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Abstract
Mitochondria are the “gatekeeper” in a wide range of cellular functions, signaling events, cell homeostasis, proliferation, and 
apoptosis. Consequently, mitochondrial injury is linked to systemic effects compromising multi-organ functionality. Although 
mitochondrial stress is common for many pathomechanisms, individual outcomes differ significantly comprising a spectrum 
of associated pathologies and their severity grade. Consequently, a highly ambitious task in the paradigm shift from reactive 
to predictive, preventive, and personalized medicine (PPPM/3PM) is to distinguish between individual disease predisposition 
and progression under circumstances, resulting in compromised mitochondrial health followed by mitigating measures 
tailored to the individualized patient profile. For the successful implementation of PPPM concepts, robust parameters are 
essential to quantify mitochondrial health sustainability. The current article analyses added value of Mitochondrial Health 
Index (MHI) and Bioenergetic Health Index (BHI) as potential systems to quantify mitochondrial health relevant for the 
disease development and its severity grade. Based on the pathomechanisms related to the compromised mitochondrial health 
and in the context of primary, secondary, and tertiary care, a broad spectrum of conditions can significantly benefit from 
robust quantification systems using MHI/BHI as a prototype to be further improved. Following health conditions can benefit 
from that: planned pregnancies (improved outcomes for mother and offspring health), suboptimal health conditions with 
reversible health damage, suboptimal life-style patterns and metabolic syndrome(s) predisposition, multi-factorial stress 
conditions, genotoxic environment, ischemic stroke of unclear aetiology, phenotypic predisposition to aggressive cancer 
subtypes, pathologies associated with premature aging and neuro/degeneration, acute infectious diseases such as COVID-19 
pandemics, among others.
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Preamble

Mitochondrial health is crucial for myriads of physiologic 
process, continuity of molecular and sub/cellular functions 
performed in the human body. Intact mitochondrial func-
tionality emerges as a key player in cell fate decisions 
coordinating cellular metabolism, immunity, and adequate 
stress response, among others. To exemplify some of the 
key points are the following:

–	 Mitochondria are the “gatekeeper” in a wide range of 
cellular functions, signaling events, cell homeostasis, 
proliferation, and apoptosis [1].

–	 Efficacy of DNA repair machinery and anti-aging pro-
tection [2] as well as healing capacity [3] are directly 
linked to the mitochondrial health.

–	 Systemic functionality (such as immune and cardio-
vascular systems, digestive tract, reproductive health) 
[4–8], fetal development [9], and metal health [10] are 
all dependent on the level of mitochondrial network 
integrity and performance, mitochondrial health sus-
tainability and quality control.

On the other hand, reduced health of the mitochondrial net-
work is involved in pathomechanisms known as being related 
to compromised health conditions, such as progression from 
the reversible health damage (suboptimal health status) to 
clinically manifested disorders being, therefore, decisive for 
disease development, cause, and severity. This has been dem-
onstrated for the majority of malignancies, cardio-vascular 
and neurological diseases, among others [11, 12].

Under imbalanced endogenous and/or exogenous 
stress conditions, such as heavy metal exposure [13] 
and depending on the severity of the mitochondrial 
stress, a vicious circle can be triggered by excessive 
ROS release and concomitant damage to mtDNA lead-
ing to insufficient energy production and uncontrolled 
increase in ROS release [12]. When the repair machin-
ery fails, stressed cells undergo apoptosis by mitochon-
drial involvement: excessive fission of mitochondria and 
apoptotic cell death occur almost simultaneously [14]. 
Whereas mitochondrial fusion presents a compensa-
tory mechanism which allows for maintaining sufficient 
energy output under adaptable stress conditions, when a 
tolerable threshold of damage is crossed, severely dam-
aged mitochondria are eliminated (autophagy) from mito-
chondrial population by fission to preserve the health 
of the functional network. This mechanism provides 
measurable parameters for predictive diagnostics (such 
as extensive fission as the measure of imbalanced stress 
which cannot be compensated anymore) and valuable tar-
gets for effective prevention and personalized treatments.

This can be exemplified by the role of mitochondria in 
ischemic stroke (IS) prediction, prevention, and treatment. 
To this end, stroke is the leading cause of physical and intel-
lectual disability in adults globally (currently over 60 million 
disability-adjusted life years) and major cause of mortality 
in developed countries [15]. Only a highly restricted por-
tion of the patient cohort falls into a timely thrombolytic 
therapy/endovascular treatment window, which is extremely 
narrow. Since most acute IS patients currently receive no 
active treatment, innovative targeted therapy is requested. 
Mitochondria are a major target in hypoxic/ischemic injury 
[16]. Consequently, the mitochondrial health quality control 
is an ideal target for both—the IS risk assessment and neural 
protection, survival, and improved individual IS outcomes 
[15, 17, 18]. Moreover, mitochondrial health quality control 
may be of particular clinical utility in the case of cerebral 
small vessel disease giving rise to one in five stroke cases 
being a leading cause of cognitive impairment and dementia 
[19]. To this end, blood–brain barrier breakdown in the peri-
infarct zone leading to secondary injury is linked to both—a 
limited recovery and significant alterations in mitochondrial 
health quality [20].

What are the parameters of the mitochondrial health 
index and how to correctly interpret research data available 
to predict mitochondrial health reduction–related disease 
development and severity grade followed by targeted preven-
tion and treatment algorithms tailored to the individualized 
patient profile? The article does not pretend to answer all 
the questions. Herewith, we exemplify plausible pathways 
aimed at objective quantification of mitochondrial heath and 
do propose solutions for clinically relevant improvements in 
the framework of 3P medicine.

Mitochondrial health index

Mitochondrial DNA (mtDNA) consists of 16,569 base pairs 
that encode 37 genes in human cells [21]. The mtDNA is 
important for normal mitochondrial function whereas 
encodes components of the respiratory chain complexes 
[22]. Mitochondria provide the energy (ATP) for cellular 
processes and generate adaptative signals, thus affecting the 
physiological response of the cells to various stressors [23, 
24]. Although the human mtDNA is present in thousands 
of copies per cell, the mutations can affect only a part of 
them [25]. In the case of mitochondrial dysfunction, the 
number of copies of mtDNA per cell can be higher which 
is thought to be a compensation mechanism for poor mito-
chondrial quality. On the other hand, a decline in mtDNA 
copy number is more dramatic in older individuals [26]. Due 
to changes with time of day, aging, and disease, the mtDNA 
copy number alone is not a good marker of mitochondrial 
content or quality [27, 28]. MHI mathematically integrates 
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mtDNA copy number and nuclear and mitochondrial DNA-
encoded respiratory chain enzymatic activities into a single 
score with predictive potential. MHI could be determined by 
the following formula: MHI = (energy production capacity/
mitochondrial content) × 100 (Fig. 1) [29].

Alterations in mtDNA copy number

Due to the constant process of mitochondrial dynamics 
(fusion and fission), it is difficult to determine the accurate 
number of mtDNA molecules per mitochondrion [30]; how-
ever, a recent study revealed that energy-intensive tissues 
(cardiac and skeletal muscle) contained between 4000 and 
6000 mtDNA copies per cell but liver, kidney, and lung tis-
sues contained between 500 and 2000 mtDNA copies [31]. 
The level of mtDNA copy number can be measured from 
extracted DNA from peripheral blood or other tissues [32]. 
For achieving a relative measure of mtDNA copy number, 
the number of copies of a mitochondrial gene (MT-ND1, 
MT-ND4, MT-CYB, and MT-TL1) is usually compared to the 

number of copies of a nuclear gene (B2M, RPLPO, ACTB, 
and RPPH1) [33].

Alterations in mtDNA content are commonly related 
to various age-related diseases such as cardiovascular 
disease, type 2 diabetes, dementia, or cancer [34]. These 
alterations occur due to pathophysiological changes during 
the transition from healthy to diseased states [35]. From 
a molecular point of view, the changes can be associated 
with heterozygous disruption of human transcription fac-
tor A of mitochondria (TFAM) that leads to the decline in 
mtDNA copy number [25]. TFAM is necessary for mtDNA 
transcription initiation and essential for packaging mtDNA 
into mitochondrial nucleoids [36, 37]. Moreover, mtDNA 
copy number reduction is also related to a decline in mito-
chondrial transcription and decreased protein levels involved 
in OXPHOS such as ND1, CYTB, and COX-1 [38]. Copy 
number changes and point mutations are also the two most 
common mtDNA alterations in many human cancer types. 
Moreover, chemical depletion of mtDNA or impairment of 
mitochondrial respiratory chain in tumor cells promotes 

Fig. 1   Formula for MHI 
calculation. Enzymes occur-
ring in ETC: NADH–coen-
zyme Q reductase (complex 
I), succinate–coenzyme Q 
reductase/succinate dehydro-
genase (complex II), coenzyme 
QH2 cytochrome-c reductase 
(complex III), cytochrome-c 
oxidase (complex IV), and 
ATP synthase (complex V). 
Enzymes occurring in TCA 
cycle: citrate synthase, acon-
itase, isocitrate dehydrogenase, 
α-ketoglutarate, succinyl-CoA 
synthetase, succinate dehydro-
genase, fumarase, and malate 
dehydrogenase. Abbrevia-
tions: mtDNA, mitochondrial 
DNA; TCA, tricarboxylic acid; 
NADH, nicotinamide adenine 
dinucleotide; FADH2, flavin 
adenine dinukleotide; CO2, car-
bon dioxide; Cyt c, cytochrome 
c; CoQ, coenzyme Q; ADP, 
adenosine diphosphate; ATP, 
adenosine triphosphate; GTP, 
guanosine triphosphate; ETC, 
electron transport chain; CoA, 
coenzyme A
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cancer progression to invasive phenotype or chemoresist-
ance [39]. For example, a decline in mtDNA copy num-
ber in tumor tissue relative to adjacent normal tissue was 
determined in bladder, breast, esophageal, head and neck 
squamous cell, kidney, and liver cancers. Only lung adeno-
carcinomas revealed an increase in mtDNA copy number 
content [39]. Different results in the abundance of mtDNA 
copy numbers could be associated with different bioener-
getic requirements of tumors or due to specific nuclear DNA 
or mtDNA mutation. For example, mtDNA content is sig-
nificantly upregulated in endometrial carcinomas with TP53 
mutations or in low-grade gliomas caused by PTEN or IDH1 
mutations when compared to wild-type samples [40].

Alterations in mitochondrial enzymatic activities

Circulatory or hormonal disturbances, poisoning, malnu-
trition, viral infection, or an extramitochondrial error of 
metabolism often correlates with mitochondrial enzyme 
deficiencies [41]. Moreover, the mitochondrial network has 
a special role in the metabolic-epigenome-genome axis due 
to the regulation of the level of key metabolites (acetyl CoA, 
NAD( +), and ATP) that act as the substrates or cofactors for 
kinases (protein kinase A), acetyl transferases, and deacety-
lases (sirtuins) [42]. Moreover, heterodimer mtDNA poly-
merase γ, mitochondrial single-strand DNA-binding protein 
(mtSSB), DNA helicase Twinkle, topoisomerase 3α, mito-
chondrial RNA polymerase (POLRMT), and DNA ligase III 
are the enzymes critical for mtDNA replication in vitro [43]; 
however, their mutations represent a major cause of various 
diseases [44, 45]. Moreover, below-described alterations of 
bioenergetic pathways, which include several mitochondrial 
enzymes, can be associated with changes in mtDNA copy 
number [46].

Bioenergetic health index

The bioenergetic pathways of mitochondria include ATP 
synthesis through OXPHOS, metabolite oxidation through 
the Krebs cycle, and β-oxidation of fatty acids [47]; how-
ever, various mitochondrial diseases caused by the mito-
chondrial dysfunction are most often related to OXPHOS 
defects [48]. OXPHOS dysfunction occurs in the case when 
mtDNA mutations exceed the critical threshold but it also 
depends on the type of mtDNA mutation and affected tissue 
[49]. Subsequently, bioenergetic and metabolic dysfunction 
lead to oxidative stress typical for many chronic diseases, 
including neurodegeneration, atherosclerosis, and diabetes 
[50]. BHI is a value representing the bioenergetic health of 
individuals [50]. Composite BHI represents an average ratio 
of OXPHOS to glycolysis. In mitochondrial health, the BHI 
is high that is associated with a high bioenergetic reserve 

capacity, high ATP-linked respiration, and low proton leak 
[51]. Moreover, BHI could be calculated by the following 
formula: BHI = (ATP-linked × reserve capacity)/(proton 
leak × non-mitochondrial) (Fig. 2). Therefore, BHI can rep-
resent a key concept that can be used against the bioenergetic 
crisis in patient populations [51].

Alterations in bioenergetic pathways

Bioenergetic pathways are commonly based on an elec-
tron transport chain (ETC). The mitochondrial ETC con-
sists of five enzyme complexes: NADH–coenzyme Q 
reductase (complex I), succinate–coenzyme Q reductase/
succinate  dehydrogenase (complex II), coenzyme QH2 
cytochrome-c reductase (complex III), cytochrome-c oxi-
dase (complex IV), and ATP synthase (complex V) [46]. 
The role of these enzymes is the transport from a donor (e.g., 
nicotinamide adenine dinucleotide (NADH)) to an electron 
acceptor (oxygen) [53]. The production of electron donors 
supplying ETC is regulated by many metabolic pathways, 
including the Krebs cycle, glycolysis, or β-oxidation [54]. 
Moreover, mitochondrial energy metabolism includes ATP 
generation (OXPHOS). The respiratory chain produces ATP 
from adenosine diphosphate (ADP) and inorganic phosphate 
through obtained energy from electrons (transferred from 
NADH or flavin adenine dinucleotide).

The evaluation of cellular bioenergetic profiles in health 
and disease is important to consider the key parameters of 
basal respiration, ATP-linked oxygen consumption, proton 
leak, and reserve capacity. During normal/unstressed con-
ditions, the cells use only a fraction of their mitochondrial 
bioenergetic capacity known as spare or reserve respiratory 
capacity that is defined by a difference between the maxi-
mum respiratory capacity and basal respiratory capacity. 
In case of various diseases, when energy demand exceeds 
supply, the reserve respiratory capacity has the ability to 
increase supply to avoid an ATP crisis. Therefore, higher 
reserve capacity correlates with increased cell survival; 
however, decreased reserve capacity is associated with cell 
death and disease [55]. Furthermore, OXPHOS is powered 
by the proton gradient formed across the inner mitochondrial 
membrane and subsequently coupling respiratory oxygen to 
ADP phosphorylation/ATP generation [56]. In the absence 
of ADP, mitochondria are in state 2 or 4 respiration that is 
characterized by consumption of oxygen and a proton leak 
[57]. Furthermore, proton leak is also defined by the migra-
tion of protons to the matrix but independently of ATP syn-
thase [58].

Alterations in bioenergetic pathways are related to the 
development of various heterogeneous metabolic diseases, 
including neurodegenerative disorders, cardiovascular or 
haematologic diseases, cancer, nephropathy, and diabetes 
[46, 59]. Defects in bioenergetic pathways, especially in 
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ETC, are associated with energy imbalance, reactive oxygen 
species (ROS) production, disturbances in the redox state, 
mitochondrial membrane potential, mitochondrial protein 
import, apoptosis, or other signaling [53]. Furthermore, 
defects of complexes I, III, IV, and V are related to defi-
ciency of mtDNA replication, RNA metabolism, or transla-
tion [46]. Moreover, several mitochondrial enzymes that are 
related to the mitochondrial tricarboxylic acid (TCA) cycle 
(also known as the Krebs cycle) are crucial for epigenetic 
remodeling. These enzymes are partially localized to the 
nucleus. Alterations of TCA cycle enzymes in entering the 
nucleus lead to the loss of specific histone modifications 
[60]. Additionally, mitochondrial dysfunction is also char-
acterized by a loss of efficiency in OXPHOS and results in 
insufficient energy production for cells leading to an accu-
mulation of ROS. Subsequently, ROS can damage lipids, 
proteins, and nucleic acids [61].

In the case of many types of cancer, due to the meta-
bolic transformation of tumor tissues, molecular path-
ways often switch from OXPHOS to aerobic glycolysis. 
This phenomenon is also known as the Warburg effect. 
Aerobic glycolysis is important for cancer cells due 
to the compensation of efficiency of ATP production 
afforded by glycolysis when compared to mitochondrial 
OXPHOS. For this compensatory effect, the cancer 

cells upregulate glucose transporters (e.g. GLUT1, 
GLUT 3, aldolase-B, and hexokinase II). Moreover, 
higher levels of glycolytic enzymes such as hexokinase 
II, phosphofructokinase, phosphoglycerate kinase, and 
lactate dehydrogenase were observed in hypoxic tumor 
cells [62, 63].

MHI and BHI as parameters to quantify 
mitochondrial health in disease 
development and severity

Several studies described the alterations only in mtDNA 
copy number in health and disease [64–69]; however, 
mtDNA alone is not enough indicative for the mitochon-
drial health evaluation. It is important to consider addi-
tional parameters such as mitochondrial enzymatic activ-
ities or modulations in bioenergetic pathways. BHI and 
MHI can serve as potential biomarkers for various disease 
development or severity. Whereas MHI and BHI represent 
a novel concept that mathematically integrates these sev-
eral aspects into a single core, only limited studies have 
been described (Table 1). Figure 3 represents the MHI or 
BHI in health and disease.

Fig. 2   Formula for BHI cal-
culation. These results can be 
detected in mitochondrial stress 
test by using of various modula-
tors affecting the mitochon-
drial respiration: oligomycin 
(complex V inhibitor), carbonyl 
cyanide-4 (trifluoromethoxy) 
phenylhydrazone (FCCP) (oxy-
gen consumption by complex 
IV reaches the maximum), and 
mixture of rotenone (complex 
I inhibitor) and antimycin A 
(complex III inhibitor) [52]
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Cardiovascular diseases

Different alterations in BHI can be obtained depending 
on the sample collection (blood or pericardial fluid) in the 
patient after cardiac surgery. Nevertheless, cardiac surgery 
is a common procedure that also causes many post-operative 
complications related to increased morbidity. When com-
pared with healthy controls and blood samples, decreased 
BHI was obtained from the monocytes isolated from post-
operative pericardial fluid that was characterized by a rapid 
decrease in basal, ATP-linked, proton leak, maximal mito-
chondrial oxygen consumption rate, and reserve capac-
ity. Moreover, in vivo results revealed that post-operative 
pericardial fluid can act as a pro-oxidant through the loss of 
mitochondrial membrane potential and higher ROS produc-
tion in rat cardiomyocytes [70].

Cancer

In a prostate cancer study, the altered bioenergetic pathways 
were determined by a mitochondrial oncobioenergetic index 
(MOBI) that mathematically integrates oncobioenergetic 
profile of a cancer cell. MOBI significantly increases upon 
transformation into premalignant form and rapidly decreased 
in aggressive tumorigenesis. In prostate cancer cells, with 
increasing invasiveness (RWPE-1 < WPE-NA22 < WPE-
NB14 < WPE-NB11 < WPE-NB26), the MOBI decreased. 
Early and late pre-malignant non-invasive cells demon-
strated higher reserve capacity compared to RWPE-1 cells. 
On the contrary, early and late invasive WEP1-NB11 and 
WEP1-NB26 cell lines absolutely lacked reserve capacity. 
Moreover, during the transformation of normal cells into 
premalignant cells, the OXPHOS rapidly increased; how-
ever, in aggressive prostate cancer phenotype (after trans-
formation), OXPHOS dramatically decreased. Eventually, 
during the transformation, glycolysis declined but after 
transformation, the glycolysis was elevated. As a result, 
bioenergetically, each cell line could be divided into ener-
getic (RWPE-1), aerobic (WPE1-NA22, WPE1-NB14, and 
WPE1-NB11), and glycolytic (WPE1-NB26) phenotype. In 
conclusion, the energetics in premalignant WPE1-NA22 and 
WPE1-NB14 and early invasive WPE1-NB11 cells shifted to 
aerobic (Warburg) phenotype characterized by a high oxygen 
consumption rate and low extracellular acidification rate due 
to glycolysis [71].

Renal diseases

Diabetic nephropathy affects approximately one-third of 
patients with diabetes that progress to end-stage renal fail-
ure despite therapy. Patients with diabetes had increased 
circulating mtDNA when compared with healthy indi-
viduals; however, in peripheral blood mononuclear cells, Ta
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from diabetic nephropathy patients, reduced BHI was 
related to reduced reserve capacity and maximal respira-
tion and loss of metabolic flexibility when compared with 
patients with diabetes [72].

Mood and caregiving stress

Chronic caregiving stress and also daily mood are related 
to mitochondrial functional capacity. That is not new that 
chronic stress can cause behavioral, affective, cognitive, 
or metabolic changes leading to aging and disease predis-
position. Some studies have found a decrease in mtDNA 
copy number, especially in posttraumatic stress disorder, 
depression, and in the elderly [26, 73, 74]. Another study 
revealed that higher MHI was observed in mothers of a 
neurotypical child that had a positive mood at night. On 
the other hand, higher perceived stress and lower positive 
and greater negative daily affect led to decreased MHI in 
healthy mothers of a child with an autism spectrum dis-
order. From enzymatical activity, the level of citrate syn-
thase, COX, and succinate dehydrogenase was measured. 
Mitochondrial content of citrate synthase and mtDNA 
copy number were weakest, followed by nuclear-encoded 
succinate dehydrogenase and mtDNA encoded COX [29].

Proposed MHI or BHI alterations

Despite the lack of evidence about MHI or BHI, there are 
several preclinical and clinical studies from which MHI 
or BHI could be evaluated but more detailed information 
is needed.

Cardiovascular diseases

In the mice model of cardiomyopathy, mice carrying the 
heteroplasmic m.5024C > T mutation in the mitochon-
drial tRNA alanine (tRNAAla) gene (C5024T mice) have 
many features of mild progressive cardiomyopathy and 
cytochrome c oxidase (COX) deficiency in many organs. 
The heteroplasmic C5024T mutation of the tRNAAla gene 
led to impaired mitochondrial translation. MtDNA copy 
number increased in C5024T mice at advanced disease 
stages, likely as a compensatory response induced by the 
mitochondrial dysfunction. In older mice (at 50 weeks of 
age), the mtDNA copy number increased, especially with 
high mutation levels in the colon tissue but not in heart 
tissue when compared with younger mice (at 20 weeks 
of age). Further analysis revealed that TFAM protein 

Fig. 3   MHI and BHI in 
health and disease. Abbrevia-
tions: mtDNA, mitochondrial 
DNA; MHI, mitochondrial 
health index; BHI, bioener-
getic health index; OXPHOS, 
oxidative phosphorylation; ATP, 
adenosine triphosphate
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levels obtained from total tissue (colon and heart) extracts 
increased by ~ 50% in the overexpressing TFAM C5024T 
mice; however, the levels decreased by ~ 50% in the het-
erozygous TFAM knockout C5024T mice. In summary, 
increased TFAM expression and mtDNA copy number in 
mice with both wild-type and C5024T mutation mtDNA 
led to mild progressive cardiomyopathy and COX defi-
ciency [75]. On the contrary, mtDNA copy number com-
monly decreases in heart failure. The association between 
mtDNA copy number and TFAM or Twinkle helicase in 
volume overload was described in an animal study of heart 
failure. Study with transgenic mice, one overexpressing 
TFAM and one overexpressing Twinkle helicase revealed 
that TFAM or Twinkle overexpression increased mtDNA 
copy number leading to facilitated cardioprotection and 
reduced mitochondrial oxidative stress [76].

Moreover, increased apoptotic signaling, redox stress, 
mitochondrial respiration defects, abnormal mitochondrial 
permeability transition pore opening, and failed antioxi-
dant response were observed in induced pluripotent stem 
cell–derived cardiomyocytes (iPSC-CM) from patients with 
hypoplastic left heart syndrome with early heart failure when 
compared with iPSC-CM from patients without early heart 
failure. The study also revealed that uncompensated oxi-
dative stress underlined early heart failure in hypoplastic 
left heart syndrome [77]. Apoptosis is also involved in the 
progression of heart failure. Mitochondrial dysfunction of 
cardiomyocytes caused the dysregulation of cellular energy 
metabolism and increased endothelin-1 expression followed 
by apoptosis induction (activated caspase-3 but no cas-
pase-8). Moreover, the mitochondrial inhibitors (rotenone, 
cobalt chloride, and antimycin A) inhibited mitochondrial 
function at different sites of the ETC in cardiomyocytes 
and caused increased glucose consumption as a result of 
the switch from beta-oxidation of fatty acid to glycolysis 
[78]. Furthermore, non-surgical bleeding is a clinical com-
plication in heart failure patients. Higher ROS production, 
oxidized low-density lipoproteins, Bax, and cytochrome c 
release, and decreased total antioxidant capacity and pro-
survival proteins (Bcl-2, Bcl-xL) were detected in the 
bleeder group when compared with the non-bleeder group. 
These biomarkers of oxidative stress, evaluation of pro-sur-
vivals and pro-apoptotic proteins in platelets, mitochondrial 
damage, caspase activation, and platelet apoptosis could be 
used to identification of heart failure patients at high risk 
of non-surgical bleeding post-implant [79]. Moreover, 
increased expression of natriuretic peptide A and decreased 
transcripts of genes of cell survival and extracellular matrix 
were detected in patients with chronic primary mitral regur-
gitation. Decompensated chronic primary mitral regurgita-
tion was related to decreased expression of SERCA2, JUN, 
MAPK1, and MAPK8, mitochondrial gene expression lev-
els (ATP5A1 and PRDX3), increased expression of genes 

associated with apoptosis (FAS, PDCD1, caspase-1, sar-
colipin—SERCA regulatory protein, and chemokine (CxC 
motif) ligand 7), and inflammation when compared with 
compensated chronic primary mitral regurgitation. Moreo-
ver, calcium dysregulation and lower expression of genes 
important for bioenergetics were observed in patients with 
decompensated chronic primary mitral regurgitation [80].

Ischemia–reperfusion injury

In the mice model of ischemia–reperfusion injury, a ser-
ine/threonine-protein phosphatase known as phospho-
glycerate mutase 5 (PGAM5) localized in the outer mito-
chondria membrane can induce necroptosis depending 
on mitochondrial quality. In primary cardiomyocytes, the 
upregulation of PGAM5 induced cardiomyocyte necroptosis 
rather than apoptosis after ischemia–reperfusion injury. In 
this case, mtDNA copy number decreased that correlated 
with a decrease in state-3/4 respiration. On the other hand, 
PGAM5 deficiency/deletion led to increased mtDNA copy 
number and transcript levels, improved respiratory capac-
ity, decreased mtROS production, and prevented abnormal 
mitochondrial permeability transition pore (mPTP) open-
ing after ischemia–reperfusion injury. Moreover, cardiac-
specific PGAM5 deletion attenuated cardiac inflammation 
and reduced myocardial infarction area [81]. Moreover, 
as a result of ischemia–reperfusion in the heart, excessive 
ROS, Bcl-2 proteins, and dysregulated calcium promoted 
mitochondrial membrane permeabilization resulting in the 
pro-apoptotic signaling through the release of cytochrome 
c and the high-temperature requirement serine peptidase 2 
(HtrA2) into the cytosol. HtrA2 rapidly increased in ST-
segment elevation myocardial infarction (STEMI) patients 
when compared with healthy controls. However, mitochon-
dria-targeting peptide elamipretide reduced HtrA2 in STEMI 
patients through the retention of mitochondria by interac-
tion with cardiolipin on the inner mitochondrial membrane. 
Therefore, the detection of HtrA2 in serum could be used 
as a biomarker for mitochondrial-induced cardiomyocyte 
apoptosis in patients with STEMI [82]. Moreover, the myo-
cardium is exposed to ischemia–reperfusion injury during 
open-heart surgery. A pilot study demonstrated that tread-
mill exercise decreased mitochondrial respiration, cardiac 
troponin T, and triggered apoptosis through increased cas-
pase-3 in the left ventricular after surgery. In conclusion, 
exercise could lead to increased susceptibility to periop-
erative damage to the myocardium and mitochondria [83]. 
Another study revealed that expression of miR-205 increased 
infarct size, oxidative stress, mitochondrial dysfunction, and 
apoptosis in mice with cardiac ischemia–reperfusion injury. 
On the other hand, inhibition of miR-205 decreased infarct 
size, mitigated apoptosis, oxidative stress increase, and 
mitochondrial fragmentation. MiR-205 inhibition was also 
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associated with improved mitochondrial functional capacity 
and cardiac function [84].

Overexpression of RTN1-C and endoplasmic reticulum-
associated protein localized in endoplasmic reticulum mem-
brane mediated cerebral ischemia–reperfusion injury. This 
injury was associated with endoplasmic reticulum stress 
and mitochondria-associated apoptosis. RTN1-C increased 
cytosolic Bcl-xL and reduced mitochondrial Bcl-xL. On the 
other hand, knockdown of Rtn1-c inhibited apoptosis and 
the extent of ischemia–reperfusion-induced brain injury in 
middle cerebral artery occlusion stroke rats [85].

Cancer

H+-ATP synthase acts as an engine of the inner mitochon-
drial membrane important for ATP synthesis by OXPHOS. 
Decreased expression of the β-catalytic subunit of the 
H+-ATP synthase is associated with an altered bioenergetic 
function of mitochondria in many types of cancer that is 
connected to the Warburg hypothesis. In most tumor sam-
ples (primary breast ductal invasive adenocarcinomas, 
gastric cancer, squamous lung or oesophageal carcinomas) 
decreased OXPHOS markers (β-F1-ATPase, heat-shock 
protein 60 (hsp60)) but increased glycolytic markers (glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) and pyru-
vate kinase) were observed when compared with the normal 
breast, gastric, lung, or oeasophageal tissues. On the other 
hand, changes in OXPHOS or glycolytic markers were not 
altered in prostate adenocarcinomas [86].

Although thermotherapy can be successfully used as a 
therapeutic strategy for various cancers, a higher tempera-
ture can affect cancer bioenergetics (multiple components of 
glycolytic and mitochondrial function). In SW480 and Pt.93 
colon cancer cells, a higher temperature (42 °C) increased 
the proton leak when compared with basal temperature 
(37 °C); however, other components of oxygen consumption 
rate remained unchanged. On the other hand, more affected 
bioenergetics was observed in glycolysis when compared 
with mitochondrial respiration components. Hyperthermia 
increased all components of glycolysis, including non-
glycolytic acidification, glycolysis, glycolytic capacity, and 
glycolytic reserve. Therefore, it is important to consider also 
bioenergetic pathways (glycolysis and OXPHOS) in cancer 
treatment by hyperthermia due to various changes [87].

COVID‑19

Coronavirus disease 2019 (COVID-19), an infectious dis-
ease caused by coronavirus-2 (SARS-CoV-2), causes various 
serious complications such as acute respiratory syndrome, 
a characteristic hyperinflammatory response, vascular dam-
age, microangiopathy, angiogenesis, and widespread throm-
bosis [88]. Moreover, COVID-19 is also characterized by 

altered bioenergetics. Monocytes play an important role in 
the SARS‐CoV‐2 infection that often leads to inflamma-
tion and pneumonia. Altered bioenergetics was found in 
peripheral blood monocytes from patients with COVID‐19 
pneumonia compared to healthy individuals. This state was 
associated with reduced basal and maximal respiration, 
spare respiratory capacity, and proton leak. Furthermore, 
many monocytes had abnormal mitochondrial ultrastructure 
and depolarized mitochondria. In summary, the infection 
with SARS-CoV-2 could significantly affect the monocytic 
compartment of innate immunity [89].

Neurodegenerative diseases

Alzheimer’s disease, the most known age-related neurode-
generative disease, is characterized by various metabolic 
deficits, including glycolysis dysfunction, glucose metab-
olism dysregulation, TCA cycle dysregulation, OXPHOS 
deficits, or pentose phosphate pathway impairment [90]. 
Altered bioenergetic pathways through increased ROS pro-
duction and reduced glycolysis and mitochondrial oxygen 
consumption were observed in immortalized hippocampal 
astrocytes from 3xTg-AD mice. Furthermore, the expression 
of mitochondrial and OXPHOS proteins did not modulate 
in mitochondria-endoplasmic reticulum-enriched fraction; 
however, the endoplasmic reticulum functions, Ca2+ homeo-
stasis, and protein synthesis were deregulated [91]. Moreo-
ver, mitochondrial dysfunction can be associated with epi-
genetic changes. MtDNA methylation can contribute to the 
development of neurodegenerative diseases such as Alzhei-
mer’s disease. The study of Xu et al. revealed that epigenetic 
hypermethylation of mitochondrial cytochrome b (CYTB) 
and COX-2 genes decreased mtDNA copy numbers and 
expression in the hippocampi of APP/PS1 transgenic mice 
as a model of Alzheimer's disease. In conclusions, mtDNA 
methylation of CYTB and COX-2 could lead to altered ETC 
enzymatical activities, especially in complex III and IV [92].

Renal diseases

Hypertension has a causal role in the pathogenesis of kidney 
disease because worsens the clinical course of patients with 
chronic kidney disease that often leads to disease progres-
sion [93]. In a study by Eirin et al., the increased markers of 
renal injury and dysfunction in patients with hypertension 
were related to increased urinary mtDNA copy numbers of 
COX-3 and NADH dehydrogenase subunit-1 genes when 
compared with healthy volunteers. Higher urinary mtDNA 
copy number also correlated with urinary neutrophil gelati-
nase-associated lipocalin and kidney injury molecule-1 [94].

Patients with diabetic kidney disease, a tubular injury, had 
decreased mtDNA copy numbers and increased mtDNA damage 
compared to diabetic patients without kidney injury. Moreover, 
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an accumulation of damaged mtDNA and fragmented mito-
chondria led to the bioenergetic (glycolysis and TCA cycle) 
alterations. Increased levels of dihydroxyacetone phosphate 
(glycolysis) and succinyl-CoA synthetase (TCA cycle) were 
obtained in diabetic kidney disease compared to healthy con-
trols. Furthermore, patients with diabetic kidney disease had 
also increased ROS generation, activation of apoptosis, and loss 
of mitochondrial membrane potential in tubules and peripheral 
blood mononuclear cells [95].

Gastrointestinal disorders

Impaired mitochondrial bioenergetics function was detected 
in pediatric chronic overlapping pain conditions patients 
with functional gastrointestinal disorders. Decreased ATP 
production by OXPHOS was associated with lower basal 
respiration and ATP-linked oxygen consumption  and 
decreased glycolysis was related to a lower extracellular 
acidification rate when compared with healthy controls. A 
better predictor of functional disability in patients could be 
the spare respiratory capacity that rapidly increased with a 
greater disability [96].

Obesity

Obesity represents a risk factor for chronic kidney disease. 
In obese patients, the urinary mtDNA copy number of nico-
tinamide adenine dinucleotide dehydrogenase subunit-1 
increased when compared with healthy volunteers. On the 
contrary, urinary or serum mtDNA copy number of COX-3 
and serum mtDNA copy numbers of nicotinamide adenine 
dinucleotide dehydrogenase subunit-1 did not change in the 
obese group compared to healthy volunteers. Moreover, 
bariatric surgery reduced the mtDNA copy number of nico-
tinamide adenine dinucleotide dehydrogenase subunit-1 in 
the high baseline mtDNA copy-number group. Results sug-
gested that urinary mtDNA copy number, more specifically 
nicotinamide adenine dinucleotide dehydrogenase subunit-1, 
can be used as a potential marker of mitochondrial damage 
in various kidney diseases [97].

Porphyria

Porphyria is a group of metabolic disorders associated with 
altered enzyme activities within the heme biosynthetic pathway. 
The bioenergetic profile of patients with porphyria revealed that 
oxygen consumption rate decreased through lower basal, ATP-
linked, proton leak, maximal, reserve, and non-mitochondrial 
respiration when compared with healthy controls. Decreased 
oxygen consumption rate in porphyria patients is suggested to be 
caused by oxidative stress mediated by higher calcium cycling 
and subsequently by a decreased efficiency of the mitochondrial 
ATP generation [98].

Rheumatoid arthritis

Rheumatoid arthritis is an autoimmune inflammatory disor-
der joint disease characterized by cartilage and bone dam-
age, chronic pain and swelling, and disability [99]. Oxida-
tive stress and mitochondrial alterations contribute to the 
pathogenesis of rheumatoid arthritis. Furthermore, mtDNA 
copy number is commonly significantly lower in patients 
with established rheumatoid arthritis. Study of Gautam et al. 
revealed that regular yoga practice in patients with rheu-
matoid arthritis could improve mitochondrial health. Sig-
nificant increase in mtDNA copy numbers, transcripts that 
maintain mitochondrial integrity (5′ adenosine monophos-
phate-activated protein kinase (AMPK), tissue inhibitor of 
matrix metalloproteinases 1 (TIMP-1), a Greek word for the 
gene that regulates lifespan (KLOTHO), and TFAM), and 
mitochondrial activity markers (NAD + , COX-2, and mito-
chondrial membrane potential) after 8-weeks of yoga were 
detected in yoga group when compared with the non-yoga 
group. Moreover, the optimization of oxidative stress mark-
ers (lower ROS and higher total antioxidant capacity) and 
circadian rhythm markers (lower cortisol and higher mela-
tonin, and higher serotonin) was also observed. In summary, 
regular yoga practice in rheumatoid arthritis patients could 
enhance mitochondrial health and reduce disease activity; 
therefore, it could be beneficial as an adjunct therapy [100].

Oocyte’s vitrification

Women with infertility problems, usually visit the repro-
ductive center in an effort to become pregnant. Mitochon-
drion has an important role in the production of energy for 
oocytes as an indicator of cytoplasmic maturation [101, 
102]. A decrease in mitochondria of aged oocytes leads to 
lower fertilization rates and poor embryonic development 
[103]. In assisted reproductive technologies for fertility pres-
ervation, the mitochondria of oocytes could damage during 
the cryopreservation process; therefore, vitrification is a 
more suitable method because no ice crystals are formed. In 
vitrified oocytes obtained from super-ovulated adult female 
mice, mtDNA copy number, COX activity, and TFAM gene 
expression decreased but the ROS level increased in com-
parison with non-vitrified oocytes. Moreover, the tendency 
to succinate dehydrogenase decrease but was not statistically 
approved was detected in vitrified oocytes when compared 
with non-vitrified oocytes [104].

Several above-mentioned diseases are characterized 
by altered bioenergetics, nuclear or mitochondrial DNA-
encoded enzymatical activities, or mtDNA copy numbers. 
In some studies, the MHI or BHI could be probably calcu-
lated. On the other hand, especially in MHI determination, 
some missing (mostly Krebs cycle enzyme activity) param-
eters would need to be supplemented. It is more difficult to 
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understand MHI also due to differences in mtDNA copy 
numbers in health and disease because in some diseases 
mtDNA copy number increases and sometimes decreases. 
Therefore, more comprehensive studies are needed. Table 2 
includes the overview of preclinical and clinical studies 
associated with altered mtDNA copy numbers, mitochon-
drial enzymatic activities, or bioenergetic pathways in many 
pathologies with the potential to determine MHI or BHI.

Conclusions and expert recommendations 
in the framework of 3P medicine

Mitochondria are the “gatekeeper” in a wide range of cellular 
functions, signaling events, cell homeostasis, proliferation, 
and apoptosis. Consequently, mitochondrial injury is linked 
to systemic effects compromising multi-organ functionality 
including but not restricted to the cardiac injury and heart 
failure, mental health (fatigue, dementia, ataxia, epilepsy, 
stroke, etc.), affected peripheral nervous and endocrine 
systems, bone marrow functionality, eyes (cataract, retinopathy, 
glaucomatous optic nerve degeneration, etc.) and ears (tinnitus 
and deafness) disorders, gut and kidney injury as well as 
compromised quality of reproductive functions at multiple 
levels [11]. To this end, “vicious circle” (uncontrolled ROS 
release, diminished energy production, and extensive oxidative 
stress to mtDNA and chrDNA) is characteristic for progressing 
reciprocal mitochondrial / multi-organ damage. Although 
mitochondrial stress is common for many pathomechanisms, 
individual outcomes differ significantly comprising a 
spectrum of associated pathologies and their severity grade 
[12]. Consequently, a highly ambitious task in the paradigm 
shift from reactive to predictive, preventive, and personalized 
medicine is to apply qualitative and quantitative analytic 
approaches, in order to distinguish between individual disease 
predisposition and progression under circumstances resulting 
in compromised mitochondrial health. For the successful 
implementation of PPPM concepts, robust parameters are 
essential to quantify mitochondrial health sustainability. 
The current article analyses added value of MHI and BHI as 
potential systems to quantify mitochondrial health relevant 
for the disease development and its severity grade. It is evident 
that more parameters are needed to cover the limitations of 
both systems, if applicable to primary care (reversible health 
damage, personalized protection against disease development), 
secondary care (disease prognosis, personalized treatments and 
protection against cascading complications) and tertiary care 
(stability of severe chronic pathologies).

General mitigating measures against oxidative mitochondrial 
damage are based on the antioxidant-defense with scavenging 
activities and individualized lifestyle recommendations 
including personally coached physical activities and dietary 

habits [11, 105]. Furthermore, detailed phenotyping was 
demonstrated as being instrumental for cost-effective screening 
programs dedicated to the needs of young populations 
in suboptimal health conditions such as vasospastic individuals 
strongly predisposed to systemic ischemia–reperfusion, 
mitochondrial injury and associated pathologies developed over 
the entire lifespan [106, 107].

The current article exemplified health conditions 
which MHI and BHI have been created for. Based on the 
pathomechanisms related to the compromised mitochondrial 
health and in the context of primary, secondary, and tertiary 
care, a broad spectrum of conditions can significantly 
benefit from robust quantification systems using MHI / BHI 
as a prototype to be further improved. Following health 
conditions can benefit from that:

•	 Planned pregnancies (improved outcomes for mother and 
offspring health)

•	 Suboptimal health conditions with reversible health dam-
age

•	 Suboptimal life-style patterns and metabolic syndrome(s) 
predisposition

•	 Multi-factorial stress conditions
•	 Genotoxic environment
•	 Stroke of unclear aetiology
•	 Phenotypic predisposition to aggressive cancer subtypes
•	 Pathologies association with premature aging and 

neurodegeneration
•	 Acute infectious diseases such as COVID-19 pandemics 

among others.
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