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Abstract. Mitochondria are emerging as key players in the 
tumorigenic process of cells by maintaining the biosynthetic 
and energetic capabilities of cancer cells. It is now evident 
that mitochondria are involved in the malignant transforma-
tion, cell proliferation, aggression and metastatic behavior 
of prostate cancer (PC). Recent comprehensive analysis of 
the mitochondrial oncobioenergetic (MOB) profile of PC 
cells using microplate‑based high resolution respirometry 
has clearly demonstrated that characteristic MOB alterations 
occur at different stages of PC development. Additionally, 
studies have reported that modification of the MOB profile 
significantly inhibits the growth of malignant cells. This 
observation suggests that dynamic alterations in the MOB 
function are a critical component in the development of 
malignant disease of the prostate. Therefore, quantification 
of MOB function may be a good marker for the prediction of 
tumor stage. Future studies may develop novel approaches to 
measure oncobioenergetics of tumors with minimal invasive 
procedures effectively in men to determine the general pros-
tate health and tumor staging, and to predict whether a tumor 
will proceed to malignancy in patients. Additionally, since 
PC is a slow growing tumor, modulating the MOB profile at 
specific stages of tumor development may be a novel approach 
to treat or prevent PC.
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1. Introduction

Prostate cancer (PC) is a disease of the old age (1). The specific 
underlying mechanisms of prostate carcinogenesis have not 
been unraveled yet. The only well‑established risk factors for 
PC are older age, black race/ethnicity, and a family history of 
the disease (2,3). Therefore, future progress in combating PC 
will be highly dependent upon an understanding of the mecha-
nisms involved in the development and steady progression into 
prostate malignancy. 

Mitochondria are emerging as key players in the tumori-
genic process of cells by maintaining the biosynthetic and 
energetic capabilities of cancer cells. Besides compartmental-
izing different metabolic pathways, the mitochondria is engaged 
in the generation of much of the cellular energy, regulation 
of the redox state of the cell, generation of reactive oxygen 
species (ROS), buffering Ca2+ and initiating apoptosis  (4). 
Mitochondria are involved in the final stage of the cellular 
catabolism and maintain the redox homeostasis at different 
levels. Through several enzymatic reactions, carbohydrates, 
fats and proteins are degraded into smaller molecules, which 
is further converted to pyruvate by glycolysis, fatty acids and 
amino acids (Fig. 1). Mitochondria further transform these 
small molecules into NADH and FADH2 (reduced energy 
equivalents), through β‑oxidation and TCA cycle or rerouted 
to biosynthetic pathways. The reduced energy equivalents are 
then utilized by the mitochondrial electron transport chain 
(ETC) through oxidative phosphorylation (OXPHOS). The 
electrons liberated by the oxidation of NADH and FADH2 are 
passed along a series of carriers of ETC located in mitochon-
drial inner membrane. The electrons are ultimately transferred 
to molecular oxygen to form water (Fig. 2). ETC consists of 
four enzyme complexes (complexes I‑IV), and two electron 
carriers (coenzyme Q and cytochrome c). These complexes 
are composed of numerous protein subunits encoded by 
nuclear and mitochondrial genes, except complex II, which are 
encoded by nuclear genes only. 
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In addition, the electron‑flavoprotein (ETF) system, 
which involves ETFA/B and the ETF‑QO proteins, connects 
fatty‑acid oxidation with coenzyme Q reduction. The 
glycerol‑3‑phosphate dehydrogenase also participates in 
redox homeostasis by oxidizing cytosolic NADH to reduce 
mitochondrial FAD to FADH2. Finally, the malate‑aspartate 
shuttle (NADH‑shuttling) also fuels OXPHOS and supports 
redox homeostasis via the delivery of cytosolic NADH to the 
mitochondrial matrix. The oxidation of NADH or FADH2 by 
complex I or complex II, respectively, triggers the transfer of 
electrons from complex I (or II) to complex IV. Meanwhile, 
protons are pumped from the matrix into the inter‑membrane 
space, thus generating an electrochemical gradient of protons 
which is finally used by the F1F0ATP synthase (i.e., complex V) 
to produce adenosine triphosphate (ATP), the main energetic 
currency of the cell (5). 

Mitochondrial function, its genetics and energy metabolism 
have important roles in tumor initiation and progression and 
are considered emerging indicators of PC biology (6). There 
is increasing evidence that key oncogenes and tumor suppres-
sors modulate mitochondrial dynamics through important 
signaling pathways. Thus, mitochondrial mass and function 
vary between tumors and individuals, but, the significance of 
these events for cancer is not fully appreciated (7). Therefore, 
in the present review, we emphasize on the current knowledge 
on the mitochondrial bioenergetics of normal prostate epithe-
lial cells (PECs; normal physiology) and as they transform 
from indolent tumor to aggressive PC (pathology).

2. Intermediary metabolism of prostate peripheral zone 
epithelium

The major characteristic of PECs of the peripheral zone 
of the prostate is that they accumulate four times higher 
concentrations of citrate compared to epithelial cells from 
other mammalian tissues. PECs secrete citrate into the pros-
tatic fluid at a concentration of 3‑10 times higher than the 
prostate tissue levels itself (8). This metabolic transformation 
of PECs during cellular differentiation is referred to as ‘net 
citrate production’  (8). In parallel, the prostate peripheral 
zone accumulates extremely high levels of zinc in the range 
of 10‑15 times higher compared to other tissues (8,9). Current 
hypothesis, based on the evidence, is that increased accumu-
lation of citrate is due to the inhibition of aconitase by high 
levels of zinc, which inhibits the conversion of citrate to 
aconitate. This results in truncated Krebs cycle and reduced 
OXPHOS  (10). Consequently, to meet the cellular energy 
demands and synthesize large amounts of citrate, precursor 
requirements of PECs are different and exceed from that of 
other normal cells. 

In the citrate producing PECs, instead of being oxidized, 
citrate becomes an end‑product of TCA cycle (9). To main-
tain high levels of citrate, PECs require substantial amounts 
of acetyl CoA and oxaloacetate for its synthesis by citrate 
synthase. Therefore, under these metabolic demands, avail-
ability of precursors for citrate synthesis is crucial. Recent 
evidence indicates that PECs have highly flexible metabo-
lism (11,12). PECs could meet the high precursor requirements 
through the utilization of five different substrates such as 
glucose, pyruvate, aspartate, glutamine, and fatty acids. Cells 

can utilize these substrates based on its availability. However, 
glucose seems to be the preferred substrate. Studies have 
shown that PECs consume high amounts of glucose (13‑15) 
and have higher aerobic glycolysis (10) compared to other cell 
types (11,16), such as normal breast epithelial cells or cells 
with rapid cell turnover such as monocytes (17). Acetyl CoA is 
mainly generated from pyruvate and β‑oxidation of fatty acids. 
Although, pyruvate is the end‑product of glycolysis and is the 
major source of pyruvate, it can also be generated from other 
sources and could be utilized for the synthesis of acetyl CoA. 
We have recently shown that RWPE‑1 cells could efficiently 
oxidize both endogenous as well as exogenous fatty acids 
significantly (11). We have also shown that glutamine could 
be utilized both as a substrate for energy and citrate produc-
tion by gaining access into the TCA cycle by its conversion to 
α‑ketoglutarate through the enzymatic action of glutaminases 
followed by glutamate dehydrogenase  (11). Consequently, 
glutamine could be converted to OAA for citrate synthesis and 
at the same time generate 9 ATP's in PECs with a truncated 
TCA cycle compared to 12 ATPs made when an acetyl CoA 
molecule completes one TCA cycle (Fig. 1). Aspartate could 
be converted by PEC's to produce OAA (8‑10). It is catalyzed 
by glutamate oxaloacetate transaminase (GOT). GOT cata-
lyzes the interconversion of aspartate and α‑ketoglutarate 
to oxaloacetate and glutamate (Fig. 1). High aspartate levels 
were maintained by transporting it into the cell from blood by 
taking advantage of a Na+‑coupled co‑transporter EAAC1 (18). 
Another anaplerotic pathway that may be important in 
providing OAA for citrate synthesis is the conversion of pyru-
vate to OAA catalyzed by pyruvate carboxylate (PyC). This 
pathway may be more efficient in generating OAA as the cells 
are highly glycolytic producing large amounts of pyruvate and 
part of it could be shunted for OAA synthesis. However, the 
importance of PyC in PECs is still elusive. Overall, it should 
be concluded that metabolic plasticity is an inherent feature 
of citrate producing PECs and these cells may acquire these 
characteristics as they functionally differentiate. 

3. Defining mitochondrial oncobioenergetic profile and 
mitochondrial oncobioenergetic index

Metabolic profile of a cell is governed by the way which the 
mitochondria functions in a cell. Any change in mitochondrial 
function would alter the cellular metabolic profile. Thus, under 
physiological conditions, the term mitochondrial bioener-
getics indicates how mitochondria functions or its functional 
status/profile that allows the cells to meet the metabolic 
demands. Several studies have already been conducted to 
report the metabolic profile of cancer cells. However, how the 
mitochondria functions or what is the mitochondrial bioener-
getics during the evolution of cancer that support its metabolic 
requirements are still unexplored. 

MOB may be simply stated as the mitochondrial bioen-
ergetics that is similar to that of a cancer cell. It is defined as 
stable (at least in cell and ex vivo models), measurable, change 
in the mitochondrial bioenergetics during the course of cell 
transformation from normal to malignant tumor (11). It indi-
cates the mitochondrial bioenergetics or the functional state of 
the mitochondria that predisposes, promotes or favors carcino-
genesis. It is dynamic in nature (11) and depends on the stage 
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of the tumor (11,16), tissue origin and microenvironment (19). 
It may be mathematically represented as mitochondrial onco-
bioenergetic index (MOBI) (11) (see below). MOBI is not only 

associated with cancer cells but also with the individual cellular 
components of the tumor, such as fibroblasts, immune cells 
etc., that support cancer cell growth at each stage of the tumor 

Figure 2. Diagrammatic representation of the mammalian ETC. Mitochondrial respiratory chain consists of four membrane‑bound enzyme complexes (I‑IV) and 
three of these are proton pumps. In addition, the ETC also contains two intermediary substrates (coenzyme Q and cytochrome c). The NADH, H+ and FADH2 
produced by the intermediate metabolism are oxidized further by the mitochondrial respiratory chain to establish an electrochemical gradient of protons, which 
is finally used by the F1F0‑ATP synthase (complex V) to produce ATP, which is the only form of energy used by the cell. Electrons can also be delivered to the 
respiratory chain at the level of coenzyme Q by the ETF system or by the G3PDH system. ETC, electron transport chain; ETF, electron‑transferring flavoprotein; 
G3PDH, glycerol 3 phosphate dehydrogenase; mtDNA, mitochondrial DNA; nDNA, nuclear DNA.

Figure 1. Intermediary metabolism in prostate epithelial cells. The major substrates and signaling pathways utilized in the truncated TCA cycle for citrate 
accumulation are depicted. The major substrates that are fed into the Krebs cycle are pyruvate via glucose, which may be converted to acetyl coA by pyruvate 
dehydrogenase and OAA by pyruvate decarboxylase. Glutamine is fed into the TCA cycle as α‑ketoglutarate by the action of glutaminase and glutamate 
dehydrogenase. Aspartate is directly taken into the cell and transaminated by glutamate oxaloacetate transaminase into OAA. Purple represents enzymes, 
cofactors are presented in blue, glutaminolysis in green, nucleotides in red and substrates in black. OAA, oxaloacetate; TCA, tricarboxylic acid.
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development. It also represents mitochondrial bioenergetics 
of cancer tissues itself and the normal tissues that are highly 
vulnerable to carcinogenesis. MOB of a tissue represents or 
is the result of both the metabolic rewiring of the cancer and 
other tumor associated cells induced during transformation 
and pathological stress induced by tumor growth. 

It is now evident that mitochondria are involved in malignant 
transformation, cell proliferation, aggression, and metastatic 
behavior of prostate cancer  (6,20). Recent comprehensive 
analysis of the oncobioenergetic profile of PC cells using 
microplate‑based high resolution respirometry has clearly 
demonstrated that characteristic MOB changes occurs at 
different stages of PC development (11). Modification of MOB 
significantly inhibits the growth of malignant cells (21,22). 
This observation suggests that dynamic changes in the MOB 
function are a critical component in the development of 
malignant disease of the prostate. 

Different parameters of mitochondrial oncobioenergetic 
(MOB) function could be established by using microplate (23) 
or Oxygraph high resolution respirometry (24). Microplate 
assay provides a high‑throughput approach, which provide 
valuable information on the various aspects of mitochondrial 
function through mitochondrial stress test (MiST) (25,26). 
The function of mitochondria is directly related to the amount 
of oxygen consumed and various parameters are derived from 
the oxygen consumption rate (OCR) trace after interrogation 
with compounds that can modulate the mitochondrial func-
tion (Mito‑effectors; Fig. 3). Major functional parameters of a 
MiST are the following:

Basal oxygen consumption. It represents the amount of 
oxygen consumed by the mitochondria, which allows the cells 
to support the fundamental cellular functions under optimal 
physiological conditions. Basal oxygen consumption contrib-
utes to the synthesis of ATP at complex V and proton leak 
(see below). A change in basal rate in each cell type indicates 
some bioenergetic change in the cell, which can be estimated 
by performing MiST. Basal respiration can alter dramatically, 
due to inherent properties of the cells, such as metabolic 
rewiring, as described above. It can also be affected by the 
presence or absence of different substrates (glucose, pyru-
vate, lactate, fatty acids, glutamine, oxygen), growth factors 
and hormones, pH and osmolality in the environment (26). 
Therefore, optimal concentrations of these substrates should 
be employed for analysis of the mitochondrial function. For 
example, glucose concentrations above 10 mM may signifi-
cantly inhibit the basal respiration of different cell types. 
The mean normal blood glucose level in humans is about 
5.5 mmol/l (100 mg/dl). Therefore, it is always preferable to 
use physiological concentration of glucose for cellular respira-
tion assays. Moreover, the availability of different substrates 
in the surrounding environment may also influence the basal 
oxygen consumption. 

ATP‑dependent oxygen consumption. Otherwise described 
as oligomycin sensitive oxygen consumption, ATP‑dependent 
oxygen consumption represents the amount of oxygen 
consumed to generate ATP at complex V or ATP synthase. 
It is determined by measuring the OCR after interrogating 
with oligomycin. It is the difference between basal oxygen 

consumption and the oxygen consumption due to oligomycin 
inhibition of complex V  (25). Inhibition of ATP synthase 
would increase the proton gradient (mitochondrial hyperpo-
larization), which in turn prevents the electron flow through 
other complexes. This inhibition results in reduced oxygen 
consumption. Therefore, any increase in ATP‑dependent 
OCR implies a higher ATP demand. On the other hand, a 
decrease in ATP‑dependent OCR represents a reduced ATP 
demand, a lack of substrate availability and/or severe damage 
to OXPHOS (25). 

Proton leak. Proton leak is a physiologic process, which repre-
sents reentry of protons into the mitochondrial matrix through 
facilitated diffusion without contributing to ATP synthesis 
and energy dissipated as heat. Proton leak can be an intrinsic 
property of the cell or induced. The intrinsic proton leak is 
unregulated, cell‑type specific and correlates with metabolic 
rate of the cell. Intrinsic proton leak is mainly mediated by 
mitochondrial anion carriers and is minimal through the 
lipid bilayer. Inducible leak occurs through the adenine 
nucleotide translocase (ANT) and uncoupling proteins (UCPs) 
and can be initiated by fatty acids, superoxide, or peroxida-
tion products (27). The physiological role of inducible leak 
through UCP1 in mammalian brown adipose tissue is heat 
production (27).

An increase in intrinsic leak could be attributed to damage 
of the inner mitochondrial membrane or ETC complexes. This 
disproportionate increase in oxygen consumption is termed 
‘electron slip,’ where electrons are transferred through the ETC 
complexes (Complexes I, III and IV) without pumping protons 
into the intermembrane space. There is also evidence to show 
that oxidative stress capable of damaging the mitochondrial 
membrane or ETC complexes could increase ATP‑dependent 
oxygen consumption and proton leak (28).

Figure 3. Measurement of mitochondrial bioenergetic function using the 
XF24 analyzer and determination of different mitochondrial bioenergetic 
parameters from OCR profile. Seahorse Bioscience V7 Tissue Culture Plates 
were seeded with optimal cell density and allowed to grow for 24 h prior to 
the measurement of OCR. Basal OCR was measured three times followed 
by the sequential addition of Oligo, FCCP and AntiA with a measurement 
of OCR. Colored boxes in the OCR trace represent the relative contribution 
of basal oxygen consumption, non‑respiratory chain oxygen consumption, 
ATP‑linked oxygen consumption, the maximal OCR after the addition of 
FCCP, proton leak and the reserve capacity of the cells. AntiA, antimycin A; 
FCCP, carbonyl cyanide‑p‑trifluoromethoxyphenylhydrazone; OCR, oxygen 
consumption rate; Oligo, oligomycin. 
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Maximum oxygen consumption. Use of uncouplers (e.g. FCCP 
or carbonyl cyanide trifluoromethoxy phenylhydrazone) to 
generate artificial energy demand would allow measuring the 
maximum possible mitochondrial oxygen consumption under 
the experimental conditions where substrate concentration is 
not limiting. Uncouplers disrupt the electrochemical gradient 
across the membrane and inhibit the coupling between the 
electron transport and phosphorylation reactions. Thus, by 
uncoupling, electron flow and ATP synthase activity are main-
tained and at the same time the oxygen consumption is elevated 
without ATP synthesis. During artificially induced uncou-
pling, glucose/pyruvate/glutamine/fatty acids are continuously 
utilized to generate reducing equivalents (NADH and FADH2) 
to run the ETC at its maximum rate as an attempt to restore 
the electrochemical gradient across the membrane. A high 
maximal respiration compared with basal OCR implies that 
the cells require or uses only partial capability of the mito-
chondria to support the energy demand even in the presence of 
ample amounts of substrate. 

A reduction in maximum oxygen consumption is a strong 
indicator of potential mitochondrial dysfunction or metabolic 
rewiring as in the case of cancer cells. A low maximal capacity 
could also indicate decreased activity of metabolic pathways 
that produce reducing equivalents, substrate availability, 
mitochondrial mass or integrity is compromised.

Concept of reserve capacity. The spare or reserve capacity is 
a well‑established concept (25,29,30). This value denotes the 
difference between the maximal and the basal respiration. It 
represents the ability of the mitochondria to respond to an 
increase in energy demand. Conceptually, reserve capacity 
indicates how close to its bioenergetic limit a cell is operating. 
Thus, the reserve or spare capacity describes an estimate of 
the potential bioenergetic reserve the cell can call upon in 
times of stress (25,29,30). It has been shown that cancer cells 
under conditions of stress, such as targeted thiol modification 
of mitochondrial proteins that affect the mitochondrial protein 
function, the reserve capacity is completely depleted and if 
the threshold for the basal respiration is breached then cell 
death occurs (16,21,22). Whether cells can utilize the maximal 
electron transport activity for ATP synthesis will depend on 
the capacity of the components of the ETC and oxidative 
phosphorylation system (25). From a translational point of 
view, alterations in reserve capacity of tumor cells may be 
linked to their changing biology during the progression of the 
disease (11).

MOBI. Mitochondrial dysfunction, for example due to stress, 
is characterized by a loss of efficiency in the electron transport 
chain and reductions in the synthesis of high‑energy molecules, 
such as ATP (31). Alternative to mitochondrial dysfunction, we 
introduce MOBI, which denotes a mathematical representation 
or quantitative assessment of the oncobioenergetics due to cell 
transformation. It indicates a stable change in mitochondrial 
bioenergetics because of metabolic rewiring that occurs 
at various stages of oncogenesis to meet different cellular 
functional requirements, such as proliferation, invasion and 
metastasis. It may represent a higher, or lower cellular mito-
chondrial function compared to the normal cell population. 
MOBI is derived from the parameters of mitochondrial stress 

test (MiST) and is calculated from the following formula 
modified from previously described (11). 

Where, the net mitochondrial efficiency (Eq‑2) is a constant 
for each cell type at a defined optimal set of conditions (data 
unpublished). Under these conditions, it is possible to compare 
the MOBI of a normal cell with another transformed pheno-
type. Thus, higher net mitochondrial efficiency indicates 
functionally efficient mitochondria and vice versa. 

The net mitochondrial efficiency is defined as 

Where, basal mitochondrial respiration (Basal Mito. Resp.), 
ATP dependent respiration (ATP Dep. Resp.), and reserve 
capacity (Reserve Cap.) were used in the equations. MOBI was 
found to be a valuable tool to distinguish the aggressiveness of 
different PC cells of different stages (11) and possibly in other 
cancers too. However, further studies are required to establish 
this notion.

4. Oncobioenergetic changes during prostate carcinogenesis

Mitochondrial bioenergetic profile of normal peripheral zone 
PECs. Basal mitochondrial function and ATP requirements 
of PECs could be achieved efficiently by utilizing glucose, 
glutamine or fatty acids as their energy substrate depending on 
their bioavailability (11). This is comparable with that of other 
cells such as breast epithelial cells or cells with rapid turnover, 
such as monocytes. In presence of glutamine alone, the basal 
respiration increases sharply to meet the energy demands, 
because ATP generation through glycolysis is significantly 
low or absent. 

One of the major mitochondrial bioenergetic functions of a 
cell is its reserve capacity. PECs demonstrate a variable reserve 
capacity depending on the substrate utilization. In presence 
of glucose, PECs have a very low reserve capacity. However, 
in presence of glutamine, the cells have a very high reserve 
capacity. This may be due to truncated Krebs cycle, where 
in presence of glucose, much of the ATP generation is met 
through glycolysis. Glutamine on the other hand fed into the 
Krebs cycle as α‑ketoglutarate, which simultaneously gener-
ates ATP and produce metabolites for the synthesis of citrate 
such as OAA (Fig. 1). It seems that cells prefer glucose over 
glutamine as combined use of both substrates did not elevate 
reserve capacity like that of glutamine alone. However, further 
studies are essential to establish substrate specificity of PECs.

Other notable feature of PECs is the bioenergetic pheno-
type which is distinct from other cell types. Majority of the 
normal epithelial cells have either a resting or aerobic pheno-
type  (11,16,21). PECs are specialized cells and are highly 
energetic that consume large amount of energy producing 
substrates, especially glucose, to maintain the metabolic needs 
of the cells and is necessary as they accumulate and secrete 
enormous amounts of citrate. 

Utilization of fatty acids to maintain the mitochondrial 
respiration of PECs is poorly understood. Recent studies show 
that PECs could significantly mobilize endogenous fatty acids 
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and can utilize both endogenous and exogenous fatty acids to 
maintain the mitochondrial respiration (11). Our studies show 
that endogenous as well as exogenous fatty acids could elevate 
reserve capacity significantly even with a truncated TCA 
cycle through the generation of NADH and FADH2 during 
β‑oxidation and possibly through glycerol‑phosphate shuttle 
(Fig. 2). This reinforces the idea that PECs can utilize all 
energy producing substrates efficiently to maintain its cellular 
metabolic function or requirements that are unique to PECs.

Glycolytic profile of prostate tumorigenesis. PECs are gener-
ally glycolytic. Glycolysis does not change drastically at early 
non‑malignant stages compared to PECs and maintain the 
basal rate but changes as they become malignant. As the cells 
become malignant, the glycolytic capacity (peak glycolytic 
activity), and glycolytic reserve (available glycolytic activity 
at any time when stressed) are all elevated (11). Deriving the 
cellular Oncoglycolytic Index (OGI) from GlyST would be 
very useful to define the metabolic rewiring during the trans-
formation of PECs from indolent to aggressive prostate cancer. 
Combining OGI and MOBI would be useful parameters in 
defining the oncogenicity of the tumor. Our ongoing studies 
are currently in this direction.

Factors affecting mitochondrial function during prostate 
tumorigenesis. Prostate tumor growth and development into a 
malignant form occurs over several years. During this period, 
tumor undergoes various changes at tissue, cellular, genetic 
and biochemical levels. Due to reduced tumor vasculature and 
increase in size of the tumor, both PC cells as well as stromal 
cells must ‘functionally adapt’ to the microenvironment within 
the tumor mass and mutually support their growth in a hostile 
environment (32). There are factors that permanently or tran-
siently alter the mitochondrial bioenergetics of PECs as they 
progress from indolent to invasive and metastatic cancer. In 
addition to nuclear and mitochondrial genetic mutations, the 
major environmental factor that molds the biology of cancer 
cells and stromal components is low O2 tension as well as avail-
ability of nutrients within the tumor. The key cellular organelle 
that is functionally affected by changes in O2 tensions and 
supply of energy substrates is the mitochondria. Therefore, 
modulation of mitochondrial function or oncobioenergetics of 
tumor at each stage of the tumor development is crucial for the 
successful growth, progression and dissemination of the tumor. 

The most common known genomic alterations in PCa 
involve four pathways/genes: the androgen receptor pathway, 
PI3K pathway, rearrangements that place members of the ETS 
transcription factor family under control of androgen respon-
sive promoter TMPRSS2, and loss of function of the prostate 
tumor suppressor NKX3.1 (33). These pathways can contribute 
directly or indirectly to changes in mitochondrial function. For 
example, PI3K/AKT activation leads to increased mitochon-
drial respiration by increasing substrate supply to mitochondria, 
enhancing the mitochondrial catalytic machinery such as 
pyruvate dehydrogenase activity and up‑regulation of mito-
chondrial electron transfer and energy‑transduction capacity 
through complex I and phosphorylating ATP synthase (34).

The only human cellular cytoplasmic organelle that 
possess their own functional DNA are the mitochondria (35). 
Most mtDNA copies are identical at birth (homoplasmy). 

However, mtDNA molecule has no adequate proofreading 
and repair mechanisms, as it is exposed to an environment 
with high concentrations of ROS. Thus, mtDNA molecule 
mutates at a rate that is about 10‑100 times higher than nDNA. 
Occasionally, a subpopulation of mtDNA molecules carries 
a pathogenic mutation (heteroplasmy) and has been shown 
to promote tumorigenesis (35,36). Many studies have shown 
that mtDNA homoplasmic and heteroplasmic mutations 
in PC are very common, perhaps due to increased ROS 
production (37‑52) and have been reviewed comprehensively 
elsewhere (6,46). In an extensive well‑controlled mitochon-
drial DNA sequence analysis  (6), it was concluded that in 
addition to frequent somatic mtDNA mutations in PC cells, 
normal appearing benign cells surrounding the tumor harbor 
somatic mtDNA mutations (field cancerization effect) as well, 
(c) these mutations demonstrate a progressive pattern of malig-
nant disease and finally, (d) some of these mutations are linked 
to PCa development. Thus, these studies convey the idea that 
PCa development involves changes in the mitochondrial onco-
bioenergetics through mtDNA mutations and may allow the 
cells to meet the metabolic demands during transformation.

Another major factor that may rapidly influence the 
mitochondrial function is the tumor microenvironment. 
Microenvironment consists of insoluble extracellular matrix 
(proteins, glycoproteins, proteoglycans and polysaccharides), 
a stroma (non‑cancerous cells such as fibroblasts, adipose 
immune cells and endothelial cells), and several growth 
factors and cytokines secreted by stromal components. 
Cancer cells are embedded in the tumor encapsulated by 
stromal cells. Microenvironment provides a metabolically 
friendly environment for cancer cells to grow and multiply 
within the tumor. They supply O2 and energy producing 
substrates (glucose, fatty acids and glutamine) required to 
meet high energy demands of cancer cells. As the tumor 
grows, their energy demands are so high, and stroma induces 
abnormal angiogenesis and nutrients are delivered through 
aberrant blood vessels. This generates hypoxia and nutrient 
deprivation within the tumor. It has been reported that many 
prostate cancers are hypoxic, and the distribution of oxygen 
values is similar to other human tumors (53). The major organ-
elle that is affected by low oxygen and nutrient deprivation 
is the mitochondria and it must adapt to the ever‑changing 
microenvironment for the survival of cancer cells under 
these severe conditions. Hypoxia can cause changes in 
mitochondrial structure and dynamics such as impairment 
of mitochondrial fusion, cause mitochondrial depolarization, 
and loss mitochondrial DNA within the cells. Hypoxia can 
cause changes in the activity of metabolic enzymes such as 
citrate synthase, respiratory complexes such as inhibition of 
cytochrome oxidases by nitric oxide generated through the 
activation of nitric oxide synthases, enhance super‑complex 
disassembly and inhibition of complex V through ROS 
generation  (54). Therefore, one of our hypotheses is that 
energy flow within the tumor tissue dynamically changes at 
each stage of the tumor development to support the tumor 
growth and progression into an aggressive tumor.

Mitochondrial oncobioenergetics of prostate epithelial cells 
upon transformation and at different stages of malignancy. 
To study the oncobioenergetic profile of PC cells at different 
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stages of cancer development, a model with genetically iden-
tical clones of cells is required that recapitulate the multi‑stage 
carcinogenesis process. Recently, using RWEP1 and malignant 
clones derived from this cell line, we demonstrated that PC cells 
at each stage show characteristic oncobioenergetic features 
as they grow from an indolent tumor to an aggressive tumor. 
Our studies showed that immediately after transformation, 
the cells achieve significantly higher OXPHOS and decrease 
further as the cells achieve malignancy. This early switch 
in bioenergetics may be due to reduced zinc accumulation, 
restoration of aconitase activity, and functioning of TCA cycle 
without truncation (8‑10). These changes are also reflected 
in various mitochondrial bioenergetic parameters such as 
basal, maximal, and ATP‑dependent respiration as they are 
elevated during early non‑malignant stages and decreases with 
increasing malignancy irrespective of the substrates used, such 
as glucose or glutamine. Although oncobioenergetics changes 
occur at each stage of tumor progression, the amount of ATP 
generated is comparable with that of the normal. On the other 
hand, both endogenous and exogenous fatty acid oxidation 
decreases with increasing malignancy suggesting that much 
of the fatty acids may be utilized for lipid synthesis for the 
biomass. All these data indicate that in prostate tumorigenesis, 
the mitochondrial bioenergetics of the tumor cells changes 
dynamically to functionally adapt to the stage of the tumor. 

5. Mitochondrial oncobioenergetic index of prostate 
tumorigenesis

Different cellular bioenergetic parameters could be derived 
from MiST trace and these parameters are valuable to 
compare genetically identical cells at various stages of 
malignancy. However, tumor cells of varying degree of 
malignancy from genetically different cells have overlapping 
mitochondrial oncobioenergetic and metabolic phenotypes 
and each individual parameter does not correlate with the 
degree of malignancy and is less useful and has less clinical 
translational value. Recently we have shown that calculating 

MOBI of various PC cell lines of various malignant stages is 
very useful to differentiate one cell from one another based 
on their malignancy (Fig. 4). Our studies using ten PC cell 
lines demonstrated for the first time that each cell line has a 
unique MOBI, under standard assay conditions. It increases 
drastically as the prostate epithelial cells transform into local-
ized pre‑malignant stages of tumor compared to the normal 
PECs and it falls below the normal as soon as they become 
aggressive or malignant. MOBI seems to be independent of 
genetic similarity, androgen sensitivity or mitochondrial 
content determined recently for many PC cells (12), and is 
more related to their malignant stage. Although yet to define, 
MOBI specific for individual substrates and under stressed 
conditions or both would also provide valuable information 
that would allow defining the oncobioenergetics of cancer 
cells much more accurately at various stages of carcinogenic 
process. Therefore, these observations emphasize the impor-
tance of studying mitochondrial function of tumors within the 
context of the physiological environment to understand the 
mechanisms by which mitochondria contribute to the tumor 
pathology.

Figure 4. MOBI of PC cells obtained from RWPE‑1 cells (NA‑22‑NB‑26) 
and human tumors (OPCT‑1‑LnCAP cells). The data were analyzed using 
one‑way ANOVA followed by Tukey's post hoc test. *P<0.05 vs. RWPE‑1 
cells; †P<0.05 vs. OPCT‑1 cells (11). MOBI, mitochondrial oncobioenergetic 
index. PC, prostate cancer.

Table I. Limitations of XF technology.

Item	 Limitations

Injectable	 Cost of optimizing injectable concentrations and the subsequent cost per respiratory assay are high
	 A maximum of four. It will be necessary to use multiple plates when more than four injectable reagents are 
	 required 
	 Injectable compounds may potentially interfere with sensor fluorescence or the plastic plate and produce 
	 misleading data
Cell lines	 The generation of immortalized cell lines are limited due to loss of differentiated functions, high glycolytic 
	 rates, and reduced respiration 
	 Since individual cell populations are analyzed, they lack direct comparisons with whole ‑ tissue measurements 
	 that may contain multiple cell types. 
	 Mitochondrial responses to substrates such as ADP, creatine, or cytochrome c cannot be investigated in intact 
	 preparations because they are unable to penetrate the cellular membrane. 
Pharmaceutical	 Requires optimization for each cell line. This is to ensure that they do not interfere with other inhibitors and 
	 produce misleading data
Contamination	 Contamination by viruses, mycoplasma, and other cell lines

https://www.spandidos-publications.com/10.3892/ol.2019.10785
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MOBI could be a valuable tool for assessing the aggres-
siveness of the tumor as well as detect whether an indolent 
tumor may become aggressive in the future. It is also a valuable 
tool to test the metabolic health of prostate. Any abnormality 
in the mitochondrial bioenergetics of prostate tissue may 
represent a pathological condition. However, suitable tech-
niques are not available to assess MOBI in the physiological 
environment without disrupting the interaction between the 
cell environment and the mitochondria in the tissues. Ex vivo 
approaches allow analysis of mitochondrial bioenergetics by 
rigorously controlling the assay conditions. Recent develop-
ments in technologies to measure mitochondrial bioenergetics 
have shown that tissue slices could be used for assessing the 
oncobioenergetics ex‑vivo (55‑57). Tissue slices essentially are 
viable explants of the tissue that can be cultured ex vivo and 
are widely used by many researchers for several years as a 
model of the organ under study including metabolism. Now 
digitally controlled tissue slicers are commercially available to 
prepare 200 µm thick precision‑cut tissue slices (58‑60). Thus, 
it is possible to obtain tissue cores from specific locations and 
cut slices from specific depths within the tissues and could be 
compared with another slice obtained from same location and 
depth with minimum variations (58‑60). However, some of the 
major issues confronted during the measurement of mitochon-
drial bioenergetics in tissue slices needs to be resolved. These 
include poor penetration of mito‑effectors into the mitochon-
dria and slow diffusion and depletion of substrates and oxygen 
during measurements. Hyperoxia and increasing substrate 
concentration is an option but may result in non‑physiological 
response. Moreover, new algorithms should be developed by 
taking into consideration of all these impeding factors and 
corrected for accurate measurements. 

Non‑invasive techniques, such as imaging approaches for 
the evaluation of mitochondrial bioenergetics of cancer, are 
still in its infancy (61‑64). It was mainly designed to charac-
terize different aspects of mitochondrial dysfunction. It permits 
quantitative measurement of fluxes of ATP and oxygen, which 
are controlled by mitochondria. Thus, it allows determining 
the mitochondrial coupling efficiency (ATP/O2) as well as the 
tissue capacities for phosphorylation and oxidation. By these 
approaches, it has been shown to reveal important aspects of 
mitochondrial dysfunction with disease and age. However, the 
utility of these methods for quantifying the oncobioenergetics 
of tumors in vivo is yet to be discovered.

6. Limitations of XF technology

There are several limitations to consider when analyzing mito-
chondrial respiration using the Seahorse XF. They are given 
below (Table I).

7. Conclusion

Mitochondria play a significant role in prostate tumorigenesis 
and are modulated at each stage of the tumor development to 
meet the metabolic and/or bioenergetic requirements of the 
cell. Thus, quantification of mitochondrial oncobioenergetic 
function will be a good biomarker for predicting the tumor 
stage. Future studies would allow novel approaches to measure 
oncobioenergetics of tumor with minimal invasive procedures 

effectively in men to determine the general prostate health, 
tumor staging and predict whether a tumor will proceed 
to malignancy in patients. Moreover, as prostate is a slow 
growing tumor, modulating the mitochondrial bioenergetics at 
specific stages of tumor development will be a novel approach 
to treatment or prevention of prostate cancer. 
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