.P. (1996)  Plasma ubiquinol/
cholesterol ratios in patients with hyperlipidaemia, those with 
diabetes mellitus and in patients requiring dialysis.  Clin. 
Chim. Acta, 253, 117-126.

Mercimek-Mahmutoglu, S. & Salomons, G.S. (2009)  Creatine 
Deficiency Syndromes.  In GeneReviews® [Internet], 

	 [Updated: December 10, 2015], edited by Adam, M.P., 
Ardinger, H.H., Pagon, R.A., et al.  University of Washington, 
Seattle; 1993-2017, Seattle, WA.

Mercimek-Mahmutoglu, S., Salomons, G.S. & Chan, A. (2014)  
Case study for the evaluation of current treatment recommen-
dations of guanidinoacetate methyltransferase deficiency: inef-
fectiveness of sodium benzoate.  Pediatr. Neurol., 51, 133-137.

Meyer, J.N., Leung, M.C., Rooney, J.P., Sendoel, A., Hengartner, 
M.O., Kisby, G.E. & Bess, A.S. (2013) Mitochondria as a 
target of environmental toxicants.  Toxicol. Sci., 134, 1-17.

Mochel, F. & Haller, R.G. (2011)  Energy deficit in Huntington 



Impaired Bioenergetics in Clinical Medicine 235

disease: why it matters.  J. Clin. Invest., 121, 493-499.
Munakata, M., Sakamoto, O., Kitamura, T., Ishitobi, M., 

Yokoyama, H., Haginoya, K., Togashi, N., Tamura, H., 
Higano, S., Takahashi, S., Ohura, T., Kobayashi, Y., Onuma, A. 
& Iinuma, K. (2005)  The effects of copper-histidine therapy 
on brain metabolism in a patient with Menkes disease: a 
proton magnetic resonance spectroscopic study.  Brain Dev., 
27, 297-300.

Nachbauer, W., Boesch, S., Schneider, R., Eigentler, A., Wanschitz, 
J., Poewe, W. & Schocke, M. (2013) Bioenergetics of the calf 
muscle in Friedreich ataxia patients measured by 31P-MRS 
before and after treatment with recombinant human erythro-
poietin.  PLoS One, 8, e69229.

Ndika, J.D., Johnston, K., Barkovich, J.A., Wirt, M.D., O’Neill, P., 
Betsalel, O.T., Jakobs, C. & Salomons, G.S. (2012)  Develop-
mental progress and creatine restoration upon long-term 
creatine supplementation of a patient with arginine: glycine 
amidinotransferase deficiency.  Mol. Genet. Metab., 106, 
48-54.

Ostojic, S.M., Stojanovic, M., Drid, P., Hoffman, J.R., Sekulic, D. 
& Zenic, N. (2016)  Supplementation with guanidinoacetic 
acid in women with chronic fatigue syndrome.  Nutrients, 8, 
72.

Pathak, D., Berthet, A. & Nakamura, K. (2013)  Energy failure: 
does it contribute to neurodegeneration?  Ann. Neurol., 74, 
506-516.

Petersen, P. (1977)  Abnormal mitochondria in hepatocytes in 
human fatty liver.  Acta Pathol. Microbiol. Scand. A, 85, 
413-420.

Pettegrew, J.W., Panchalingam, K., Klunk, W.E., McClure, R.J. & 
Muenz, L.R. (1994)  Alterations of cerebral metabolism in 
probable Alzheimer’s disease: a preliminary study.  Neurobiol. 
Aging, 15, 117-132.

Phillips, A.C., Sleigh, A., McAllister, C.J., Brage, S., Carpenter, 
T.A., Kemp, G.J. & Holland, A.J. (2013)  Defective mitochon-
drial function in vivo in skeletal muscle in adults with Down’s 
syndrome: a 31P-MRS study.  PLoS One, 8, e84031.

Rana, P., Sripathy, G., Varshney, A., Kumar, P., Devi, M.M., 
Marwaha, R.K., Tripathi, R.P. & Khushu, S. (2012) Phospho-
rous magnetic resonance spectroscopy-based skeletal muscle 
bioenergetic studies in subclinical hypothyroidism.  J. Endo-
crinol. Invest., 35, 129-134.

Rango, M., Bonifati, C. & Bresolin, N. (2006)  Parkinson’s disease 
and brain mitochondrial dysfunction: a functional phosphorus 
magnetic resonance spectroscopy study.  J. Cereb. Blood Flow 
Metab., 26, 283-290.

Reyngoudt, H., Paemeleire, K., Descamps, B., De Deene, Y. & 
Achten, E. (2011)  31P-MRS demonstrates a reduction in 
high-energy phosphates in the occipital lobe of migraine 
without aura patients.  Cephalalgia, 31, 1243-1253.

Rodan, L.H., Wells, G.D., Banks, L., Thompson, S., Schneiderman, 
J.E. & Tein, I. (2015)  L-Arginine affects aerobic capacity and 
muscle metabolism in MELAS (mitochondrial encephalomy-
opathy, lactic acidosis and stroke-like episodes) syndrome.  
PLoS One, 10, e0127066.

Scheuermann-Freestone, M., Madsen, P.L., Manners, D., Blamire, 
A.M., Buckingham, R.E., Styles, P., Radda, G.K., Neubauer, 
S. & Clarke, K. (2003)  Abnormal cardiac and skeletal muscle 
energy metabolism in patients with type 2 diabetes.  Circula-
tion, 107, 3040-3046.

Schocke, M., Esterhammer, R. & Greiner, A. (2008)  High-energy 
phosphate metabolism in the exercising muscle of patients 
with peripheral arterial disease.  Vasa, 37, 199-210.

Shen, M., Zhang. L., Bonner, M.R., Liu, C.S., Li, G., Vermeulen, 

R., Dosemeci, M., Yin, S. & Lan, Q. (2008) Association 
between mitochondrial DNA copy number, blood cell counts, 
and occupational benzene exposure.  Environ. Mol. Mutagen., 
49, 453-457.

Sikoglu, E.M., Liso Navarro, A.A., Czerniak, S.M., McCafferty, J., 
Eisenstock, J., Stevenson, J.H., King, J.A. & Moore, C.M. 
(2015)  Effects of recent concussion on brain bioenergetics: a 
phosphorus-31 magnetic resonance spectroscopy study.  Cogn. 
Behav. Neurol., 28, 181-187.

Slattery, M.J., Bredella, M.A., Thakur, H., Torriani, M. & Misra, 
M. (2014)  Insulin resistance and impaired mitochondrial 
function in obese adolescent girls.  Metab. Syndr. Relat. 
Disord., 12, 56-61.

Smith, R.A., Hartley, R.C. & Murphy, M.P. (2011)  Mitochondria-
targeted small molecule therapeutics and probes. Antioxid. 
Redox Signal., 15, 3021-3038.

Valkovič, L., Ukropcová, B., Chmelík, M., Baláž, M., Bogner, W., 
Schmid, A.I., Frollo, I., Zemková, E., Klimeš, I., Ukropec, J., 
Trattnig, S. & Krššák, M. (2013)  Interrelation of 31P-MRS 
metabolism measurements in resting and exercised quadriceps 
muscle of overweight-to-obese sedentary individuals.  NMR 
Biomed., 26, 1714-1722.

Varga, Z.V., Ferdinandy, P., Liaudet, L. & Pacher, P. (2015)  Drug-
induced mitochondrial dysfunction and cardiotoxicity.  Am. J. 
Physiol. Heart Circ. Physiol., 309, H1453-1467.

Vaux, E.C., Taylor, D.J., Altmann, P., Rajagopalan, B., Graham, K., 
Cooper, R., Bonomo, Y. & Styles, P. (2004) Effects of carni-
tine supplementation on muscle metabolism by the use of 
magnetic resonance spectroscopy and near-infrared spectros-
copy in end-stage renal disease.  Nephron Clin. Pract., 97, 
C41-48.

Ventura-Clapier, R., Garnier, A., Veksler, V. & Joubert, F. (2011)  
Bioenergetics of the failing heart.  Biochim. Biophys. Acta, 
1813, 1360-1372.

Vernon, H.J. (2015)  Inborn errors of metabolism: advances in 
diagnosis and therapy.  JAMA Pediatr., 169, 778-782.

Vondra, K., Rath, R., Bass, A., Slabochov, Z., Teisinger, J. & Vitek, 
V. (1977)  Enzyme activities in quadriceps femoris muscle of 
obese diabetic male patients.  Diabetologia, 13, 527-529.

Vorgerd, M. & Zange, J. (2007)  Treatment of glycogenosys type V 
(McArdle disease) with creatine and ketogenic diet with clin-
ical scores and with 31P-MRS on working leg muscle.  Acta 
Myol., 26, 61-63.

Wallace, K.B. (2007)  Adriamycin-induced interference with 
cardiac mitochondrial calcium homeostasis. Cardiovasc. 
Toxicol., 7, 101-107.

Weiss, R.G., Gerstenblith, G. & Bottomley, P.A. (2005)  ATP flux 
through creatine kinase in the normal, stressed, and failing 
human heart.  Proc. Natl. Acad. Sci. USA, 102, 808-813.

Wells, G.D., Banks, L., Caterini, J.E., Thompson, S., Noseworthy, 
M.D., Rayner, T., Syme, C., McCrindle, B.W. & Hamilton, J. 
(2017)  The association among skeletal muscle phosphocre-
atine recovery, adiposity, and insulin resistance in children.  
Pediatr. Obes., 12, 163-170.

Wood, D.M., Alsahaf, H., Streete, P., Dargan, P.I. & Jones, A.L. 
(2005)  Fatality after deliberate ingestion of the pesticide rote-
none: a case report.  Crit. Care, 9, R280-284.

Yadav, A., Agarwal, S., Tiwari, S.K. & Chaturvedi, R.K. (2014)  
Mitochondria: prospective targets for neuroprotection in 
Parkinson’s disease.  Curr. Pharm. Des., 20, 5558-5573.

Yao, J. & Brinton, R.D. (2011)  Targeting mitochondrial bioener-
getics for Alzheimer’s prevention and treatment. Curr. Pharm. 
Des., 17, 3474-3479.


