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Abstract

Defective oxidative phosphorylation has a crucial role in the attenuation of mitochondrial 

function, which confers therapy resistance in cancer. Various factors, including endogenous heat 

shock proteins (HSPs) and exogenous agents such as dichloroacetate, restore respiratory and other 

physiological functions of mitochondria in cancer cells. Functional mitochondria might ultimately 

lead to the restoration of apoptosis in cancer cells that are refractory to current anticancer agents. 

Here, we summarize the key reasons contributing to mitochondria dysfunction in cancer cells and 

whether and/or how restoration of mitochondrial function could be exploited for cancer 

therapeutics.
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Introduction

Normal cellular growth and development require optimal function of all the regulatory 

physiological pathways, and any defect in any one or more of these pathways can have 

adverse effects on the entire cellular homeostasis. Growth and developmental signaling 

circuits are tightly regulated in normal cells, which tolerate, resist or die in response to 

external or internal stimuli [1]. Deregulation of these signaling pathways has been 

implicated in many human diseases, including diabetes, neurodegenerative disorders, 

developmental defects, and cancer [2]. Defects in pathways regulating cell growth and 

apoptosis contribute to the carcinogenesis process and are involved in the metastatic 

progression of tumors [3]. Advanced and metastatic malignancies are characterized by 

higher rates of cell proliferation and attenuated apoptosis or other cell death signaling [2, 4]. 

Therefore, current strategies in cancer management target these two processes to retard 
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tumor growth and metastatic progression, resulting in a reduction of disease-related burden 

in patients.

Defects in apoptosis are among the primary cellular malfunctions observed in tumor 

initiation, growth, and metastatic progression [3]. Current conventional therapies are 

designed to induce cell death in cancer with minimal toxic effects to the surrounding normal 

tissues [5, 6]. Mitochondrial apoptosis is a complex process that is tightly regulated at 

multiple steps. It involves the release of cytochrome C from mitochondria and subsequent 

formation of the apoptosome and caspase activation followed by cell death induction [7]. 

Cancer cells exhibit strong metabolic ‘advantageous faults’, which include increased fatty 

acid synthesis, boosted glutamine metabolism, and dependence on aerobic glycolysis for 

energy needs [3, 8, 9] (Figure 1). These properties of cancer cells are normally referred to as 

the ‘Warburg effect’ [10–13]. All these metabolic adaptations contribute to the development 

of resistance to current cancer treatments, and subsequent apoptosis evasion in cancer cells 

[14, 15]. Therefore, exploiting and targeting such metabolic faults could be an attractive 

strategy in cancer control and management [9, 16]. The physiological status of mitochondria 

is directly correlated with steady-state oxidative phosphorylation (OXPHOS) and has the 

potential to induce apoptosis in response to apoptotic stimulus. Defects in normal 

mitochondria function have strongly been linked to attenuation of apoptosis, and hence, 

increased cancer growth and progression (Figure 1) [17–19]. Studies suggest that OXPHOS 

defects in cancer are an important factor in apoptosis evasion [18]. Thus, changes in 

mitochondrial DNA (mtDNA), which encodes various proteins, including OXPHOS 

complex components, are linked to cancer [12, 13, 17].

Recently, there has been renewed interest in targeting and restoring mitochondrial steady 

state as an attractive strategy for cancer control and management [20]. Metabolic inhibitors, 

including 2-deoxy-D-glucose (2DG), dichloroacetate (DCA), hexokinase inhibitors, and 

lactate dehydrogenase (LDH) inhibitors, have been used to specifically block aerobic 

glycolytic pathway and restore steady-state OXPHOS, and have been shown to be effective 

against various cancers in vitro and in vivo (Figure 1) [16]. In this regard, DCA has shown 

positive outcomes by inhibiting growth and proliferation of various cancers in vitro and in 

vivo by inducing cell cycle arrest and apoptosis [21, 22]. DCA is a small molecule of 150 Da 

and can penetrate all major tissue types, including brain tissue [23]. Thus, targeting 

metabolic differences between normal and cancer cells is a rational approach in cancer 

control and management. Here, we discuss key metabolic alterations and their impact on 

cancer control, and whether restoration of mitochondrial function by small molecules such 

as DCA could be a viable approach for cancer management and control.

Metabolic differences between normal and cancer cells

Cancer cells differ from normal cells in various key metabolic aspects and are more 

dependent on aerobic glycolysis, glutaminolysis, and fatty acid synthesis for cellular 

proliferation, survival, and growth [10, 24]. To meet their energy needs, normal cells oxidize 

glucose via the tricarboxylic acid cycle (TCA) in mitochondria to generate 30 ATPs per 

glucose molecule. By contrast, cancer cells rely heavily on glycolysis to generate two ATPs 

per glucose molecule in the cytoplasm. Hence, cancer cells upregulate glucose transporters 
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to increase glucose uptake into the cell and meet their energy needs [25–27]. Otto Warburg 

was the first to observe these effects and postulate that respiration dysfunction in cancer 

cells prevents glucose oxidation via the TCA in mitochondria [10]. In addition, increased 

glycolysis also provides metabolites for gluconeogenesis, lipid metabolism, and the pentose 

phosphate pathway to generate NADPH and macromolecules for anabolic reactions [24, 28]. 

Such bioenergetic differences in the metabolism of cancer cells versus normal cells provide 

a potential avenue for the development of cancer therapeutics.

Most cancers originate from hypoxic niches where glucose oxidation is hampered because 

of a lack of oxygen, and glycolysis remains the sole energy-generating mechanism [29, 30]. 

Hypoxia leads to induction of hypoxia-inducible factor-1alpha (HIF-1α), which upregulates 

several glucose transporters and enzymes required for glycolysis, including the gatekeeper 

pyruvate dehydrogenase kinase (PDK) [29, 30]. In the presence of activated PDK, pyruvate 

dehydrogenase (PDH) is inhibited, thus limiting the entry of pyruvate in to mitochondria. 

Activated PDK converts glucose to lactate via glycolysis, whereas inhibition of PDK 

restores glucose oxidation via mitochondrial respiration (Figure 1). Therefore, during 

carcinogenesis, enhanced aerobic glycolysis favors cancer growth and metastatic 

progression; such effects are considered to be one of the reasons for the development of 

apoptosis resistance in cancer cells (Figure 1) [16, 24, 31]. In conclusion, acquisition of the 

glycolytic phenotype as an adaptive response to hypoxia eventually confers apoptosis 

evading potential in cancer cells.

Glycolytic pathway and apoptosis resistance in cancer

Altered metabolism and active glycolytic pathway and its regulators have strongly been 

linked to apoptosis resistance in cancers. Hexokinase is upregulated and activated in many 

cancers and translocates to mitochondria, where it inhibits mitochondria-mediated apoptosis 

[32]. Many events, such as oncogenic activation (c-myc, Akt), tumor suppressor mutations 

[p53/ Phosphatase and tensin homolog (PTEN)], and hypoxic conditions have been reported 

to modulate several key glycolytic factors (e.g., hexokinase activation), which confer 

resistance to cancer cells [33]. Indeed, hexokinase II is upregulated in cancer via epigenetic 

events [34] or HIF-1, and dysregulated c-Myc [35] associates with chemoresistance and 

functions as a prognostic marker in various types of cancer [LM1][36, 37]. Given that 

hexokinase II expression and PDH inactivation by PDK1 cause inhibition of cellular 

respiration [35], the PDK–PDH circuit has an important role in regulating the energy 

metabolism switch between glycolysis and OXPHOS. PDK phosphorylates and inhibits the 

activity of PDH by using ATP, whereas PDH phosphatase dephosphorylates PDH to restore 

its activity. The activity of PDH converts pyruvate to acetyl-co-enzyme A (CoA), thus 

facilitating the entry of pyruvate into mitochondria. Thus, in the presence of activated PDK, 

PDH is inhibited and glucose is converted to lactate via glycolysis. When PDK is inhibited, 

PDH is activated and glucose oxidation via the TCA is favored in mitochondria [38]. 

Upregulation of PDK1–4 (natural inhibitors of PDH) inactivates PDH activity and favors 

aerobic glycolysis in cancer cells [16, 29, 39, 40]. Therefore, targeting the PDK–PDH 

signaling circuit could be an important anticancer strategy (Figure 1).
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Overexpression of PDK3 in cancers enhances a metabolic switch towards glycolysis, and 

increases drug resistance and cancer recurrence [40]. In colorectal cancer cells, inhibition of 

PDK1–4 by DCA enhances PDH activity resulting in a flux towards OXPHOS and is 

accompanied by decreased cell proliferation, G2/M arrest, and increased apoptosis [40, 41]. 

Thus, a hyperactive glycolytic pathway results in apoptosis resistance in cancer cells, 

highlighting PDK–PDH signaling as a potential metabolic target in cancer therapy. Table 1 

highlights some important targets exploited for metabolic targeting in cancer with the aim of 

achieving better cancer treatment outcomes.

Mitochondrial regulation of tumorigenesis

Among the hallmarks of cancer described by Hanahan and Weinberg, reprogramming 

energy metabolism is crucial and has a fundamental role in carcinogenesis [4]. The relation 

between mitochondria and overall cellular physiology is not restricted to ATP generation. 

Mitochondria regulate reactive oxygen species (ROS) production, Ca2+ homeostasis, and 

programmed cell death (apoptosis), which are important for normal cellular homeostasis 

[42]. Mitochondria sense the level of overall cellular physiological stress and regulate the 

release of various apoptosis-inducing factors (including cytochrome C) that lead to caspase 

activation and cell death induction [43]. Defects in the mitochondrial system, including 

mtDNA mutations, deletions, and alterations in nuclear-coded proteins that are crucial for 

mitochondrial function, have been strongly linked to cancer [12, 13, 44]. MtDNA mutations 

affect many aspects of mitochondrial physiology, including OXPHOS complexes, ROS-

producing potential, Ca2+ homeostasis, and apoptosis-inducing potential, which are further 

aggravated by a high rate of glycolytic pathway [LM2]or via imposing the suppression of 

OXPHOS activity [44]. A hyperactive glycolytic pathway in cancer cells exerts an inhibitory 

effect on OXPHOS and has been linked to apoptosis resistance and enhanced cell survival 

[13, 16]. Mitochondria-mediated cell death induction is dependent on mitochondrial energy 

production, which is suppressed by excessive glycolysis in cancer cells [16, 18, 45].

Apoptosis-inducing factors are protected inside intact mitochondria and, upon opening of 

the mitochondrial transition pores (MTP), are released into the cytosol to induce cell death 

[43]. Opening of MTPs is governed by increased ROS and mitochondrial depolarization 

[46]. A flux of electrons down the electron transport chain (ETC) determines ROS 

production and redox state, causing the modulation of matrix metalloproteinases (MMPs). 

The global redox status depends on the production of NADH, and FADH2 electron donors 

from the TCA cycle. Acquisition of a glycolytic phenotype and blockade of pyruvate entry 

into the mitochondria suppress acetyl-CoA production, which in turn attenuates both Krebs’ 

cycle and the ETC, causing MTP closure and a suppression of apoptosis [16, 38]. 

Mitochondria are involved in apoptosis via other mechanisms, including intracellular Ca2+ 

uptake and H2O2 production via dismutation of mitochondrial superoxide by manganese 

superoxide dismutase. H2O2 diffuses freely and activates plasma membrane K+ channels, 

hence regulating the influx of Ca2+ and, thereby, caspase activation [22]. Furthermore, 

retrograde signaling from mitochondria to the nucleus regulates many aspects of cellular 

physiology other than cell death induction and energy metabolism. Mitochondrial retrograde 

signaling, including Ca2+ signaling, modulates genetic and epigenetic changes that promote 

cellular metabolism favoring tumorigenesis [47, 48].
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HSP regulation of mitochondria function

Molecular chaperones, a superfamily of highly conserved proteins, maintain proper cellular 

homeostasis by assisting in protein folding and/or refolding processes as well as help to 

direct defective and/or misfolded proteins for degradation [49]. Thus, the maintenance of 

protein homeostasis has an important role in cell survival and functions. Protein 

homeostasis, also known as proteostasis, is an evolutionarily conserved process and involves 

a complex signaling pathway known as the unfolded protein response (UPR). UPR is a 

highly coordinated signaling process that is activated in response to stresses to maintain 

cellular homeostasis. UPR can independently, or in collaboration with folding machinery of 

other cellular compartments, regulate protein quality in the cytosol, endoplasmic reticulum 

(ER), and mitochondria [50, 51].

Cytosolic UPR is called a heat shock response (HSR) and is regulated by HSP70 and HSP90 

proteins. Cytosolic HSP70 and HSP90 bind with heat shock protein factor 1 (HSF1) under 

normal physiological condition, whereas, in response to stress, these two chaperons 

dissociate from HSF1. The released HSF1 then translocates to the nucleus and enhances the 

expression of HSPs that attenuate the stresses [50, 52]. HSF1 remodels energy metabolism 

by promoting cancer cell glycolysis, leading to tumor cell survival and growth by 

upregulating LDH-A [53]. HSF1 increases glucose uptake, LDH activity, and lactate 

production, and is involved in tumor resistance to current therapies; therefore, it has been 

identified as an important therapeutic target in cancer [16]. Recently, HSPs have also been 

shown to target aerobic glycolysis and to suppress the growth of cancer cells. HSP40 binds 

to and destabilizes the pyruvate kinase muscle isozyme 2 (PKM2) isoform, which leads to 

the downregulation of PKM2-mediated PDK1 expression followed by cancer cell growth 

inhibition [54]. Mitochondrial HSPs, such as HSP70, protect mitochondria against damage 

from simulated ischemia and/or reperfusion that could occur as a result of decrease in ROS, 

leading to the preservation of mitochondrial complex activities and, hence, ATP formation 

[55].

In addition to participating in HSR in the cytosol, HSP70 also participates in mitochondria 

UPR (UPRmt). Although the mitochondrial HSP70-containing presequence translocase-

associated import-motor (PAM) complex directly folds the incoming proteins in the matrix, 

the HSP60–HSP10 folding machinery in the matrix also has an important role in protein 

folding, homeostasis, and mitochondria quality control. Defects in this folding machinery 

are recognized by protein quality control (PQC) proteases, leading to the activation of 

UPRmt, which can be activated by multiple activities within or around mitochondria, such as 

increased ROS production or OXPHOS defects resulting from a protein imbalance encoded 

by mtDNA or nuclear DNA [56–58]. Sustained UPRmt can ultimately lead to activation of 

the cell death program. Given that HSP60 and other HSPs have important roles in the 

maintenance of mitochondria function and quality control, the modification of HSPs could 

be a new target for cancer therapy. Indeed, hyperacetylation-mediated removal of HSP60 

from mitochondria was found to be associated with increased cancer cell death [59]. Thus, 

HSPs offer a new therapeutic window for cancer intervention and could be novel anticancer 

metabolic targets.
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Potential mitochondrial targets for cancer therapy

A normal physiological state of mitochondria is crucial for cellular homeostasis and cell 

death induction during stress responses [20]. Apoptotic cell death induction requires 

mitochondrial membrane permeabilization (MMP), which may include both outer and inner 

MMP. Agents modulating MMP affect the outer MMP or the inner MMP or both [20, 60]. 

The integrity of the outer mitochondrial membrane is regulated by evolutionarily conserved 

B-cell lymphoma 2 (Bcl-2) family proteins. Bcl-2 and Bcl-xL proteins prevent the release of 

apoptogenic factors from mitochondria, whereas proapoptotic Bcl-2 members such as Bcl2-

associated X protein (Bax) and Bcl2-antagonist/killer (Bak), induce outer MMP, causing the 

release of proapoptotic factors from mitochondria. Bcl-2 family members act either alone or 

in combination with other factors to regulate the outer MMP [61–64]. Therefore, the 

decision to induce cell death or survival depends on the balance and competition between 

these two processes. Novel agents that push this balance towards inducing MMP causing the 

release of proapoptotic factors and subsequent cell death induction are highly desired in 

cancer control and management. Given that Bcl-2 is overexpressed in many solid tumors 

and undermines the potential of conventional therapies to induce apoptosis in cancer cells by 

imparting resistance, many strategies have been used to overcome Bcl-2-induced apoptosis 

resistance in cancer cells [65–67].

In addition, because mtDNA encodes crucial OXPHOS proteins, the regulation of mtDNA 

copy number could also be a target for cancer therapy. Indeed, mtDNA has been shown to 

have a role in determining the sensitivity of cancer cells in response to multiple 

chemotherapeutic agents [68]. Many agents cause a depletion of mtDNA in mammalian 

cells, which could be tested for their potential anticancer activities. For instance, 4-

quinolone drugs, such as ciprofloxacin, mediate mtDNA loss, which associates with the 

disruption of mitochondrial function [69]. Lipophilic cations, such as the intercalating 

anticancer drug ditercalinium, causes selective mtDNA depletion by inhibiting DNA 

polymerase gamma activity in cultured mammalian cells, which could be more selective 

than ethidium bromide because it differentially accumulates in the mitochondria [70]. It has 

been shown that resveratrol depletes mtDNA during apoptosis induction in cancer cells [71]. 

Additionally, cisplatin shows preferential binding with mtDNA compared with genomic 

DNA, causing impairment of mitochondrial function and cell death [72]. Together, depletion 

of mtDNA by anticancer agents or binding of cancer agents with mtDNA suggests the 

involvement of mtDNA in regulating cancer cell death.

OXPHOS is another promising mitochondrial target in cancer therapy. In this regard, two 

approaches with opposing mechanisms have been suggested and utilized to achieve cell 

death induction in cancer cells. One approach focuses on activating OXPHOS with 

subsequent apoptosis induction via mechanisms such as ROS production [22]. Another 

approach suppresses OXPHOS activity along with inhibition of the glycolytic pathway to 

generate a global energy crisis, resulting in the induction of cell death in highly proliferating 

tumor cells [73]. Under low glucose conditions, mitochondrial activity stimulation by 

forskolin rendered cancer cells more sensitive to very low levels of OXPHOS inhibitors and, 

consequently, cell death [74]. Cancer cells develop resistance to existing treatment strategies 

because of defective mitochondrial functions. Indeed, restoration of OXPHOS function by 
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DCA induced ROS production with subsequent apoptotic cell death [22]. Further studies 

support the notion that the restoration of OXPHOS function can overcome tumor cell 

resistance to current therapeutics [75], leading to the development of multiple agents 

targeting OXPHOS. These agents induce cell death and suppress cell proliferation [22, 75, 

76]. For example, rosamines and their derivatives target OXPHOS to exert toxic effects in 

various cancer cell types [77]. Furthermore, in hepatocellular carcinomas, OXPHOS 

activation by PDK suppression overcomes sorafenib resistance, leading to stronger tumor 

regression [75].

Restoration of mitochondrial function by DCA as a potential anticancer 

strategy

Given that mitochondrial dysfunction is common in cancer cells, restoring mitochondrial 

function in cancer control and management will be both selective and beneficial. Cancer cell 

mitochondria are hyperpolarized compared with those of normal cells, manifesting as 

reduced ROS levels, increased intracellular Ca2+, closure of Kv channels (Kv 1.5) and MTP, 

activation of nuclear factor of activated T cells (NFAT), upregulation of antiapoptotic Bcl-2, 

and increased aerobic glycolysis [22, 78]. Increased glycolysis in cancer cells results in an 

increase in the hexokinase level, which translocates to mitochondria and leads to 

hyperpolarization of mitochondria and apoptosis inhibition [79]. These events in cancer cells 

ultimately lead to increased proliferation, enhanced survival, and decreased apoptosis, 

causing resistance to cell death induction in response to existing anticancer regimens. 

Overall, reactivating mitochondrial functions will reverse these elements and lead to 

apoptosis in cancer cells concomitant with the suppression of aerobic glycolysis. The 

decision either to follow aerobic glycolysis or undergo glucose oxidation depends on the 

overall PDH–PDK and LDH regulatory circuit interactions. Both activating PDH by 

inhibiting PDK, and/or suppressing LDH would increase the pumping of pyruvate into the 

mitochondria, reactivating OXPHOS and ETC and leading to ROS production, Ca2+ flux 

into mitochondria, and induction of apoptosis.

Agents that increase glucose oxidation by pumping pyruvate to fuel the TCA cycle 

reactivate OXPHOS and induce ROS production, leading to apoptotic cell death in cancer 

cells. DCA induces forced glucose oxidation, and reactivates OXPHOS and mitochondrial 

activity. DCA is inexpensive and has been in human use for more than 40 years. Since the 

seminal report on the use of DCA to inhibit cancer, multiple studies emphasizing its 

potential to treat many cancers have been published [22, 80[LM3]].

DCA was found to be less effective in neuroblastoma cells that harbor fewer mitochondrial 

abnormalities and lack mitochondrial hyperpolarization [22, 78]. However, it has recently 

been shown that DCA offers potential anticancer effects against highly malignant 

neuroblastoma cells compared with more differentiated and less malignant cancer cells [81]. 

Such outcomes warrant further investigations to demonstrate that DCA could be used as a 

novel therapeutic agent against neuroblastoma. Glycolytic phenotype reversal by DCA has 

been shown to suppress the growth of metastatic breast cancer cells and to inhibit lung 

metastasis of rat mammary adenocarcinoma cells [79]. The antitumor action of DCA against 
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T cell lymphoma has also been shown to be associated with the alterations in pH 

homeostasis and glucose metabolism that lead to suppression of tumor cell survival [82].

DCA activates PDH, resulting in the increased delivery of pyruvate into mitochondria 

followed by an increase in glucose oxidation leading to restoration of mitochondrial 

function. DCA mediates its apoptosis-inducing effects via production of ROS and activation 

of NFAT, leading to the release of apoptogenic factors such as cytochrome C and apoptosis-

inducing factor (AIF) from mitochondria into the cytosol [22, 83]. DCA disrupts the 

HIF-1α-dependent adaptive response under hypoxia in tumors, thus increasing the 

effectiveness of chemotherapy designed to kill hypoxic tumor cells without posing a toxic 

threat to oxygenated normal tissue [83]. DCA induces apoptosis in non-small cell lung, 

breast, and glioblastoma cancer cell lines by restoring glucose oxidation by inhibition of 

PDK [22]. Subsequently, it was also reported that DCA induces apoptosis in endometrial 

and prostate cancer cells via a similar mechanism [84].

Although the underlying molecular mechanisms of the anticancer effects of DCA on cancer 

cells are still not fully defined, the restoration of mitochondrial respiration is considered to 

be one of the key molecular events causing inhibition of cancer cell proliferation and 

induction of cell death in cancer. DCA induces Forkhead box O3 (FOXO3) and p53, which 

trigger activation of BH3-only proteins, such as Bim, Bad, Puma, and Noxa [85, 86]. Thus, 

increased expression of BH3-only proteins upon DCA treatment leads to Bax activation and 

cytochrome C release, causing the induction of apoptosis in cancer cells. DCA enhances 

ROS production, resulting in the induction of autophagy via suppression of Akt-mammalian 

target of rapamycin (mTOR) signaling [87, 88]. In addition to cell death induction, the 

anticancer effects of DCA also include inhibition of cancer cell proliferation [89].

DCA overcomes resistance and shows synergistic effects during cancer 

therapy

Studies have shown that DCA can sensitize cancer cells and, thus, could be used to improve 

current therapies. For instance, DCA enhances the cytotoxicity of platinum compounds, and 

such combinatorial strategies could have potential clinical applications for tumors, including 

in small cell lung cancers and Ewing’s sarcoma, as well as in cancers refractory to cisplatin 

chemotherapy, such as ovarian cancer [90]. DCA and cisplatin synergistically inhibit the 

growth of HeLa cells by shifting metabolism from aerobic glycolysis to OXPHOS [91]. 

Furthermore, a case study reported that DCA in combination with omeprazole (a proton 

pump inhibitor) and/or tamoxifen exhibited synergistic antiproliferative effects on malignant 

tumors [92]. DCA enhances adriamycin-induced hepatoma cell killing by inducing ROS 

levels in vitro as well as in vivo [93]. Interestingly, enhancement in sensitization to various 

anticancer agents in the presence of DCA has been attributed to the modulation of tumor 

microenvironment, which requires reprogramming of glucose metabolism, perturbations in 

pH levels, induction of ROS, and modulation of survival pathways [82]. In a multiple 

myeloma model, DCA enhanced sensitivity to bortezomib by inhibiting aerobic glycolysis, 

inducing superoxide production and apoptosis, and suppressing proliferation via G0/G1 and 

G2/M cell cycle arrest [94]. In hepatocellular carcinoma, cancer cells develop resistance to 

the drug sorafenib by modulating the bioenergetic environment. DCA activates OXPHOS 
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via inhibition of PDK to overcome such resistance [75]. Similarly, DCA overcame PDK1-

mediated taxol-resistance in oral cancer cells under hypoxic conditions [95].

The combination of DCA with capecitabine induced cancer cell apoptosis in a B16 

melanoma allograft and human non-small lung cancer cell A549 xenograft tumors [96]. 

DCA in combination with 5-fluorouracil synergistically inhibited cell proliferation and 

induced apoptosis in colorectal cancer in vitro [97]. Recently, a co-drug, Bet-CA, an ester 

derivative of betulinic acid and DCA, has shown promising anticancer effects against a 

variety of cell types, and also reduced melanoma tumor growth and pulmonary metastasis 

[98]. DCA sensitizes metformin cytotoxicity by reprogramming glucose metabolism in 

cancer cells leading to apoptosis induction [73] under high glucose conditions. This suggests 

that inhibition of global energy metabolism by targeting both glycolysis and OXPHOS leads 

to cancer cell death. Additionally, DCA in combination with metformin synergistically 

induced apoptosis in breast cancer cells via increased ROS production as well as diminished 

metformin-dependent lactate production [99].

DCA-dependent restoration of mitochondria function leads to suppression 

of angiogenesis

Solid tumors grow up to ~2–3 mm diameter in size and stop growing beyond this because of 

the limited diffusion of nutrients and gaseous exchange. The Warburg effect in cancer cells 

or inhibition of OXPHOS leads to induction of pseudohypoxic signals upregulating HIF-1α, 

and promotes angiogenesis by recruiting nascent blood vessel growth in the tumor. 

Upregulation of HIF-1α under normoxic conditions leads to the expression of glucose 

transporter, glycolytic enzymes, and LDHA, causing induction of glycolytic phenotypes 

[100–102]. In addition, HIF-1α induces expression of PDK1 under hypoxic conditions, 

which leads to the inhibition of PDH function and causes a shift in metabolism towards 

aerobic glycolysis [29, 103]. Interestingly, HIF-1α regulates the function of OXPHOS 

complex IV as well as reducing ROS levels to avoid their toxic effects [104]. This overall 

scenario leads to tumor growth, progression, and metastasis [105]. Tumor angiogenesis has 

been implicated as an important target in cancer therapy [106]. In patients with glioblastoma 

who were given oral DCA for up to 15 months, DCA inhibited HIF-1α and suppressed 

angiogenesis both in vivo and in vitro by suppressing PDK II [107]. Recently, it was 

reported that DCA suppressed pseudohypoxia-induced HIF-1α-mediated tumor 

angiogenesis in non-small cell lung and breast cancer xenotransplant models [83]. Although 

resistance to current therapies has been attributed to varied mechanisms and hypoxic 

adaptation, inhibitory tumor angiogenesis ultimately leads to the acquisition of a hypoxic 

microenvironment in tumors that upregulates HIF-1α, providing resistance to future therapy. 

Therefore, reversing the hypoxic tumor environment could be an exciting strategy in 

overcoming such resistance even with existing therapies. DCA has the potential to reverse 

the hypoxic adaptation to bevacizumab by inducing mitochondrial respiration and enhancing 

its antitumor effects against glioblastoma xenograft models [108]. Targeting the 

HIF-1α/PDK III signaling axis using DCA and other silencing strategies has been reported 

to reactivate oxidative metabolism in melanoma, thus potentiating the therapeutic activity of 

pro-oxidants such as elesclomol [109].
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Inhibition of radiation-induced senescence by DCA associates with 

glycolysis suppression

Radiation-induced senescence in tumor cells is one of the mechanisms that create a pro-

oncogenic niche via a senescence-associated secretory phenotype. Lactate production in the 

tumor microenvironment during this process induces tumor survival and growth [110]. DCA 

inhibits radiation-induced senescence via suppressing glycolysis, and enhances radiation-

induced apoptosis in tumor cells but not in normal cells. However, it also induces hypoxia in 

tumor tissues, which might contribute to the reversal of radiation-induced suppression of 

tumor growth in vivo [111]. Figure 1 summarizes the anticancer effects of DCA.

Clinical implications of DCA in cancer

As a result of tremendous public and scientific acknowledgement of the efficacy of DCA in 

cancer treatment, several clinical trials have been initiated to evaluate its toxicity and 

dosage. One such trial with recurrent malignant brain tumors suggested that oral DCA at 

dosage range established for metabolic diseases was feasible and well tolerated in patients 

with recurrent malignant gliomas and tumor metastasis to the brain [112]. This highlights 

the promise of using DCA in clinical trials for various cancer types using doses already 

established for metabolic diseases. Another clinical trial in glioblastoma either with DCA 

alone or in combination with standard treatment including radiotherapy reported suppression 

of angiogenesis and induction of apoptosis in cancer cells both in vivo and in vitro [107]. 

Oral administration of DCA at a high dose (1 g/day) to a relapsed non-Hodgkin’s lymphoma 

showed complete remission over 4 years [113]. Treatment of patients with advanced breast 

and lung cancer with DCA were terminated prematurely because of disease progression and 

associated complications, which might not have been associated with DCA administration 

per se [114]; however, oral administration of DCA was not beneficial for patients with 

advanced-stage non-small cell lung cancer who had been previously treated [114].

DCA inhibits PDK at micromolar concentrations, but higher doses are needed to realize 

antitumor effects in vitro and in vivo. Such a discrepancy has been associated with the lack 

of expression of DCA transporters (SLC5A8) in colon and breast tumor cells compared with 

normal cells, which was the result of methylation-dependent silencing of such transporters in 

cancer cells [115]. It has been proposed that expressing DCA transporters in tumor cells by 

using DNA methylation inhibitors would reduce the therapeutic doses of DCA as well as 

help to alleviate the detrimental effects of higher doses without altering its antitumor 

mechanisms or efficacy. Indeed, breast, colon, and prostate cancer cells become sensitive to 

low doses of DCA upon ectotopic expression of SLC5A8 in these cell types [115].

Concluding remarks and future perspectives

Acquisition of aerobic glycolysis and mitochondrial dysfunction in cancers are strongly 

linked to cancer cell survival, apoptosis evasion, and resistance to current therapies. These 

outcomes might be associated with the sequestration of proapoptotic proteins by defective 

mitochondria or the nonapoptotic function of various proapoptotic proteins [116] causing 

inhibition of cancer cell apoptosis during therapy. Hexokinase and PDK activation inhibit 
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the proapoptotic function of Bax and Bak, thus inhibition of PDK will enable Bax/Bak 

channel formation, causing cytochrome C release and enhanced cancer cell apoptosis [16, 

32]. Additionally, mitochondrial HPS folding machinery has been implicated in regulating 

mitochondrial function [117, 118], which can be defective in cancer cells, causing 

uncontrolled tumor growth and development. Thus, targeting by either downregulation of 

procancerous HSPs or upregulation of anticancerous HSPs could be a novel approach to 

control tumor growth and progression [53, 54].

Therefore, mitochondria dysfunction either because of metabolic defects or in response to 

deregulated HSPs signaling suggests that restoration of mitochondrial OXPHOS and 

inhibition of glycolytic pathway has potential therapeutic benefit for patients with cancer. 

Indeed, the seminal discovery by Michelakis and colleagues suggests that restoration of 

mitochondrial respiration by DCA exerts strong anticancer activities [22], which was further 

validated by various groups in multiple cancer types [80]. Despite significant recent interest 

in DCA, there are various challenges in establishing it as potent anticancer agent. For 

example, higher doses of DCA are required to achieve its anticancer activities, which are 

associated with toxicity to normal tissues. Identification of DCA transporters has provided 

the opportunity to accumulate DCA at a desired level in cancer cells and to exert its 

anticancer effects. The introduction of DCA transporters in cancer cells will reduce not only 

the amount of DCA required, but also the toxicity to patients with cancer during DCA-based 

therapy. Multiple strategies might help solve some of these problems, such as the 

development of DCA analogs that selectively target tumor cells. Of interest, multiple 

analogs have been synthesized and have shown slightly better efficacy compared with parent 

DCA. These analogs have been mostly synthesized as a complex of multiple DCA 

molecules with or without the inclusion of anticancer agents [80, 119–121]. Interesting, a 

recently developed DCA analog, Mito-DCA, specifically accumulates at mitochondria and 

has shown higher potency against prostate cancer cells at a micromolar concentration [21]. 

Therefore, future preclinical and clinical research focusing on DCA analogs either alone or 

as nanoparticle encapsulations or in combination with other anticancer agents could lead to 

the development of more efficacious anticancer agents.
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Highlights

• Mitochondria dysfunction is a key reason for therapy resistance in cancer

• Defective oxidative phosphorylation contributes to mitochondria dysfunction

• Heat shock proteins and dichloroacetate restore mitochondria function

• Restoration of mitochondria function induces apoptosis in cancer cells

• Dichloroacetate exerts anticancer effects via multiple mechanisms of action
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Figure 1. 
The Warburg effect in cancer cells. Aerobic glycolysis leads to pseudo hypoxic signals that 

upregulate hypoxia-inducible factor-1alpha (HIF-1α), which in turn regulates the expression 

of genes related to glucose metabolism. HIF-1α is induced by several factors, including 

hypoxia, growth factors, and oncogenes. HIF-1α induces the glucose transporter GLUT1, 

which results in an increase demand for glucose by cancer cells. It also enhances glycolysis 

via upregulation of glycolytic enzymes. HIF-1α-mediated upregulation of pyruvate 

dehydrogenase kinase (PDK) inhibits pyruvate conversion into acetyl-co-enzyme A (CoA) 
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via suppression of pyruvate dehydrogenase (PDH). Lactate dehydrogenase A (LDHA) 

induction by HIF-1α leads to lactate production from pyruvate, which is transported to the 

external cell environment by monocarboxylate transporter-4 (MTC4), another target of 

HIF-1α. The anticancer agent dichloroacetate (DCA) suppresses PDK and restores PDH 

activity, leading to pyruvate entry into mitochondria to reactivate the tricarboxylic acid cycle 

(TCA) and oxidative phosphorylation (OXPHOS). Subsequently, activation of OXPHOS 

produced reactive oxygen species (ROS) and α-ketoglutarate, which ultimately lead to the 

induction of apoptosis, suppression of cancer cell growth and survival, inhibition of 

angiogenesis and metastasis, and overcoming of tumor resistance.
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Table 1

Metabolic inhibitors targeting cancer cell energy metabolism

Protein Pathway Drugs and/or agents Function

Complex I Mitochondrial respiration Metformin Inhibits mitochondrial respiration by suppressing complex1 
activity

GLUT1 Glycolysis WZB117; RNAi Pharmacological or genetic inhibition of GLUT1 exerts 
antineoplastic effects, both in vitro and in vivo

GLS1 Glutamine metabolism 968 BPTES RNAi Malignant cells expressing mutant IDH1 can be particularly 
sensitive to GLS1-targeting agents

Hexokinases Glycolysis 2-DG; 3-BP; lonidamine; 
methyl jasmonate; RNAi

Has shown potential anticancer activities against many cancer 
models including[LM6]

PDK1 Krebs cycle DCA DCA is a prescribed drug for lactic acidosis and has shown 
potential anticancer activities against many cancers in vitro as 
well as in vivo

PKM2 Glycolysis Small hairpin RNA and small-
molecule inhibitors

Inhibition of PKM2 reverses the Warburg effect (at least in 
some tumor models), yet it might favor anabolism

LDHA Glycolysis FX11; oxamate LDHA inhibition sensitizes breast cancer cells to cell killing by 
conventional agents
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