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Abstract: Mitochondria are the cell powerhouses but also contain the mechanisms leading to cell death. Many signals converge on mito-
chondria to cause the permeabilization of mitochondrial membranes by the mitochondrial permeability transition (MPT) induction and 
the opening of transition pores (PTPs). These events cause loss of ionic homeostasis, matrix swelling, outer membrane rupture leading to 
pro-apoptotic factors release, and impairment of bioenergetics functions. The molecular mechanism underlying MPT induction is not 
completely elucidated however, a growing body of evidence supports the concept that pharmacological induction of PTPs in mitochon-
dria of neoplastic cells is an effective and promising strategy for therapeutic approaches against cancer. The first part of this article pre-
sented as a review also evidences the main constituents of PTP and several compounds targeting them for inducing the phenomenon. The 
second part of the article regards the recent experimental development in the field, in particular, the effects of peniocerol (PEN), a sterol 
isolated from the root of Myrtillocactus geometrizans, at cellular and mitochondrial level. PEN exhibits a cytotoxic activity on some hu-
man tumor cell lines, whose mechanism is attributable to the oxidation of critical thiols located on adenine nucleotide translocase, the 
protein mainly involved in PTP. This event in the presence of Ca2+ induces the MPT with the release of the pro-apoptotic factors cyto-
chrome c and apoptosis inducing factor. These observations evidence that PEN may trigger both the caspase-dependent and caspase-
independent apoptotic pathways. This characteristic renders PEN a very interesting compound that could be developed to obtain more ef-
fective antiproliferative agents targeting mitochondria for anticancer therapy. 
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INTRODUCTION 
 Mitochondria play critical roles in energy transduction, metabo-
lism, apoptosis and intracellular signaling. They have the ability to 
change their morphology, functions and numbers in response to 
pathophysiological conditions and stressors such as diet, exercise, 
temperature, hormones, and drugs. Proper mitochondrial function is 
crucial for maintenance of metabolic homeostasis and activation of 
appropriate cell responses. Changes in mitochondrial activity are 
involved in aging, diabetes, neurodegenerative diseases and cancer. 
As there is thus an important link between mitochondrial disfunc-
tion and human diseases, therapeutic intervention with compounds 
targeting mitochondria may produce unimaginable results against 
the above diseases. One of the main bioenergetic functions of mito-
chondria is to generate ATP by means of oxidative phosphoryla-
tion. The electrons deriving from glucose, amino acids or fatty ac-
ids which flow along the respiratory chain have their substantial 
energy used to pump protons from the matrix to the intermembrane 
space, generating the electrochemical membrane potential (���

+).
The electrons reduce oxygen to form water, and the protons flow 
down their gradient through ATPsynthase, driving the production of 
ATP. Reactive oxygen species (ROS) are normal side-products of 
the respiration process. An increased ���

+ caused by impaired 
electron flux or overabundant nutrients may in fact result in aber-
rant electron transport by the respiratory chain, causing oxidative 
damage due to elevated generation of ROS. Consequently cells 
have evolved several defense mechanisms against oxidative stress. 
Mitochondria are the primary site of ROS production within cells, 
and increased oxidative stress is proposed as one of the causes of 
mammalian aging and disease. 
 In recent years, mitochondria have been recognized as regula-
tors of cell death in both apoptosis and necrosis, in addition to their  
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essential role for cell survival. Cellular disfunctions induced by 
intra- or extra-cellular insults converge on mitochondria and induce 
a sudden increase in the permeability of the inner mitochondrial 
membrane, the so-called mitochondrial permeability transition 
(MPT). This is caused by the opening of permeability transition 
pores (PTPs) and, together with high levels of Ca2+, ROS are the 
main agents responsible for the induction of the MPT. The opening 
of PTPs is followed by loss of ionic homeostasis, matrix swelling, 
outer membrane rupture, and the loss of proteins from the inter-
membrane space, the so-called pro-apoptotic factors. These events 
result in the triggering of the pro-apoptotic pathway mediated by 
the cascade of the caspases. The activity of these catabolic enzymes 
together with the bioenergetic collapse and redox catastrophe of 
mitochondria signaling, finally leads to cell death meaning that 
mitochondria coordinate the late stage of cellular demise. Thus 
MPT is the decisive event which defines the frontier between sur-
vival and death and the mitochondrial membranes constitute the 
battleground on which opposing signals combat to seal the fate of 
the cell. Pathological cell death induced by ischemia-reperfusion, 
intoxication due to xenobiotics, neurodegenerative diseases or viral 
infections also depend on the MPT as a critical event. The inhibi-
tion of the MPT constitutes an important strategy for the pharma-
ceutical prevention of unwarranted cell death. 
 Mitochondria are also involved in multiple aspects of tumori-
genesis and tumor progression. Mutations of mitochondrial DNA 
(mtDNA) which affect components of the respiratory chain result in 
poor ATP synthesis, ROS overproduction and oxidative damage of 
macromolecules, including DNA, thereby favoring chromosomal 
instability and carcinogenesis. Mutations of mtDNA are also corre-
lated with the risk of developing several types of malignancy. Mul-
tiple hallmarks of cancer cells, including limitless proliferation, 
insensitivity to anti-growth signals and impaired apoptosis, are 
linked to mitochondrial dysfunction. Several authors have analyzed 
the correlations between mtDNA oxidations and mutations and 
tumorigenesis. In particular, some reviews summarize the recent 
progress in the field [1, 2]. 
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 Cancer cell mitochondria are structurally and functionally dif-
ferent from those of normal cells. Tumor cells also show extensive 
metabolic reprogramming, which renders them more susceptible to 
mitochondrial dysfunction than normal ones. The correction of 
cancer-associated mitochondrial perturbations and re-activation of 
cell death programs by pharmacological agents which can induce or 
facilitate MPT are also attractive strategies for cancer therapy [3, 
4]. 
 In conclusion, the pharmaceutical manipulation of MPT is to be 
considered as an essential focal point on which efforts for the thera-
peutic treatment of all the above-mentioned diseases should con-
verge. 

MITOCHONDRIAL PERMEABILITY TRANSITION AND 
PERMEABILITY TRANSITION PORE  
 A number of pro-apoptotic stimuli, including an increase in 
Ca2+ concentration and ROS generation, can induce a drastic 
change in mitochondria permeability conditions by promoting a 
phenomenon known as MPT. The MPT is a sudden increase of the 
inner mitochondrial membrane (IM) permeability to ions and sol-
utes with molecular mass up to 1.5 kDa in response to noxious 
stimuli such as increased Ca2+ matrix concentration, oxidative stress 
and cytotoxic agents [5]. The prevailing idea is that this phenome-
non is caused by the opening of a regulated protein channel, known 
as the PTP. The PTP is a highly dynamic supramolecular complex 
and it is widespread believed that PTP is formed at the contact sites 
between the inner and outer membranes and that it spans both 
membranes. Nevertheless, recent experiments on mitoplasts, i.e. in 
the absence of an intact outer mitochondrial membrane (OM), chal-
lenge the above statement because the MPT of mitoplasts retains 
the fundamental features of MPT in intact mitochondria, suggesting 
that it represents fundamentally an IM event. Interestingly, in this 
study for OM an important regulatory role on PTP modulation is 
strongly claimed [6]. Despite major efforts, the precise structural 
identity of PTP is still an unsolved riddle, nevertheless, there is a 
general consensus that its scaffold nature is based on the dynamic 
interaction between the voltage-dependent anion channel (VDAC) 
located in the OM, the adenine nucleotide translocase (ANT) in the 
IM, cyclophilin D (CypD) a soluble protein of the mitochondrial 
matrix and target of cyclosporin A (CsA) and other proteins, such 
as hexokinase (HK) in the OM and creatine kinase in the intermem-
brane space [4, 7-10]. 
 VDAC is the most abundant protein of the OM and it physically 
interacts with the peripheral benzodiazepine receptor (PBR, also 
known as translocator protein 18 kDa, or TSPO) in the OM, as well 
as with several proteins involved in the regulation of energy me-
tabolism such as HK. This glycolytic enzyme binds at OM contact 
sites with high affinity and interacts with VDAC by influencing its 
structure and conductance. The mitochondria-HK interaction occurs 
in healthy cells, thereby inhibiting MPT, and indeed the disruption 
of such interaction induces apoptosis [4, 11]. Moreover, it was 
demonstrated that HK-VDAC interaction is critical for preventing 
the induction of apoptosis in tumor-derived cells. Interestingly, in 
cells over-expressing HK-I or HK-II, such as cancer cells, the inhi-
bition of the interaction between HK and VDAC1 by synthetic 
VDAC1-based peptides, provokes detachment of HK from mito-
chondria and cell death in several cancer cell lines, but not in nor-
mal cells [12]. 
 The implication of VDAC in PTP was first proposed nearly 20 
years ago on the basis of the similarities between the electrical con-
ductance properties of VDAC with those of PTP [13, 14]. Never-
theless, more recently, the assumption that VDAC is an essential 
component of PTP becomes matter of debate. In particular, the 
occurrence of an intact MPT response both in isolated mouse mito-
chondria and cells essentially deficient for all three isoforms of 
VDAC, prompts to suggest that VDACs are dispensable for MPT 
and are not essential part of PTP [15]. Furthermore, it was demon-

strated that the apoptosis induced by the dissociation of HK-II from 
mitochondria requires opening of PTP independently from VDAC 
[16]. 
 ANT is the most abundant protein of IM in which it is inserted 
through six transmembrane helices and normally carries out the 
exchange of ATP and ADP between the matrix and the intermem-
brane space. In details, it catalyzes the ATP export from the mito-
chondrial matrix to the intermembrane space and conversely, the 
import of ADP from the intermembrane space to the matrix [17, 
18]. In this connection, the antiport function of ANT plays a central 
role allowing the coupling of mitochondrial ATP synthesis to cyto-
solic delivery. Furthermore, ANT, having the ability to import pro-
tons across the IM in some circumstances, might mediate a mild 
uncoupling process defending in this way the cell by the ROS pro-
duced by the electron transport chain or under conditions of high 
oxidative damage [19]. Nevertheless, the discovery in 1996 that 
ANT also functions as a non-specific pore upon stimulation of a 
variety of stimuli opens a new scenario where ANT is switched 
from a vital function to a lethal one, corresponding to its PTP form-
ing activity [8, 19]. The hypothesis that ANT constitutes a compo-
nent of PTP, is still controversial, put forward from the observation 
that the opening of PTP was modulated by two specific ANT in-
hibitors, carboxyatractyloside and bongkrekic acid (BKA), as well 
as by ADP and ATP [5, 19]. Moreover, isolated and reconstituted 
ANT could be converted into an unusually large low cation selec-
tive channel whose opening requires Ca2+. Furthermore, the channel 
is sensitive to ANT specific inhibitors and to the substrate ADP 
[20]. Otherwise, mitochondria isolated from mice knock-out for 
ANT1/2 showed a permeability transition response in the presence 
of Ca2+ [21].  
 PBR was first described as a high affinity binding site for di-
azepam in rat peripheral tissues [22]. This leads to the label “pe-
ripheral” benzodiazepine receptor in contrast with the “central” 
benzodiazepine receptor, which is localized solely to neuronal cells 
in the central nervous system. Later, regardless some facts, like i) 
many ligands such as cholesterol and protoporphyrin IX also bind 
to PBR, ii) not all benzodiazepines bind to it, iii) it is also expressed 
in glial and ependymal cells that are located in the central nervous 
system and iv) it is not a typical receptor, a renamed was proposed. 
In particular, based on insights into its structure and molecular 
function, TSPO (Translocator protein) was proposed, which regards 
the minimal functional binding subunit for all PBR ligands [23]. To 
date, both names are widely accepted by the scientific community. 
The predominant localization is mitochondrial, specifically in the 
OM, nevertheless, several studies demonstrated the presence also in 
other subcellular compartments, such as in the nuclear fraction and 
plasma membrane in heart, liver, adrenal and testis and on he-
mopoietic cells [24, 25]. Regarding the function of mitochondrial 
PBR on PTP, recent studies suggest a dual role for this protein. In 
particular, PBR can act both as regulatory protein when it binds its 
selective ligands, and as transport protein by transferring PTP-
active compounds to their regulatory sites that can be located in the 
IM or in the matrix [6, 26]. 
 CyPD is the mitochondrial isoform of cyclophilins family, 
ubiquitous proteins sharing a peptidyl-prolyl cis-trans isomerases 
activity. CyPD is a nuclear encoded protein endowed with a mito-
chondrial targeting sequence that is cleaved after import into the 
mitochondrial matrix, yielding two mature proteins of 17.5 and 18.6 
kDa [27]. Mice null for the gene that encodes for CyPD (Ppfi--) do 
not display a severe disease phenotype, suggesting that CyPD is 
dispensable for embryonic development and viability. Moreover, 
CyPD seems implicated in some diseases because knock-out mice 
score better with respect to wild-type littermates in mouse model 
for Alzheimer’s disease and muscular dystrophy [28, 29] and the 
genetic ablation of CyPD or its inhibition by CsA rescues mito-
chondrial defects and prevents apoptosis in muscle of mice suffer-
ing from collagen VI myopathy [30, 31]. Nevertheless, notwith-
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standing the clear involvement of CyPD in a variety of pathophysi-
ological processes, its physiological role in mitochondria is not yet 
completely clarified. CyPD is the unique mitochondrial isoform of 
cyclophilins in mammals and its identification was prompted by the 
demonstration that CsA affects mitochondrial Ca2+ fluxes, an effect 
ascribable to the desensitization of PTP [32]. In particular, it has 
been widely discussed its role in PTP and studies on liver mito-
chondria from mice with genetic ablation of Ppfi gene demonstrated 
that CyPD is the unique target for CsA-mediated inhibition of PTP 
and that PTP can form and open in the absence of CyPD. Subse-
quent experiments wide the understanding in CyPD role toward 
PTP highlighting a modulatory activity. Indeed, it has been pro-
posed that CyPD ablation or the treatment with CsA unmasks an 
inhibitory site for Pi, which could be the actually desensitizing 
agent [33]. More recently, based on the ability of CyPD to constitu-
tively bind F0-F1 ATP synthase with consequent reduction in ATP 
synthesis and hydrolysis rate, and on the well-established fact that 
Pi is an inducer of the PTP, it is emerging that ANT may be regulat-
ing PTP opening through interaction with the phosphate carrier and 
perhaps the F0-F1 ATP synthase [34]. 

PRO-APOPTOTIC FACTORS RELEASED FROM MITO-
CHONDRIA 
 PTP can exhibit different opening states: a low conductance 
state that exhibits a very low permeability and a high conductance 
state in which the protein channel diameter is estimated of about 3 
nm and allows the deregulated entry of ions and molecules up to 1.5 
kDa into mitochondrial matrix along their electrochemical gradient 
[7, 26]. PTP opening is highly sensitive to Ca2+ and indeed requires 
the presence of Ca2+ in matrix as essential factor, along with an 
additional factor or inducer. Once PTP opens in high conductance 
state, the dissipation of the mitochondrial membrane potential oc-
curs along with a massive entry of water in matrix favoring matrix 
osmotic swelling. Owing to the fact that the surface of IM consid-
erably exceed that of OM, MPT eventually induces local ruptures of 
this latter leading to mitochondrial outer membrane permeabiliza-
tion to large molecules [7]. As a consequence of these phenomena, 
some pro-apoptotic proteins that are normally confined into the 
mitochondrial intermembrane or intracristae space, such as cyto-
chrome c (cyt c), apoptosis inducing factor (AIF), endonuclease G 
(EndoG), Smac/DIABLO and HtrA2/Omi are released into cytosol 
[35]. In this connection the MPT, with the opening of the PTP, is 
currently considered a point-of-no-return in the apoptotic cascade 
and as a consequence, an interesting and promising therapeutic 
target, as its drug-mediated induction can stimulate cell death under 
many circumstances. 
 Cyt c was originally identified for its essential role in ATP syn-
thesis from oxidative phosphorylation in mitochondria. Indeed, it 
accepts a single electron from complex III and carries it to complex 
IV (cyt c oxidase). The obligate function of cyt c in electron trans-
port is emphasized by the embryonic lethality of cyt c knock-out 
mice [36]. The essential requirement of cyt c for the activation of 
caspase cascade came from experiments on HeLa-cells S-100 de-
pleted of cyt c by a monoclonal antibody. In these cells the activa-
tion of caspase 3 did not occur. Moreover, coimmunoprecipitation 
experiments confirmed the essential role of cyt c [37]. Nowadays it 
is well known that the cytosolic release of cyt c is one of the crucial 
steps into the caspase-dependent mitochondria-mediated apoptotic 
pathway. The MPT is mandatory for apoptotic cyt c release and 
indeed, following the occurrence of MPT, cyt c is released from 
intermembrane space to cytosol. In the cytosol it binds to dATP 
thus mediating the allosteric activation and hepta-oligomerization 
of the Adaptor molecule apoptosis-Protease Activating Factor 1 
(APAF-1). This initiates the formation of a complex known as 
apoptosome that includes cyt c, APAF-1 and ATP/dATP. Upon 
formation of apoptosome, caspase 9 acquires the ability to activate 
proteolitically pro-caspase 3 thus triggering the downstream 
caspase cascade, which leads to chromatin condensation and DNA 

fragmentation and ultimately to cell death [35, 38]. The requirement 
for cyt c in the apoptotic process was demonstrated by generating a 
mouse model expressing a mutant form of cyt c that retained nor-
mal respiratory function, but lacked the ability to oligomerize 
APAF-1. Differently from cyt c null embrios, which die before the 
formation of most organs, in this “knock-in” model, few animals 
survived and showed defect in CNS, a neurological phenotype simi-
lar to that seen in APAF-1, caspase 9 and caspase 3 null mice and 
impairment in lymphocyte homeostasis. Interestingly, embryonic 
fibroblasts from these mice showed normal cyt c release into the 
cytoplasm upon apoptotic stimuli, nevertheless, neither procaspase 
3 nor procaspase 9 activation occurred, rendering the fibroblast 
resistant to apoptotic stimuli, like staurosporine and UV irradiation 
[39]. 
 AIF, identified in 1996, is a flavin adenine dinucleotide-
containing protein and possesses various NAD(P)-dependent redox 
activity [40, 41]. It is a 62 kDa inner membrane-anchored protein 
whose N-terminus is exposed to mitochondrial matrix and C-
terminus protrudes into intermembrane space [41, 42]. In this form 
AIF plays a vital role for the cell for optimal detoxification of ROS 
and for the assembly or maintenance of the respiratory chain com-
plex I [43]. Accordingly, in HeLa cells the ablation of AIF gene 
leads to a diminished expression of complex I subunits and the 
associated 40-50% decrease in complex I activity resulted in a re-
duction in the rate of oxidative phosphorylation and consequent 
increase in a dependence on glicolysis [43]. Moreover, sensitivity to 
oxidative stress is increased in AIF-deficient neurons and car-
diomiocytes but, the mechanism by which AIF ameliorates the 
damaging effects of oxidative stress is not still clarified [44, 45]. 
Upon an apoptotic insult, AIF undergoes a caspase-independent 
proteolytic cleavage that yields the truncated form with an apparent 
molecular weight of 57 kDa. The cleavage is mediated by two fami-
lies of cysteine proteases: calpains (cytosolic and/or mitochondrial) 
and cathepsins. Calpains regulated the cleavage of AIF in a Ca2+-
dependent manner, while the AIF activation due to cathepsins oc-
curs apart from calcium ion [46]. After initiation of MPT, the acti-
vated form of AIF is released from mitochondria to cytosol and 
translocates to the nucleus where induces chromatin condensation 
and DNA fragmentation in a caspase-independent manner. To in-
duce these effects, AIF, through the C-terminal proline-rich mod-
ule, associates with phosphorylated histone H2AX, cyclophilin A 
(CyPA) [47]. It has been suggested that this multi-protein complex 
takes place through a sequential interaction mode, because AIF 
interacts with H2AX even in the absence of CyPA, while the oppo-
site does not occur [47]. Once in the cytoplasm, AIF can interact 
with cytoplasmic proteins acting as pro-survival or pro-death in-
ducer. B-cell lymphoma 2 (Bcl-2) and heat shock proteins (Hsp) 
family members have been shown to interfere with AIF-mediated 
cell death by different means. Bcl-2 acts upstream of the AIF re-
lease, while Hsp70 prevents its nuclear import. Direct Hsp70-AIF 
association was demonstrated by in vivo experiments showing that 
cytoplasmic Hsp70 specifically interacts with exogenous and en-
dogenous AIF and inhibits its relocation into the nucleus [40]. The 
most important cytoplasmic interaction for the apoptogenic role of 
AIF occurs with CyPA that also comigrates with AIF to the nucleus 
and mediates binding of AIF to DNA and nuclear components to 
promote chromatinolysis [47]. Because AIF does not possess any 
intrinsic endonuclease activity, it was proposed that the AIF-
mediated DNA degradation depends on the recruitment of down-
stream nucleases or that AIF directly interact with DNA and dis-
rupts or collapses chromatin structure by displacing chromatin-
associated proteins [48, 49]. 
 EndoG is a non-specific nuclease that cleaves single and dou-
ble-stranded DNA and RNA in a Mg2+/Mn2+-dependent manner and 
is implicated in mitochondrial DNA replication and in apoptosis 
[50]. It is a nuclear-encoded protein that normally resides within 
mitochondria and some studies suggest its localization within the 
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intermembrane space and bound to the IM. The aminoterminal 48 
aminoacids sequence of the encoded inactive propeptide targets the 
protein to mitochondria and is subsequently cleaved off when the 
protein is imported into the organelles. Upon the induction of MPT, 
the mature 27kDa EndoG is released from mitochondria and im-
ported to the nucleus where can initiate oligonucleosomal DNA 
fragmentation [36, 40]. EndoG-induced apoptosis can occur inde-
pendently from caspase activity but cooperation between AIF and 
EndoG in DNA degradation has not been demonstrated so far dur-
ing apoptosis in mammalian cells [40]. 
 Second mitochondrial-derived activator of caspase (Smac) and 
Direct IAP binding protein with low pI (DIABLO) were initially 
discovered independently by two groups and now recognized as a 
unique protein named Smac/DIABLO [51, 52]. Immature Smac/ 
DIABLO is encoded within the nuclear genome and contains an N-
terminal 55 amino acids sequence that constitutes a mitochondrial 
targeting signal peptide. The cleavage occurs after import into the 
mitochondria to generate the mature 23-kDa protein and is required 
to expose the IAP-binding domain [52]. Mature Smac/DIABLO 
resides within the intermembrane space and is released into cytosol 
upon induction of MPT. It has both monomeric and dimeric forms, 
this latter is the active form that promotes apoptosis by inhibiting 
various inhibitor of apoptosis proteins (IAPs) and then allowing the 
activation of apoptotic proteins. The release of Smac/DIABLO 
seems to be linked to that of cyt c during apoptotic stimuli. Indeed, 
it was reported that Smac/DIABLO is not released from the mito-
chondria of cells null for cyt c in response to staurosporine or 
etoposide. These results raised the interesting possibility that cyt c 
is required for the activation of a mechanism crucial for the 
Smac/DIABLO release or that the lack of cyt c abolishes a signal-
ing pathway essential for the release [53]. The caspase-dependent 
apoptosis is regulated by a number of factors and between them, the 
members of the inhibitor of apoptosis protein (IAP) family. IAPs 
were first identified as baculoviral gene products able to inhibit the 
apoptotic response of insect cells toward infection, and subse-
quently identified also in both invertebrates and vertebrates [54-56]. 
Indeed, due to the presence of IAPs, cyt c alone cannot be sufficient 
to trigger apoptosis because Smac/DIABLO must bind to IAPs for 
releasing the active caspase to promote cell death. IAP family 
members, such as XIAP, c-IAP1, c-IAP2 and surviving, contain 
typically three baculoviral IAP repeat (BIR) each capable to inhibit 
caspase independently and to interact with Smac/DIABLO [57]. 
Monomeric Smac/DIABLO can bind to only one BIR domain, 
while dimeric form can bind two BIRs simultaneously [58]. In par-
ticular, Smac/DIABLO possesses some regions that are structurally 
related to the regions of caspases that mediate the binding to IAPs. 
Therefore, this proapoptotic factor can activate apoptosis by com-
petitive binding to IAPs regions devoted to the interaction with 
caspases, thus removing the inhibitory effect [51]. 
 The members of HtrA (high-temperature requirement) family 
are evolutionarily conserved proteins and act as oligomeric serine 
proteases. The human HtrA member, named HtrA2/Omi plays es-
sential roles in mitochondria and contributes to apoptosis [59]. 
HtrA2/Omi is expressed as a 49 kDa proenzyme that includes a 
mitochondrial localized sequence at the N-terminal. The precursor 
protein is anchored into mitochondrial IM and it undergoes prote-
olytic maturation within the intermembrane space to expose an 
IAP-binding motif [60]. Mnd2 mice, which are homozygous for a 
naturally occurring Ser276Cys mutation in the HtrA2/Omi protease 
domain that greatly reduces the catalytic activity, show a striking 
Parkinsonian phenotype along with reduced body weight and or-
gans, including heart, thymus and spleen [61]. Recent identification 
of HtrA2/Omi as a novel Parkinson’s disease locus has further sup-
ported the role of mitochondrial disfunction in the pathogenesis of 
this disease [62]. Moreover, the stimulation of mitochondria iso-
lated from mnd2 mouse embryonic fibroblasts revealed an increase 
in susceptibility to permeabilization in comparison with mitochon-

dria isolated from the WT [61]. In contrast, the activity of the en-
zyme belonging to the electron transport chain were not reduced in 
omi-deficient cells [63]. 
 Following mitochondrial membrane permeabilization, HtrA2/ 
Omi is released into the cytoplasm where it contributes to apoptosis 
through both caspase-dependent and -independent mechanisms. 
Indeed, HtrA2/Omi competitively binds to the BIR domains of 
IAPs via the IAP-binding motif, so that the caspases are released 
and reactivated. HtrA2/Omi cleaves various IAPs in vitro and it was 
demonstrated that the cleavage of c-IAP1 is catalytic and irreversi-
ble and reduces its ability to inhibit and polyubiquitylate caspases 
[64]. In addition to antagonize IAPs, HtrA2/Omi contributes to 
apoptotic process also through mechanisms independent from 
caspases. In particular, the observation that HeLa cells pretreated 
with the pan-caspase inhibitor zVAD-fmk show an almost complete 
block of staurosporine-induced apoptosis by siRNA-mediated 
knockdown of HtrA2/Omi, while caspase inhibition alone was sig-
nificantly less effective, suggested the occurrence of additional 
mechanism independent from caspase activation [65]. A compre-
hensive proteome-wide analysis was performed to identify further 
apoptotic targets of HtrA2/Omi [66]. The incubation of cell lysates 
with recombinant HtrA2/Omi or its catalytically inactive mutant, 
allowed to identify 15 potential HtrA2/Omi substrates. This group 
of potential targets includes the cytoskeleton-associated proteins 
actin, �- and �-tubulin and vimentin, two proteins involved in pro-
tein translation, eukaryotic translation initiation factor 4 gamma 1 
(eIF-4GI) and elongation factor 1-alpha (EF-1a), and KIAA1967 
and KIAA0251, two proteins associated with apoptosis. These re-
sults raises the possibility that HtrA2/Omi-mediated cleavage could 
affect cytoskeletal reorganization and contribute to the inhibition of 
the de novo protein synthesis during apoptosis [59, 66]. 

BCL-2 FAMILY PROTEINS AND PTP 
 The proteins belonging to the Bcl-2 family exert the greatest 
control over the mitochondrial pathway of apoptosis by regulating 
the permeabilization of the mitochondrial OM. The Bcl-2 family 
comprises both pro- and anti-apoptotic members that engage in a 
complex network of interactions to regulate apoptosis. Two multi-
domain proteins within this family, namely Bax (Bcl-2 Associated 
protein X) and Bak (Bcl-2 homologous antagonist/killer) are pro-
apoptotic effectors and have been shown to be required for the acti-
vation of this pathway [67, 68]. Bax is generally more strongly 
expressed than Bak, and this latter is overexpressed and active 
when Bax has been previously inactivated [69]. In non-apoptotic 
cells Bax remains in a close conformation that renders it poorly able 
to interact with other proteins. It was suggested that a number of 
proteins could retain Bax in this inactive conformation, nevertheless 
it is not clear if this ability occurs in healthy cells or if it has to be 
considered the result of the overexpression of these proteins, linked 
to some pathological conditions such as cancer [70-72]. Apoptotic 
stimuli ultimately converge on Bax to promote permeabilization of 
mitochondrial OM, subsequent caspase activation and apoptotic cell 
death. Activated Bax can be sequestered by a number of multido-
main anti-apoptotic proteins within the Bcl-2 family, which are 
localized to mitochondria and in the endoplasmic reticulum. Among 
these are Bcl-2 itself, Bcl-xL (B-cell lymphoma-extra large) and 
others. The anti-apoptotic effect of these proteins can be antago-
nized by a third group of proteins belonging to Bcl-2 family, the 
BH3-only proteins [73]. 
 The relationships between Bax and PTP formation is still an 
intriguing question. It has been reported that recombinant Bax and 
Bak induce mitochondrial changes typical of PTP, i.e. collapse of 
mitochondrial transmembrane potential, swelling and cyt c release. 
These effects depend on Ca2+, are prevented by CsA and BKA and 
inhibited by recombinant Bcl-xL and transgene-derived Bcl-2. In-
terestingly, co-immunoprecipitation experiments demonstrated that 
Bax and Bak interact with the VDAC raising the possibility that 



Mitochondrial Permeability Transition as Target of Anticancer Drugs Current Pharmaceutical Design, 2014, Vol. 20, No. 2    227

Bax/Bak induces opening of the PTP through a direct interaction 
[74]. Moreover, it was demonstrated that purified recombinant Bax 
can promote the opening of PTP in isolated mitochondria depend-
ing on concentration. At low concentration, Bax causes a transient, 
non-synchronous activation of the PTP, followed by a rapid recov-
ery of mitochondrial integrity. No mitochondrial swelling or depo-
larization were observed, nevertheless, release of cyt c, adenylate 
kinase and of matrix-sequestered calcein occur and all these events 
are prevented by CsA. At high Ca2+ concentration the MPT is in-
duced with mitochondrial swelling and depolarization, both pre-
vented by CsA [75]. It was also proposed that PTP may upstream 
contribute to the OM permeabilization mediated by Bax. In particu-
lar, following the mitochondrial transmembrane potential collapse 
due to the PTP opening, cytosolic Bax undergoes a conformational 
change that provokes its recruitment on the OM and the oligomeri-
zation, which forms channels for cyt c release [76]. Accordingly, 
because a Bax mutant that constitutively localized to mitochondria 
circumvents the requirement for PTP opening to induce apoptosis, 
it was argue that in cerebellar granule neurons the major role of the 
opening of PTP is to trigger Bax translocation to mitochondria, thus 
leading to cyt c release and caspase activation [77]. A more recent 
study highlighted the hypothesis that Bax may also regulates the 
sensitivity of cells to MPT-induced cell death, as the absence of 
Bax protected against treatment with the Ca2+ ionophore ionomycin 
in mouse embryonic fibroblasts. Interestingly, sensitivity can be 
restored by reconstitution with Bax [78]. 

MITOCHONDRIAL PERMEABILITY TRANSITION AS 
TARGET OF ANTICANCER AGENTS 
 Many compounds can act on the components of the PTP to 
induce MPT and apoptosis. MPT can also be triggered by agents 
that stimulate ROS generation or increase cytosolic Ca2+ concentra-
tions. Furthermore MPT may be induced by decreasing endogenous 
inhibitors of PTP opening as glucose, creatine phosphate, ATP and 
glutathione [7]. Some examples of the prominent members of these 
groups are discussed below.  

ANT TARGETING AGENTS 
 Human ANT presents four isoforms, each of them with a spe-
cific expression. Several studies have revealed that ANT1 and 
ANT3 induce mitochondrial apoptosis whereas ANT2 and ANT4 
are anti-apoptotic [79]. ANT2 is expressed mainly in proliferative, 
undifferentiated cells and may therefore contribute to carcinogene-
sis. Since the expression of ANT2 is closely linked to the mito-
chondrial bioenergetics of tumors, it should be taken into account 
for individualizing cancer treatments and for the development of 
anticancer strategies. Several compounds affecting ANT have been 
reported to induce mitochondrial apoptosis; however none of them 
has so far been described to specifically target one isoform of ANT 
[4, 79, 80]. 
 GSAO (4-(N-(S-glutathionylacetyl)amino) phenylarsonous 
acid) and PENAO (4-(N-(S-penicillaminylacetyl) amino) phenylar-
sonous acid) (Fig. 1) are tumor metabolism inhibitors that target 
ANT. Metabolism of GSAO is required to exert the antimitochon-
drial effect. At the cell surface GSAO is first transformed to GCAO 
(4-(N-(S-cysteinylglycylacetyl)amino) phenylarsonous acid), which 
enters in the cell via an organic ion transporter and is further proc-
essed to produce CAO (4-(N-(S-cysteinylacetyl)amino) phenylar-
sonous acid) (Fig. 1) in the cytosol. Then, CAO enters the mito-
chondrial matrix and reacts with ANT [4, 81]. 
 PENAO (Fig. 1) has been designed to bypass the pro-drug 
processing and metabolism of GSAO. It is a cysteine mimetic of 
CAO characterized by a significative increased antiproliferative 
activity and several-fold increased antitumor efficacy in mice with 
respect to GSAO. Moreover, in contrast to GSAO, PENAO targets 
both proliferating endothelial and tumour cells. Fig. (1). Structure of ANT Targeting Agents. 
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 It has been shown that these arsenic compounds cross link criti-
cal cysteine residues of ANT (Cys57 and Cys257), resulting in: 
inhibition of its ATP/ADP antiporter activity, ROS overproduction, 
cytosolic ATP depletion, mitochondrial depolarization and apopto-
sis. Both compounds, GSAO and PENAO, are currently being tri-
alled in a Phase I/IIa escalation study in patients with solid tumors 
refractory to standard therapy [4, 81]. 
 Lonidamine (LND), a derivative of indazole carboxilate (Fig. 
1), is an antineoplastic drug that is effective against a wide range of 
solid tumors [82]. Clinical phase II and phase III trials demon-
strated the efficacy of this compound on different types of human 
cancers, even more, preclinical studies demonstrated the ability of 
LND to increase the response of tumor cells to several antineoplas-
tic drugs such as cisplatin, paclitaxel, adriamycin and etoposide. 
LND also affects energy metabolism, and alters the plasma and 
mitochondrial membranes. It has been shown that LND triggers 
apoptosis independently of the p53 gene [83] and that Bcl-2 over-
expression blocks LND-induced apoptosis [84]. LND was also 
demonstrated to trigger apoptosis through a direct Bcl-2 inhibitory 
effect on the PTP [85] and to favor mitochondrial membrane per-
meabilization through a direct effect on ANT [86]. In a cell-free 
system, LND induced the permeabilization of ANT prote-
oliposomes, but not ANT-free liposomes. The ANT-dependent 
membrane permeabilization was inhibited by the two ANT ligands 
ATP and ADP, as well as by recombinant Bcl-2 protein. LND 
added to synthetic planar lipid bilayers containing ANT, elicited 
ANT channel activities [86]. When added to isolated nuclei, LND 
fails to provoke DNA degradation unless mitochondria are added 
simultaneously. In isolated mitochondria, LND causes the dissipa-
tion of the mitochondrial inner transmembrane potential (��) and 
the release of apoptogenic factors capable of inducing nuclear apop-
tosis in vitro. Thus, the mitochondrion seems to be the subcellular 
target of LND. Interestingly, all effects of LND on isolated mito-
chondria are counteracted by CsA [85]. 
 Clodronate (CLD), a biphosphonate that lacks nitrogen (Fig. 
1), is an important antiresorptive drug used for the treatment of 
diseases characterized by excessive bone resorption. This com-
pound can be metabolized intracellularly to an analog of ATP 
(AppCCl2p) (Fig. 1). CLD have been found to cause apoptosis of 
osteoclasts and macrophages in vitro. It has been suggested that the 
mechanism by which CLD causes osteoclast apoptosis, arises from 
the formation of the metabolite AppCCl2p (Fig. 1). This latter, by 
inhibiting the mitochondrial ANT, causes mitochondrial membrane 
depolarization and subsequent events, such as cyt c release and 
caspase activation, leading to cell death [87]. However, the molecu-
lar mechanisms responsible for the in vivo efficacy of CLD remain 
uncertain. A second-generation of biphosphonates reduces skeletal 
tumor burden and exhibits antitumor activity in the bone and on 
visceral metastases [88, 89]. These newer biphosphonates have 
been found to block proliferation and induce apoptosis of various 
tumor cell lines [90, 91]. Alteration of Bcl-2 expression, activation 
of caspase-3 and the stimulation of mitochondrial cyt c release are 
discussed as mechanisms underlying the apoptotic effect of biphos-
phonates [92]. 
 CD437 (6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-naphthalene 
carboxylic acid) (Fig. 1) and all-trans-retinoic acid are best known 
for their ability to stimulate the expression of retinoic acid receptor-
responsive genes. Interestingly, this retinoid also triggers ANT-
dependent MPT, as LND and arsenite. Indeed, in cell free systems, 
CD437 induces the permeabilization of ANT proteoliposomes and 
elicited ANT channel activities when is added to synthetic planar 
lipid bilayers containing ANT [86, 93, 94]. 

PBR TARGETING AGENTS 
 PBR is expressed in almost all tissues, although the level of 
expression varies, being particularly high in organs involved in 

steroidogenesis. It is well known that PBR is overexpressed in 
highly aggressive tumors, especially those of the breast [95, 96]. 
 PK11195 (1-(2-chlorophenyl)- N-methyl-N-(1-methylpropyl)-
3-isoquinolinecarboxamide), (Fig. 2) is a ligand of PBR with a 
nanomolar binding affinity [97]. It has been shown that PK11195 
enhanced apoptosis initiated by a number of different agents, such 
as etoposide, doxorubicin, dexamethasone, �-irradiation, LND and 
ceramide [98]. Furthermore, in tumor cells showing high levels of 
PBR the treatment with PK11195 appears to decrease the prolifera-
tion, the invasion and the migration, causing an increase of apopto-
sis [95]. When PK11195 is added to isolated mitochondria, it facili-
tates dissipation of the �� and release of both cyt c and AIF. 
Moreover, PK11195 abolishes the inhibition of apoptosis mediated 
by Bcl-2 via a direct effect on mitochondria [98, 99]. 

Fig. (2). Structure of PBR Targeting Agents. 

 RO5-4864 and Diazepam (Fig. 2) are also prototypic ligands 
of PBR. These compounds, like PK11195, have demonstrated anti-
tumor effects in vitro and in vivo, both as single agents or combined 
with etoposide or ifosfamide [98]. A panel of human tumor cell 
lines was used to study the potential role of these three PBR ligands 
and the results showed that RO5-4864 can sensitize cells to apopto-
sis induction, both in vitro and in vivo. In particular RO5-4864 was 
characterized by an increased mitochondrial release of cyt c and 
Smac/DIABLO proteins and an enhanced activation of caspases 9 
and 3. Irrespective of the exact molecular mechanism accounting 
for the chemosensitizing effect of RO5-4864 and diazepam, the 
authors speculated that the binding of the PBR ligand to its receptor 
induces a peculiar conformation of the PTP, which sensitizes the 
cell to an apoptotic message [98]. 

HEXOKINASE (HK) TARGETING AGENTS 
 Cancer cells are characterized by a high-ATP demand, and in 
order to support growth and invasion of healthy tissues they display 
an altered energy metabolism, known as Warburg effect in which a 
highly glycolytic phenotype and a depressed respiration, either in 
normoxia or hypoxia conditions, are observed. Hexokinase type II 
(HK-II) is the key enzyme for maintaining increased glycolysis in 
cancer cells where it is overexpressed and more tightly bound to 
VDAC than in their normal counterparts. 
 3-Bromopyruvate (3-BrPA) (Fig. 3) an inhibitor of HK-II, 
induces cell death in cancer cells. It was reported that HK-II plays 
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an important role in mediating the cytotoxic action of 3-BrPA [100, 
101]. Treatment of tumor cells with 3-BrPA resulted in a preferen-
tial covalent modification of HK-II protein in a concentration- and 
time-dependent manner. This chemical modification was also dem-
onstrated in vitro when protein extracts were incubated with 3-
BrPA in a cell-free mixture [102]. Direct treatment of isolated mito-
chondria with 3-BrPA caused a dissociation of HK-II from the mi-
tochondria and the subsequent release of AIF from the organelles. It 
was suggested that 3-BrPA may directly target HK-II and to cause 
cell death by two important mechanisms: depletion of ATP by inhi-
bition of glycolysis and release of AIF by the dissociation of HK-II 
from mitochondria [102, 103]. Because the Warburg effect is fre-
quently seen in cancers and HK-II is over-expressed in many cancer 
cells, targeting HK-II could be a logical strategy to effectively and 
selectively kill cancer cells [101, 102]. It has also been shown that 
ATP depletion-dependent necrosis and apoptosis and mitochondrial 
dysregulation due to ROS production, are involved in 3-BrPA-
induced cell death in hepatoma cells [101]. Therefore these and 
other studies reveal the strong potential of 3-BrPA as an anticancer 
agent [104]. 

Fig. (3). Structure of HK Targeting Agents. 

 Jasmonates as methyl jasmonate (Fig. 3) are plant stress hor-
mones that induce suppression of proliferation, membrane depolari-
zation, cyt c release and death in intact human cancer cell lines 
[105, 106]. Jasmonates induce a rapid depletion of ATP in cancer 
cells, and this steep drop occurs when no signs of cell death are 
detectable yet [106]. Jasmonates induced cyt c release and swelling 
in mitochondria isolated from cancer cells but not from normal 
ones. Moreover, it has been reported that jasmonates bind to HK 
thereby detatching it from the mitochondria and from its mitochon-
drial anchor—the VDAC [107]. In conclusion, jasmonates seem to 
act directly on mitochondria in cancer cells in a PTP-mediated 
manner, and they therefore could bypass premitochondrial apop-
totic blocks. In this connection, jasmonates can be considered 
promising candidates for the treatment of different types of cancer 
[105]. 

AGENTS CAUSING ROS OVERPRODUCTION 
 The generation of ROS by mitochondria is a physiological 
event and under aerobic conditions about 2% of the total mitochon-
drial oxygen consumption becomes superoxide anion (O2

•-). Despite 
the moderate chemical reactivity of O2

•- in aqueous solutions, it can 
generate a highly oxidative and cytotoxic ROS, the hydroxyl radical 
(HO•) [108]. In mitochondria the antioxidant defense system is 
represented by enzymes such as superoxide dismutase (SOD), glu-
tathione peroxidase, glutathione reductase, NAD(P)/NADH tran-
shydrogenase, and by compounds such as glutathione (GSH), 
NADH, vitamins E and C [109, 110]. In physiological conditions 
the result of the above processes is a balance between the oxidant 

and antioxidant systems. However, in conditions in which an excess 
of ROS is generated and/or the antioxidant defense system is ex-
hausted, a state of oxidative stress is created and many oxidative 
alterations of mitochondrial membrane components such as lipid 
peroxidation or protein thiol oxidation may occur, leading to mito-
chondrial permeabilization and, subsequently, PTP opening [108]. 
 In this contest MPT may also be induced, in the presence of 
Ca2+, by exogenous ROS-generating systems [5]. Even the oxida-
tion of protein thiol groups buried in the lipid phase of mitochon-
drial membrane cause MPT and these thiols becomes also targets 
for ROS oxidation [108]. 
 Arsenic trioxide (As2O3) is an effective anticancer drug used 
for the treatment of a wide range of solid tumours, and acute pro-
myelocytic leukaemia. It was found to cause oxidative modification 
of thiol groups in ANT with the subsequent release of cyt c through 
MPT induction. However, at clinically achieved concentrations, the 
same drug stimulated cyt c release and apoptosis through a Bax/Bak 
dependent mechanism [111, 112]. It seems also that the oxidative 
stress provoked by the compound has been linked to irreversible 
inhibition of thioredoxin reductase [113]. 
 PEITC (phenylethylisothiocyanate) and BITC (benzylisothio-
cyanate) (Fig. 4) are naturally occurring isothiocyanates present in 
cruciferous vegetables and capable of react with redox regulatory 
proteins and increase ROS levels in mitochondria [114, 115]. 
PEITC has been shown to inhibit the GSH antioxidant system by 
extruding GSH from the cell and by inhibiting glutatione peroxi-
dase [115]. The apoptotic death induced by PEITC in cancer cells 
was associated also with ROS generation followed by disruption of 
�� and release of apoptogenic molecules (cyt c, Smac/DIABLO, 
AIF and EndoG) from mitochondria. The apoptotic effect induced 
by PEITC was also correlated with the complex III inhibition, ATP 
depletion and with apoptotic DNA fragmentation [116, 117]. 
Moreover, the apoptosis induced by PEITC was found to be de-
pendent of p66Shc, a lifespan-regulating protein, which it is known 
to increase ROS levels in the intermembrane space, through a high 
ROS production. Indeed, treatment of PC3 cells with PEITC re-
sulted in translocation of p66(Shc) from cytosol to the mitochondria 
[118, 119] where it generates hydrogen peroxide using reducing 
equivalents of the mitochondrial electron transfer chain through the 
oxidation of cyt c [120]. In human breast cancer cells, the mito-
chondrial respiratory chain was target by BEITC that triggers ROS-
dependent apoptosis [121]. 

Fig. (4). Structure of Agents Causing ROS overproduction. 

 �-Tocopheryl succinate (� -TOS) (Fig. 4) is a derivative of �-
tocopherol and acts as a potent apoptogen and anticancer agent, 
nevertheless the mechanisms of �-TOS-mediated apoptosis are not 
understood in detail. Some studies suggest that the inhibitory ef-
fects of �-TOS on tumor cell growth are not a consequence of its 
antioxidant properties, but may, in fact, be due to one or more of its 
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other potential roles within the cells, such as the regulation of cellu-
lar enzyme activities involved in growth [122, 123]. In highly ag-
gressive tumor cells it has been shown that �-TOS stimulated rapid 
entry of Ca2+ into the cytosol, compromised Ca2+ buffering capacity 
of the mitochondria and sensitized them towards MPT and subse-
quent apoptotic cell death [122]. Moreover, it was found that stabi-
lization of mitochondria and the death of malignant cells induced 
by �-TOS is accompanied by a concomitant increase in the levels 
of free radicals and lipid peroxidation [123]. Another study pro-
vides evidence that mitochondria are critically involved in �-TOS-
induced apoptosis because of induction of MPT and ensuing reloca-
tion of Bax and cyt c in human cancer cells. In particular, a cros-
stalk between death receptor- and mitochondria-related pathways 
via the signal-integrating protein Bid was suggested. These findings 
shed insights into the diverse caveats of the molecular mechanism 
of �-TOS-induced apoptosis [124]. 

OTHER AGENTS 
 Avicins are triterpenoid saponins (Fig. 5) from Acacia victo-
riae. The ability of avicins to induce apoptosis in transformed cells 

makes them potential anticancer agents, but the molecular mecha-
nisms by which they inhibit tumor cell growth have not been fully 
defined, yet. Increasing evidences have shown that avicins may 
affect multiple cellular processes to suppress tumor cell growth or 
trigger cell death. These effects include activation of apoptosis and 
cellular stress response pathways, induction of autophagic cell 
death by regulation of the AMPK-tuberous sclerosis complex 2 
(TSC2)-mammalian target of rapamycin (mTOR) pathway, as well 
as inhibition of growth factor signaling, inflammation and oxidative 
stress response [125]. In particular, it was hypothesized that they 
induce apoptosis by direct perturbation of mitochondria [126, 127]. 
Indeed some studies demonstrate that the avicins favor the closure 
of VDAC, resulting in suppression of nucleotide exchange and 
decrease in oxygen consumption [128]. 
 Betullinic acid (BetA) (3�, hydroxy-lup-20(29)-en-28-oic acid) 
(Fig. 5) is a plant-derived pentacyclic triterpenoid of lupane-type 
found in various species throughout the plant kingdom. It exerts 
anti-inflammatory, anti-HIV, and antineoplastic activities both in 
vitro and in vivo. On account of its selective antimelanoma activity 
and its favorable therapeutic index, BetA is currently undergoing 

Fig. (5). Structure of various anticancer agents. 
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clinical trials. Nevertheless, the medical use in the pharmaceutical 
industry is limited because of its poor hydrosolubility and pharma-
cokinetic properties. To overcome these problems it has undertaken 
the synthesis of more water soluble BetA derivatives characteri-
zated by polar moieties, such as amino acids and phthalates at C-3 
and C-28 positions. In certain cases these substitutions enhance the 
hydrosolubility and anticancer activity of BetA [129, 130]. New 
semisynthetic derivatives of BetA (RS01, RS02 and RS03) showed 
improved cytotoxic activity, up to 45 times higher than that of 
BetA, suppressing the proliferation of malignant cells by inducing 
apoptosis through activation of caspases [131]. 
 It was shown that BetA-induced apoptosis depends on the re-
lease of cyt c and on the formation of the apoptosome. Indeed, 
Bax/Bak deficient cells are as sensitive to BetA as their wild-type 
counterparts, suggesting that cyt c is released in a non classical 
fashion. It is proposed that BetA affects mitochondria and induces 
cyt c release directly via PTP. This release is only temporally pre-
vented by the anti-apoptotic members of the Bcl-2 family, but inde-
pendent of Bax and Bak. All these findings help to explain the effi-
cacy of BetA against tumor cells of different origins and its effect 
in tumor cells resistant to other metabolites [132].  
 2-Deoxyglucose (2DG) (Fig. 5) is a non metabolizable glucose 
analogue, which has been studied as selective inducers of apoptosis 
in cancer cells. This compound enhances the effectiveness of che-
motherapy and radiotherapy in cell lines and animal models [133, 
134]. Phase I/II clinical trials in solid tumors are ongoing, neverthe-
less it must be excluded a possible implication of the compound in 
the glycolytic metabolism of the brain and of the heart. Surpris-
ingly, 2DG inhibited not only glycolytic pathways, but also endo-
thelial cell angiogenesis in vivo and in vitro by different mecha-
nism, rendering the compound very intriguingly for cancer therapy 
[135].  
 Although its mechanism of action in cancer therapy has not 
been fully elucidated, it was proposed its participation in different 
forms, being best known as an inhibitor of glucose metabolism. 
2DG inside the cell is phosphorylated to 2DG-6P by HK, the first 
limiting enzyme in the glycolytic pathway. This product cannot be 
metabolized by the second enzyme of glycolysis and consequently 
is accumulated inside the cell. 2DG-6P inhibits competitively HK at 
the rate limiting step of glycolysis with an intracellular depletion of 
ATP [136, 137]. The inhibition of glycolysis by 2DG treatment has 
indirect effects on various signaling pathways, and also induces 
oxidative stress and disrupts thiol metabolism affecting the PTP 
[138-141]. 
 Triptycene analogues (TTs) (Fig. 5) are antitumor bisquinones 
derivatives that block nucleoside transport, macromolecule synthe-
ses and DNA topoisomerase activities, induce cyt c release and 
apoptotic DNA fragmentation, inhibit the proliferation of drug-
sensitive and -resistant tumor cells in the nM range in vitro and 
rapidly trigger the collapse of ��H

+ in cell and cell-free systems. TT 
interaction with isolated mitochondria rapidly causes a dose-
dependent, large amplitude swelling and Ca2+ release in relation 
with their antiproliferative activities in some tumor cells in vitro.
Thereby, antitumor TTs that trigger MPT in isolated mitochondria 
might interact with components of the PTP to boost its Ca2+-
sensitive transition from the closed to the open state [142]. 
 Etoposide (Fig. 5) is a derivative of the natural compound 
podophyllotoxin. Etoposide is widely used for the treatment of 
several forms of cancer by acting as a topoisomerase-II inhibitor. 
The response of some cells to etoposide is explained by the accu-
mulation of DNA double strand breaks that are subsequently recog-
nized by DNA-PK, a member of the PI3-kinase family, which 
phosphorylates and thereby activates p53. Upon activation, p53 
causes an increase in the transcription of the pro-apoptotic protein 
Bax. Bax undergoes a conformational change and is able to translo-
cate to the mitochondria. This movement of Bax to the mitochon-

dria induces the MPT that results in the release of cyt c and culmi-
nates with loss of viability of the cells [143]. Nevertheless, the 
etoposide-induced apoptosis in Jurkat cells lacking p53 and Bax but 
containing p73 and Bid was explained through the translocation of 
full-length Bid to mitochondria [144]. The incubation of rat liver 
mitochondria with the drug results in a concentration-dependent 
induction of MPT, evidenced by an increased sensitivity to Ca2+-
induced swelling, depolarization of �� , Ca2+ release and stimula-
tion of state 4 oxygen consumption. All these effects are prevented 
by preincubating the mitochondria with CsA by suggesting another 
possible mechanistic explanation about the antitumor effect induced 
by etoposide [145]. 

A NOVEL ANTIPROLIFERATIVE NATURAL COMPOUND 
ACTING AS MPT INDUCER 
 Inside the research field focused on the development of novel 
anticancer drugs, mitochondria play undoubtedly an important role. 
Indeed, even if most of the current anticancer drugs do not directly 
target mitochondria but affect other molecular targets, their damage 
activates intracellular pathways that often converge on mitochon-
dria to trigger the mitochondrial pathway of apoptosis. Moreover, 
for some clinically used antitumor drugs in addition to cytosolic 
and/or nuclear effects, a direct or indirect action on mitochondria 
was also demonstrated. The cardiotoxicity and the occurrence of 
multidrug resistance of anthracenediones and anthracyclines have 
been attributed to their accumulation in mitochondrial lipid mem-
brane and subsequent redox activity of the quinone moiety [146-
150]. Furthermore, etoposide and m-amsacrine, two well-known 
topoisomerase II targeting drugs, affect mitochondrial functions 
[144, 151, 152]. 
 Interestingly, the ability to activate the apoptotic process by 
directly affecting mitochondria could represent a worthwhile prop-
erty for some antiproliferative agents because of the reduction of 
genotoxic risk, an important side-effect correlated with the clinical 
use of many antitumor drugs targeting DNA and/or related nuclear 
processes. In addition, mitochondrial targeted agents could over-
come the chemoresistance due to the lack of pro-apoptotic signals 
that converge to mitochondria, like p53 expression, or to the over-
expression of antiapoptotic members of Bcl-2 family. 
 In our previous investigations, we extensively studied many 
synthetic and natural compounds characterized by appreciable cyto-
toxicity on human tumor cell lines and interestingly, the investiga-
tion on the mechanism of action suggested for some of them the 
induction of MPT as the molecular event responsible for the anti-
proliferative effect [153-155]. The investigation on the mechanism 
of action responsible for the cytotoxicity of the 2-amino-5H-
pyrido[3’,2’; 5,6]thiopyrano[4,3-d]pyrimidine demonstrated the 
occurrence of MPT via a pro-oxidant pathway. The capacity of the 
compound to reduce Fe3+ ions to Fe2+ and the lack of such ability 
for the 2-p-toluensulphonamido analogue permitted us to hypothe-
size that the p-amino derivative form imino radicals which, by in-
teracting with molecular oxygen, could lead to the production of 
ROS. These latter, in turn, could react with the critical thiols re-
sponsible for PTP opening. The release of the pro-apoptotic factor 
cyt c accounts for the cell death and the preventive effect of CsA on 
cell growth inhibition correlates the antiproliferative activity with 
the MPT [153]. A significant cytotoxic effect along with the capac-
ity to induce the opening of PTP, with the consequent release of the 
pro-apoptotic factors cyt c and AIF, was demonstrated also for the 
1,4-dihydrobenzothiopyrano[4,3-c]pyrazole derivative. Cyto-
fluorometric determinations in whole cells showed that the com-
pound induces mitochondrial membrane depolarization and cell 
death through the apoptotic pathway. Interestingly, the correlation 
between the antiproliferative effect and MPT induction emerges 
from the ability of CsA to prevent the cytotoxic effect exerted by 
the derivative [154]. The 3�-hydroxymasticadienonic acid, a tiru-
callane-type triterpene isolated by Amphipterygium adstringens, an 
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endemic Mexican tree widely used in traditional medicine, shows 
antiproliferative activity on tumor cells and opposite dose-
dependent effects on MPT in isolated rat liver mitochondria. At low 
concentration it behaves as an intrinsic pro-apoptotic agent promot-
ing MPT and the release of cyt c and AIF. At high concentration it 
prevents MPT by blocking Ca2+ entry in mitochondria. In the first 
condition the PTP opening mediates cell death through the apop-
totic pathway, in the second one an impairment of bioenergetic and 
Ca2+ dependent mitochondrial activities seems to be responsible for 
cell death [155]. 
 As part of our research program assigned to the development of 
novel antiproliferative agents, we studied the mechanism of action 
of peniocerol (PEN, Fig. 6), a sterol isolated from the root of Myr-
tillocactus geometrizans, a cactus endemic to Mexico [156]. Field 
observations highlighted that this cactus, commonly named 
“garambullo”, is very resistant to environmentally stressed condi-
tions and to insect attack [157, 158]. Actually, it was previously 
demonstrated that PEN shows insecticidal effects [156] and, more 
recently, it was highlighted the ability to induce a cytotoxic effect 
on some human tumor cell lines [157]. On the basis of these results, 
we extend the antiproliferative assays on more human tumor cell 
lines and investigate the mechanism of action responsible for cyto-
toxicity. In particular, the effects on mitochondrial bioenergetic 
functions and the induction of the MPT process in isolated rat liver 
mitochondria (RLM) was evaluated and discussed. 
 
 
 
 
 
 
 
 
Fig. (6). Chemical structure of peniocerol (PEN). 

EXPERIMENTAL PROCEDURES 
Inhibition Growth Assay  
 HeLa (human cervix adenocarcinoma cells) were grown in 
Nutrient Mixture F-12 [HAM] (Sigma) supplemented with 10% 
heat-inactivated fetal calf serum (Invitrogen); A-431 (human epi-
dermoid carcinoma) and HepG2 (human hepatocellular carcinoma) 
were grown in Dulbecco’s Modified Eagle’s Medium (Sigma) sup-
plemented with 10% fetal bovine serum. 100 U/mL penicillin, 100 
�g/mL streptomycin, and 0.25 �g/mL amphotericin B (Sigma 
Chemical Co.) were added to the media. The cells were cultured at 
37 °C in a moist atmosphere of 5% carbon dioxide in air. Cells 
(4x104) were seeded into each well of a 24-well cell culture plate. 
After incubation for 24 h, the medium was replaced with an equal 
volume of fresh medium, and various concentrations of the test 
agent were added. The cells were then incubated in standard condi-
tions for a further 72 h. A trypan blue assay was performed to de-
termine cell viability. Cytotoxicity data were expressed as IC50 
values, i.e., the concentration of the test agent resulting in 50% 
reduction in cell number compared with control cultures. 

Mitochondria Isolation and Protein Determination  
 Twelve hours fasted male Wistar-derived rats (200-300 g) were 
sacrificed by cervical dislocation after stunning. The liver was 
promptly removed and immediately immersed in an ice cold 250 
mM sucrose, and cut in small pieces. Then it was minced, thor-
oughly rinsed three time with ice cold 250 mM sucrose by eliminat-
ing blood and fat. Subsequently the liver was homogenized in 50 
mL of isolation medium (250 mM sucrose, 5 mM Hepes, 0.5 mM 
EGTA, pH 7.4) using a Potter homogenizer with a Teflon pestle 
and subjected to centrifugation (900xg) for 5 min in a Beckman J2-

21 refrigerated at 2°C for removing the cell debris, myofibrils, nu-
clei, and other heavy components. The pellet was discarded and the 
supernatant was centrifuged at 10,800xg for 10 min to precipitate 
the mitochondrial pellet. Then the supernatant was discarded and 
the pellet was carefully resuspended in isolation medium without 
EGTA and sedimented again at 15,800xg for 10 min. The resulting 
pellet was finally suspended in isolation medium without EGTA 
and the mitochondria protein content was measured by the biuret 
method. The absence of contaminant subcellular compartments in 
the preparation has been demonstrated as previously reported [159]. 

Standard Incubation Procedures 
 Incubations were carried out at 20°C in a water-jacketed cell 
with 1 mg of mitochondrial protein/mL and suspended in a standard 
medium containing 200 mM sucrose, 10 mM HEPES (pH 7.4), 5 
mM succinate, 1.25 �M rotenone, and 1 mM phosphate, sodium 
salts were used. Rotenone was included in the medium in order to 
avoid the formation of oxalacetate, a strong competitive inhibitor of 
succinate dehydrogenase [160] and to obtain optimal succinate 
oxidation. When present 40 �M calcium chloride. Other additions 
are indicated in the figure legends. PEN was used in a range of 20-
100 �M concentration, mainly at 40 �M in order to better evidence 
its effects. This concentration may be considered enough high if 
compared with other agents acting at cellular level. However other 
not reported results have shown qualitatively similar effects also at 
5-10 �M concentrations. It is also to emphasize that mitochondria 
in the reported experiments are present at 1 mg protein/mL that is a 
very high density. Lower suspension densities of mitochondria 
require much more lower PEN concentrations than those mentioned 
above to exhibit its effect. The experiments were carried out at 
20°C in order to compare the results with those obtained in other 
previous papers on MPT [e.g. see 161-163]. Whole RLM exhibit a 
reversible broad gel to liquid crystalline phase transition at 0°C 
[164] and at 20°C the membrane is in the sol-form. Under MPT 
conditions the fluidity of the membrane is greatly increased with 
respect to the control conditions [165] and further increases with 
increasing temperature. Therefore the choice of 20°C was made 
with the aim of minimizing alteration of the membrane, during the 
experiments regarding the MPT induction, due to excessive fluidity. 
Furthermore, it must be emphasized that at 30°C, the respiratory 
chain operates at high rate producing anaerobiosis, in suspension of 
isolated mitochondria, within a few minutes, particularly under 
MPT conditions. 

Determination of Mitochondrial Functions 
 The respiratory control index (RCI) was calculated by deter-
mining the difference in rates of oxygen uptake between respiratory 
state 3 (presence of 300 �M ADP) and state 4 (absence of ADP) of 
RLM incubated in standard medium in the presence of the appro-
priate effectors.  
 Oxygen uptake was measured using a Clark electrode (Yellow-
spring Instruments Co. Inc.) in a closed, thermostatically controlled 
vessel with a magnetic stirrer, coupled to a Perkin Elmer 561 re-
corder [166]. 
 The membrane potential (��) was measured by assessing the 
distribution of the lipophilic cation tetraphenylphosphonium (TPP+) 
across the mitochondrial membrane with an ion selective electrode 
specific for TPP+ prepared according to Kamo et al. [167], with a 
calomeral reference electrode (Radiometer K401). The electrode 
potential is linear with respect to the logarithm of the TPP+ activity, 
with a slope of 58 mV, according to the Nernst equation and the 
law of mass conservation. It was assumed an inner mitochondrial 
volume of 1 �l, calculated from the distribution of [14C]sucrose and 
3H2O according to Palmieri and Klingenberg [168]. TPP+ was 
added at a concentration of 2 �M to allow accurate measurements 
while avoiding toxic effects on the H+-ATPase [169] and Ca2+ 
movements [170]. �� was calibrated using the equation ��= 

HO
H

OH

H
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��electrode-66.16/0.92 as proposed by Jensen et al. [171]. Mitochon-
drial swelling was qualitatively measured by monitoring the de-
crease in light scattering of the mitochondrial suspension at 540 nm 
using a Kontron- Uvikon-922 spectrophotometer equipped with a 
magnetic stirrer and thermostatic control. Mitochondria were sus-
pended in standard medium and upon stabilization of the absor-
bance trace, swelling was assessed after additions of other com-
pounds as described in the figure legends. 

Measurement of the Redox Level of RLM 
 Determinations of protein sulfydryl groups and glutathione 
oxidation were carried out on mitochondrial suspensions from the 
various incubations used to determine mitochondrial swelling. In 
brief, at the end of incubations, the total suspension (1mg/mL) was 
placed in Eppendorf 4515c tubes and centrifuged for 1 min at 
12,000xg; then the supernatant was discarded and the pellet used 
for both measurements. Sulfydryl group oxidation assay was per-
formed after solubilization of the pellet with 1 mL of solubilization 
medium (10 mM EDTA, 0.2 M Tris, 1% SDS, pH 8.3), with 5,5’-
dithio-bis-(2-nitrobenzoic acid) at 412 nm in a Kontron-Uvikon-922 
spectrophotometer, according to Santos et al. [172]. 
 Glutathione oxidation was assessed by deproteinization of the 
pellet with 3% metaphosphoric acid and subsequent centrifugation 
to separate the supernatant on which oxidized glutathione was de-
termined by the method of Tietze [173]. 
 The oxidation-reduction state of mitochondrial pyridine nucleo-
tides was directly monitored fluorometrically on mitochondrial 
suspension with excitation at 352 nm and emission at 464 nm in an 
Aminco Bowman spectrofluorometer [174]. 
 H2O2 production was determined fluorometrically [175]. Mito-
chondria at a concentration of 1 mg/mL were incubated in standard 
medium as above described, in the presence of horseradish peroxi-
dase (9 U/mL), and 0.9 mM homovanillic acid. At intervals of time, 
aliquots of the incubation mixture were withdrawn and combined 
with 0.1 M NaOH. The fluorescence was then evaluated using a 
Perkin Elmer LS 50B spectrofluorometer with excitation at 324 nm 
and emission at 426 nm. Fluorometric calibration curves were pre-
pared under the same experimental conditions using serial concen-
trations of commercial H2O2 in the absence or presence of 1 mg/mL 
mitochondrial protein. The presence of mitochondria did not mod-
ify the calibration curves, thus indicating that the mitochondrial 
suspensions used did not contain contaminating peroxisomal cata-
lase that could interfere with the H2O2 assay. However, it should be 
noted that the measured amount of H2O2 refers to that diffusing out 
of mitochondria, as the enzyme for its determination (horseradish 
peroxidase) cannot enter mitochondria. This measurement gives a 
qualitative indication but cannot be considered for rigorous quanti-
tative evaluations. 

Detection of Cyt c and AIF Release 
 RLM were incubated in standard medium as above described 
with the appropriate additions. The reaction mixtures were then 
centrifuged at 12,000xg for 10 min at 4°C to obtain mitochondrial 
pellet. The supernatant fractions were further spun at 100,000xg for 
15 min at 4°C to eliminate mitochondrial membrane fragments and 
concentrated five times by ultrafiltration through Centrikon 10 
membranes (Amicon) at 4°C. Aliquots of 10 �l of the concentrated 
supernatants were subjected to 15% SDS-PAGE for cyt c and 10% 
for AIF and analyzed by Western blotting using mouse anti cyt-c 
antibody and rabbit anti-AIF antibody.  

RESULTS
 The effect of PEN on cell growth was evaluated on three human 
tumor cell lines, namely, HeLa (human cervix adenocarcinoma 
cells), HepG2 (hepatocellular carcinoma), and A-431 (epidermoid 
carcinoma). The results, expressed as IC50 values, are shown in 
Table 1.

Table 1. Antiproliferative Activity of PEN against Three Hu-
man Cancer Cell Lines 

Cytotoxicity (IC50 �M)a

HeLab  HepG2c  A-431d

40.1 ± 1.1  26.0 ± 0.7  34.6 ± 0.8  
aMean values ± S.D. of at least four experiments are reported. bHuman cervix adeno-
carcinoma. cHuman hepatocellular carcinoma. dHuman epidermoid carcinoma.

 Interestingly, PEN exerts an antiproliferative effect on all cell 
lines taken into consideration, showing IC50 values in the micromo-
lar range. In particular, the compound appears more effective on 
hepatocellular carcinoma cells (HepG2) than on cervix adenocarci-
noma (HeLa) and epidermoid carcinoma (A-431) cell lines.  
 The results reported in (Fig. 7) show the effect of PEN on the 
RCI in RLM incubated in standard medium, in the absence (traces 
a, c, d) or presence (trace b, e) of Ca2+. The calculation of mito-
chondrial RCI permits to evaluate the effectiveness of the organ-
elles in performing their main bioenergetic process that is the oxi-
dative phosphorylation, consisting in the coupling of ATP synthesis 
with the oxygen consumption. The control trace demonstrates a 
high phosphorylation efficiency of RLM (RCI=10.1, trace a), while 
in the presence of Ca2+ this value is lowered (RCI=7.5, trace b). 
However, the phosphorylation of ADP to form ATP in the presence 
of Ca2+ may be considered very high, yet. 
 In the presence of 40 �M or 100 �M PEN, mitochondria un-
dergo a significant drop in the phosphorylation capacity (RCI=6.3 
or 4.2, respectively, traces c, d), thus demonstrating a slight uncou-
pling effect but, however, maintaining the ability to synthesize 
ATP. If RLM are incubated with 40 �M PEN and Ca2+, a complete 
collapse in ATP synthesis occurs (RCI=1.0, trace e). 
 Figure 8A reports the effect of PEN on another important bio-
chemical parameter, the ��, that permits to evaluate the intactness 
of the IM and the functionality of the mitochondrial respiratory 
chain. These properties are evidenced by the value of about 170 mV 
exhibited by the control trace. Changes in ��, instead, mean that 
the membrane has undergone some perturbations that affect its 
impermeability. In this regard, the presence of 40 �M or 100 �M
PEN induces a drop in �� of about 20 mV or 30 mV, respectively, 
while the addition of the immunosuppressant and MPT inhibitor 
CsA is ineffective in protecting �� against the effect of 40 �M
PEN. 
 The results of (Fig. 8A) also evidence that the dose-dependent 
drop in �� induced by PEN is not complete, but it is stabilized at 
an increased permeability level. This effect resembles that of a light 
protonophore and confirms the partial uncoupling activity sug-
gested by the results of (Fig. 7). The inefficiency of CsA in prevent-
ing the drop in �� demonstrates that the increase in permeability is 
not due to the induction of the MPT, but instead to the opening of 
proton leaks. In the presence of Ca2+ (Fig. 8B), �� undergoes a 
drop from 170 mV to 150 mV, due to the establishment of Ca2+

cycling across the mitochondrial membrane that lowers the inner 
negative potential of mitochondria. The addition of 40 �M or 100 
�M PEN causes, after a very low and transient �� establishment, a 
complete collapse in ��. In the presence of CsA or ADP, �� is 
maintained at high values, slightly lower than that observed with 
Ca2+ alone (Fig. 8B). These observations suggest that PEN, besides 
to cause a change in the membrane permeability with the formation 
of proton leaks, it is also able to induce other alterations to the 
membrane, most likely of colloid-osmotic origin. The experiments 
of (Fig. 9) account for this proposal. Indeed, PEN at concentrations 
ranging from 20 to 100 �M does not induce any change in the ap-
parent absorbance of mitochondrial suspension at 540 nm, thus 
indicating that no osmotic changes occurred in this condition (Fig. 
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9A). This result suggests that, although PEN is able to increase the 
proton permeability of the membrane (see Fig. 8), the ingress of 
other solutes is not allowed. If Ca2+ is also present, 40 �M or 100 
�M PEN induces a very strong dose-dependent decrease in the 
suspension absorbance, indicative of the occurrence of a large am-
plitude colloid-osmotic matrix swelling (Fig. 9B). Interestingly, the 
mitochondrial swelling induced by 40 �M PEN in the presence of 
Ca2+, is almost completely abolished by some typical MPT inhibi- 

tors, such as CsA, ADP and the adenine translocase inhibitor, BKA 
(Fig. 10A) and by the antioxidant agents agents dithiothreitol 
(DTE), N-ethylmaleimide (NEM), spermine (SPM) (Fig. 10B).
These results demonstrate that PEN is able, in the presence of Ca2+,
to induce the phenomenon of the MPT and that this latter is related 
to an oxidative stress. 
 Fig. 11 shows a dose-dependent effect of PEN (20-100 �M), on 
the redox state of mitochondrial sulfydryl groups, and indeed by  

Fig. (7). Concentration dependent decrease in mitochondrial RCI value induced by PEN in the absence or presence of Ca2+.
RLM were incubated in standard medium in the conditions described in Experimental Procedures. ADP was added at 300 �M concentration. When present in 
the medium 40 �M Ca2+, 40 �M or 100 �M PEN as indicated in the figure. RCI values are indicated at side of the traces. The figure reports a typical experi-
ment. Other five experiments gave almost identical results. The mean values of RCI of these experiments was 10.1 ± 0.2 (a), 7.5 ± 0.3 (b), 6.3 ± 0.1 (c), 4.2 ± 
0.4 (d), 1 ± 0.1 (e). 
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(A)

(B)
Fig. (8). Drop in mitochondrial �� values induced by PEN in the absence 
(A) or presence (B) of Ca2+. Partial protection by CsA and ADP. 
RLM were incubated in standard medium in the presence of 2 �M TPP+, in 
the conditions described in Experimental Procedures. Where indicated 40 
�M or 100 �M PEN, 1 �M CsA, 500 �M ADP, 40 �M Ca2+, were present. 
A typical experiment is reported, seven other experiments showed very 
similar results. �E = electrode potential. 

increasing PEN concentration, the percentage of SH groups gradu-
ally diminishes, demonstrating that the compound causes the oxida-
tion of thiols with the formation of disulphides. The addition of 
NEM, DTE, or SPM induces a significant protection against SH 
oxidation (Fig. 12). In the presence of Ca2+ the oxidation of SH 
groups is significantly higher (about 45%) with respect to that ob-
tained for both PEN (15%) or Ca2+ (10%) (Fig. 13). Thus, as regard 
the SH oxidation effect, PEN and Ca2+ seem to exert a significant 
apparent synergic effect that is strongly prevented by DTE, NEM or 
SPM (Fig. 13). The pro-oxidant effect of PEN is also confirmed by 
experiments performed on pyridine nucleotide. Also in this case a 
dose-dependent effect similar to that reported for thiol groups oc-
curs (compare Fig. 11 and Fig. 14), significantly prevented by CsA 
and the anti-oxidant agents (Fig. 15). It is to emphasize that the 
mitochondrial redox homeostasis is regulated by glutathione and by 
the activity of its related enzymes, namely glutathione peroxidase 
and glutathione reductase, which also regulate the NAD(P)H 
/NAD(P) ratio. In this connection, all the agents that affect the ratio 
GSH/GSSG may have significant effects on mitochondrial func-
tionality and, consequently, on cellular activity. The above effects 
exhibited by PEN on sulfydryl groups and pyridine nucleotides 
suggest that also glutathione may be oxidized by the sterol. Fig. 16
shows that PEN and Ca2+ oxidize gluthatione, for about 15% and 
10%, respectively. The concomitant presence of both the sterol and 
the cation induces a strong, synergic oxidation of glutathione (about 
50%) that is strongly prevented, as in previous experiments (Figs. 
13 and 15), by NEM, DTE and SPM. The utilization of different  

(A)

(B)
Fig. (9). Mitochondrial swelling induced by PEN in the absence (A) or in 
the presence of Ca2+ (B). 
RLM were incubated in the same conditions as in (Fig. 8). PEN was present 
at the indicated �M concentrations. Where present Ca2+ was 40 �M. A 
downward deflection indicates absorbance decrease. The assays were per-
formed five times with comparable results. 

(A)

(B)
Fig. (10). Prevention of mitochondrial swelling induced by PEN and Ca2+,
by typical MPT inhibitors (A) and antioxidant agents (B). 
RLM were incubated in the same conditions as in (Fig. 8). PEN and Ca2+

were present at 40 �M concentration. When added to the medium: 1 �M
Csa, 500 �M ADP, 5 �M BKA, 10 �M NEM, 5 mM DTE, 100 �M sper-
mine (SPM). The assays were performed five times with comparable results.
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Fig. (11). Dose-dependent sulfydryl group oxidation induced by PEN. 
RLM were incubated for 15 min in standard medium in the conditions described in Experimental Procedures. PEN was present at the indicated �M concentra-
tions. Data are expressed as percentage of thiol reduction and represent average ± mean SD from five independent experiments. The histograms report the 
percentage value of SH. 

Fig. (12). Protection by antioxidant agents on sulfydryl group oxidation induced by PEN. 
RLM incubation, data expression and statistics as in (Fig. 11). PEN was present at 40 �M concentration. When added to the incubation medium: 10 �M NEM, 
5 mM DTE, 100 �M SPM. 

Fig. (13). Synergic action of PEN and Ca2+ in inducing sulfydryl group oxidation. Prevention by antioxidant agents. 
RLM incubation, data expression and statistics as in (Fig. 11). PEN and Ca2+ were present at 40 �M concentrations. When added to the incubation medium: 5 
mM DTE, 10 �M NEM, 100 �M SPM. 
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Fig. (14). Dose-dependent pyridine nucleotide oxidation induced by PEN. 
RLM were incubated as in (Fig. 11). PEN was present at the indicated �M concentrations. Five additional experiments exhibited same trend in fluorescence 
change. 

Fig. (15). Prevention by antioxidant agents and CsA on pyridine nucleotide oxidation induced by PEN in the presence of Ca2+.
RLM were incubated as in (Fig. 11). PEN and Ca2+ were present at 40 �M concentrations. When added to the incubation medium: 5 mM DTE, 5 �M NEM, 
100 �M SPM. Five additional experiments exhibited same trend in fluorescence change. 

concentrations of the antioxidant agents (10 �M NEM, 5mM DTE, 
100 �M spermine) has been done in order to obtain their optimal 
effects in maintaining the reduced level in mitochondria. Thus, 10 
�M NEM alkylates most of SH groups by preventing the oxidation 
without damaging mitochondrial level [176]. 5 mM DTE com-
pletely reduces all the sulfydryl groups [177]. 100 �M spermine is 
able to scavenge the reactive oxygen species by preventing the 
oxidative stress [178]. Overall, the results showed in (Figs. 11-16)
demonstrate that the �� collapse and the colloid-osmotic effects 
induced by PEN (Figs. 8 and 9, respectively) are the result of a 
general oxidative stress, enhanced in the presence of Ca2+. This 
statement is further confirmed by the dose-dependent production of 
hydrogen peroxide caused by 20-80 �M PEN (Fig. 17A). The re-
markable production of H2O2 observed in these conditions can ac-
count for the establishment of the oxidative stress. In the presence 
of Ca2+ the oxidative stress is further increased as in 10 min of in-
cubation 40 �M PEN produces about 1.2 nmol/mg prot of H2O2,
(Fig. 17B), instead of about 0.35 nmol/mg prot produced by PEN 
itself (Fig. 17A). Moreover, DTE, NEM, and CsA inhibit H2O2
generation, although only partially (Fig. 17B). The finding that 
PEN plus Ca2+ causes �� collapse and large amplitude mitochon-
drial swelling by means of a general mitochondrial oxidation 
strongly supports the possibility of a rupture of the outer membrane 
with the resulting release of critical proteic pro-apoptotic factors. 
Actually, (Fig. 18A) shows the release of cyt c induced by 40 �M
PEN (lane 2), by Ca2+ (lane 3) and by both agents (lane 4). In this 

latter experimental condition, the release is significantly higher than 
that induced by Ca2+ or PEN by itself and it is almost completely 
prevented by CsA (lane 5). A comparable behavior is observed if 
the AIF release is determined in the same experimental conditions 
(Fig. 18B). 

DISCUSSION 
 Due to the important role played by mitochondria inside the 
activation of the apoptotic process, we investigate the ability of 
PEN to interfere with the physiological functions of these organ-
elles, in order to elucidate the possible intracellular mechanism 
responsible for the observed cytotoxicity. In particular, because of 
the significant antiproliferative effect of PEN on HepG2, a human 
tumor cell line derived from a hepatocellular carcinoma, the inves-
tigation was performed on mitochondria isolated from rat liver. 
 Mitochondria play a role in physiological and pathophysiologi-
cal mechanisms such as the process of oxidative phosphorylation 
and MPT. In the aerobic cells, phosphorylating respiration is re-
sponsible for production of about 95% of the total amount of ATP. 
Most of the formed ATP molecules is exported by ANT from mito-
chondria to the cytoplasm where it is hydrolyzed to support the 
energy consuming processes in the cell. Only small amount of ATP 
synthesized in mitochondria is consumed by these organelles. Thus, 
mitochondria are considered the “powerhouses” of the cell. 
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 The experimental results reported in this study show that the 
sterol PEN causes a dose-dependent gradual loss of the capacity of 
RLM to synthesize ATP (evaluated as RCI decrease). Nevertheless, 
also at a very high PEN concentration (100 �M) RLM maintain an 
RCI value sufficiently high to perform an efficient ATP synthesis 
(Fig. 7). Otherwise, in the presence of Ca2+ a complete bioenerget-
ics collapse is observable (RCI = 1), but in this case it is to consider 
the occurrence of the phenomenon of MPT induction (see below). 
The observed gradual but not complete loss in bioenergetic capac-
ity, induced by PEN, is confirmed by the effects observable on the 
insulating membrane properties (Fig. 8A). The concentration-
dependent reduction in �� values demonstrates a change in the 
membrane permeability, most likely due to the opening of proton 
leaks. However, the constant trend of the PEN-induced �� values, 
although to a lower levels, means that the membrane has not under-
gone crucial structural damages. This is further supported by the 

inability of PEN to cause mitochondrial swelling (Fig. 9A) by 
which, most likely, it just causes an increased proton permeability. 
 The loss of bioenergetics capacity caused in mitochondria by 
PEN might be accounted for the toxicity on human tumor cell lines 
(see Table 1), but the partial effect on RCI measurements and the 
effects induced by PEN in the presence of Ca2+ on RCI, �� col-
lapse, and mitochondrial swelling (see below), suggest that the drop 
in ATP synthesis might contribute just partially to cytotoxicity. 
 The full collapse in �� paralleled to the induction of a colloid-
osmotic swelling and the inhibition of these events by typical in-
hibitors of MPT, such as CsA, ADP, and BKA (Figs. 8-10), une-
quivocally demonstrate that, in the presence of Ca2+, PEN behaves 
like a typical MPT inducer. Moreover, the inhibitory effect exerted 
by NEM, DTE and SPM supports the hypothesis that PEN-induced 
MPT may be the result of an oxidative stress. This is demonstrated 

Fig. (16). Synergic action of PEN and Ca2+ in inducing GSH oxidation. Prevention by antioxidant agents. 
RLM incubation, data expression and statistics as in (Fig. 11). PEN and Ca2+ were present at 40 �M concentrations. When added to the incubation medium: 5 
mM DTE, 5 �M NEM, 100 �M SPM. 

                                                          (A)                                                                                                                                (B)
Fig. (17). Induction by PEN of a dose-dependent production of hydrogen peroxide (A). Synergic effect by Ca2+ on this production and partial prevention by 
the antioxidant agents and CsA (B). 
RLM were incubated for 10 min in the conditions described in Experimental Procedures. Panel A: PEN was present at the indicated �M concentrations. Panel 
B: PEN and Ca2+ were present at 40 �M concentrations. When added to the incubation medium: 5 mM DTE, 5 �M NEM, 1 �M CsA. Assays performed four 
times with almost identical results. 



Mitochondrial Permeability Transition as Target of Anticancer Drugs Current Pharmaceutical Design, 2014, Vol. 20, No. 2    239

by the ability of the sterol to induce oxidation of sulfydryl groups, 
pyridine nucleotides and glutathione and by the antioxidant effect 
of NEM, DTE and SPM (Figs. 11-16). It should be recalled that to 
open the PTP (for reviews see [5, 7]) it is necessary that two main 
events take place: (i) Ca2+, at supraphysiological concentration (40 
�M in this case), must interact at the level of critical sites located 
on ANT in order to favor the subsequent interaction of CyPD with 
this protein [179]; (ii) two critical thiol groups, belonging to two 
cysteins located on ANT, have to be oxidized to form the corre-
sponding disulphide bridge [180]. If only one of these events takes 
place, the pore remains closed. Ca2+, besides interacting with ANT, 
also oxidizes 10% of SH (Fig. 13) by a mechanism explained be-
low. However, the pore is closed (see control curves with Ca2+

alone showed in (Figs. 8B, 9B and 10)) because, most likely, the 
critical cysteins remain reduced. As regard PEN, at 40 �M concen-
tration, it oxidizes 17% of SH (Fig. 11), but also in this case the 
pore is closed (see control curves of (Figs. 8A, 9A and 10)) since, 
even if the critical cysteins are oxidized, the absence of Ca2+ does 
not permit the interaction of CyPD with ANT. The pore opens 
when Ca2+ and PEN are both present (Figs. 8B, 9B and 10), that is 
when the above mentioned events take place. In this case a very 
strong oxidation of thiol groups, of about 45%, occurs. This appar-
ent synergism in SH oxidation is due to the opening of PTP that in 
turn, causes the collapse of the electrochemical gradient with an 
increased oxygen consumption and production of ROS, responsible 
of a further increase of oxidative stress. The observed oxidation of 
pyridine nucleotides and glutathione induced by PEN itself (Figs. 
14-16) accounts for the loss of the safety systems of mitochondria 
and for the involvement of hydrogen peroxide (Fig. 17) and/or its 
derivatives in PTP opening. The enhancement of the extent of these 
oxidations in the presence of Ca2+ is related, as above mentioned 
for SH groups, to the opening of the PTP and all these conditions 
are called “redox catastrophe” [181]. The oxidation of thiols, pyri-
dine nucleotides and glutathione by Ca2+ alone is, most probably, 
attributable to its interaction with membrane phospholipids, which 
should lead to a disorganization of membrane, to an alteration of 
ubiquinone mobility and of electron flux, resulting in ROS produc-
tion [108]. However, this generation of ROS is not involved in the 

oxidation of critical SH groups responsible for PTP opening, pre-
sumably because these ROS are produced away from the critical 
thiols. 
 In conclusion, in the presence of Ca2+, PEN acts as a typical 
MPT inducer via an interaction with the mitochondrial membrane 
that results into the generation of ROS and leads to a general oxida-
tive stress. The mechanism of action of PEN is still under investiga-
tion. Nevertheless, preliminary results suggest that PEN acts at the 
level of electron transfer on bc1 complex (the respiratory complex 
III) with the generation of H2O2 (for the reaction see [182]), as 
shown by the results of (Fig. 17). Subsequently, part of H2O2, by 
interacting with Fe2+ of the respiratory complexes, may be trans-
formed by means of the Fenton reaction in the high reactive hy-
droxyl radical, OH•. Hydroxyl radical is, most likely, the main re-
sponsible of the oxidative stress caused by PEN. Thus, the pathway 
of ROS generation should be addressed to reaching the critical thiol 
groups responsible for PTP opening. The opening of the PTP and 
the involvement of hydroxyl radical is supported by the protective 
effect of SPM on the observed oxidations (Figs. 13, 15, 16) and on 
MPT induction (Fig. 10B). Indeed, SPM is a specific scavenger of 
OH• ineffective toward the other ROS [178]. The opening of the 
PTP and the consequent mitochondrial swelling, generally provokes 
the breakdown of outer membrane, resulting in the release of pro-
apoptotic factors. Actually, the results of (Fig. 18) demonstrate that 
PEN, in the presence of Ca2+, causes the loss of the pro-apoptotic 
factors cyt c and AIF. The release of these factors accounts for the 
activation of two intrinsic apoptotic pathways: caspase-dependent 
for cyt c and caspase-independent for AIF. In this regard, the results 
of (Fig. 7) showing a gradual loss of RCI induced by PEN suggest 
that mitochondria in vivo can maintain the capacity to synthesize 
ATP thus favoring a cell death by apoptosis. 
 The possibility of inducing cell death by apoptosis through two 
different pathways downstream mitochondria renders PEN a very 
interesting compound that could be further developed to obtain 
antiproliferative agents targeting mitochondrial functions to be 
utilized for more effective anticancer therapies. 

Fig. (18). Release of cyt c (A) and AIF (B) induced by PEN in the absence or presence of Ca2+. Prevention by CsA. 
Results of Western blotting on supernatant of mitochondrial incubations. RLM were incubated for 15 min in standard medium as described in Experimental 
Procedures. Lane 1: control (-Ca2+); lane 2: 40 �M Ca2+; lane 3: 40 �M PEN; lane 4: 40 �M PEN + 40 �M Ca2+; lane 5: 40 �M PEN + 40 �M Ca2+ + 1 �M
CsA. Assays performed four times with almost identical results. 
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ABBREVIATIONS 
���+ = Electrochemical membrane potential 
ROS = Reactive oxygen species  
MPT = Mitochondrial permeability transition 
PTP = Permeability transition pore 
VDAC = Voltage-dependent anion channel 
ANT = Adenine nucleotide translocase 
CypD = Cyclophilin D 
CsA = Cyclosporine A 
HK = Hexokinase 
PBR = Peripheral benzodiazepine receptor 
cyt c = Cytochrome c 
AIF = Apoptosis inducing factor 
EndoG = Endonuclease G 
Bcl-2 = B-cell lymphoma 2 
OM = Outer mitochondrial membrane 
IM = Inner mitochondrial membrane 
HtrA = High-temperature requirement A 
GSAO = 4-(N-(S-glutathionylacetyl)amino phenylar-

sonous acid 
PENAO = 4-(N-(S-penicillaminylacetyl)amino) pheny-

larsonous acid 
LND = Lonidamine 
CLD = Clodronate 
CD437 = 6-[3-(1-adamantyl)-4-hydroxyphenyl]-2-

naphthalene carboxylic acid 
PK11195 = 1-(2-chlorophenyl)-N-methyl-N-(1-

methylpropyl)-3-isoquinolinecarboxamide 
3-BrPA = 3-bromopyruvate 
PEITC = Phenylethylisothiocyanate 
BITC = Benzylisothiocyanate 
	-TOS = 	-tocopheryl succinate 
BetA = 3
, hydroxy-lup-20(29)-en-28-oic acid, be-

tullinic acid 
2DG = 2-deoxyglucose 
TTs = Triptycene analogues 
PEN = Peniocerol 
RCI = Respiratory control index 
�� = Membrane potential 
TPP+ = Tetraphenylphosphonium 
RLM = Rat liver mitochondria 
BKA = bongkrekic acid 
SPM = spermine 
DTE = dithiothreitol 
NEM = N-ethylmaleimide 
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