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Abstract

Objectives The use of doxorubicin, a drug utilised for many years to treat a wide
variety of cancers, has long been limited due to the significant toxicity that can
occur not only during, but also years after treatment. It has multiple mechanisms
of action including the intercalation of DNA, inhibition of topoisomerase II and
the production of free radicals. We review the literature, with the aim of high-
lighting the role of drug concentration being an important determinant on the
unfolding cell biological events that lead to cell stasis or death.

Methods The PubMed database was consulted to compile this review.

Key findings It has been found that the various mechanisms of action at the dis-
posal of doxorubicin culminate in either cell death or cell growth arrest through
various cell biological events, such as apoptosis, autophagy, senescence and
necrosis. Which of these events is the eventual cause of cell death or growth
arrest appears to vary depending on factors such as the patient, cell and cancer
type, doxorubicin concentration and the duration of treatment.

Conclusions Further understanding of doxorubicin’s influence on cell biological

events could lead to an improvement in the drug’s efficacy and reduce toxicity.

Introduction - background on
doxorubicin

Doxorubicin is an anthracycline antibiotic, isolated from
the Streptomyces peucetius species, and is used effectively in
a variety of cancers. It has a broad spectrum of use, treating
both adult and childhood cancers and encompassing solid
tumours and haematological malignancies.!™! It is often
used to treat acute leukaemia,’®! breast cancer® and child-
hood solid tumours,'*! non-Hodgkin lymphomas,'®! Hodg-
kin’s disease!”! and soft tissue sarcomas.'®! Unfortunately,
despite being highly effective, doxorubicin is also non-
selective to cancer cells, so its use is significantly limited
due to toxicity. This toxicity often affects the heart, brain,
liver and kidneys, and the consequences of these toxicities
can take many years to become apparent.'”! Cardiotoxicity
tends to be the most prominent adverse event, and it is a
major dose-limiting factor that results in cardiac hypertro-
phy. This may be an acute or chronic effect and can appear
later in life many years after doxorubicin treatment has
stopped. It is thought to be induced by the formation of
reactive oxygen species (ROS) and iron oxidation, as this

induces the mitochondria to release cytochrome ¢, leading
to apoptosis and cell death.'"”! The brain and liver are also
damaged by apoptotic cell death, while nephropathy results
from interference with complexes I and IV in the mito-
chondria. This leads to oxidative damage due to an increase
in superoxides and decrease in Vitamin E and antioxidants
in the kidney’s mitochondria, damaging the glomerulus. It
also impairs the immune system, increasing a patient’s sus-
ceptibility to infection and weakening their healing ability.*’

Doxorubicin’s molecular structure comprises a tetra-
cyclic ring with two of the groups being adjacent quinone—
hydroquinones and a sugar, daunosamine, attached to ring
A with a glycosidic bond.”” The daunosamine sugar is
responsible for the drug’s water solubility, while the tetra-
cycline group is water-insoluble.""! Doxorubicin differs
from daunorubicin, another commonly used anthracycline,
by only one hydroxyl group which accounts for the two
drugs’ different spectra of activity. The antineoplastic
action of doxorubicin is due to a combination of different
mechanisms such as the intercalation of DNA and inhibi-
tion of topoisomerase II, which can result in cell death or
cell growth arrest.'!!
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The novelty of this discussion article lies in the fact that
the ultimate cell biological events as a result of doxorubicin
action appear to vary depending on factors such as the
patient, cell and cancer type, doxorubicin concentration
and the duration of treatment.

Intercalation of DNA

Doxorubicin has been shown to intercalate deoxyribonu-
cleic acid (DNA) and bind to and subsequently inhibit
DNA polymerase, both of which lead to an inhibition of
DNA synthesis.!''?) 1t also inhibits ribonucleic acid
(RNA) synthesis and transcription through RNA poly-
merase inhibition, although studies suggest that there is a
preference for DNA over RNA synthesis inhibition.'"'?!
X-ray crystallography has shown that doxorubicin’s planar
chromophore inserts between DNA bases, and its position
is then stabilised by hydrogen bonding.!"*! Therefore, the
chromophore’s hydroxyl group and the daunosamine
sugar’s amino group are responsible for bonding to and
intercalating DNA.!"*! This intercalation complex results in
double-stranded DNA breaks and fragmented nuclei with
condensed chromatin, resulting in the induction of apopto-
sis.'"* There have also been studies showing that DNA syn-
thesis inhibition with a directly cytotoxic effect only occurs
when doxorubicin concentrations are higher than the con-
centrations seen in patients, which are generally below
5 pM, so there remains some uncertainty over whether it is
responsible for tumour cell growth inhibition.!"®’ Concen-
trations above 4 M were required to inhibit DNA synthesis
in one study,!'”! while others found that concentrations
above 2 pum were sufficient.!'®! To add more variability to
the findings, other studies demonstrate that drug concen-
trations as low as 0.01 and 0.2 uM can be quite effec-
tive.'®'?) Collectively, these variant results indicate that
more studies are needed to shed further light on this
important matter. More recent studies suggest that DNA
synthesis inhibition may be an early transient signalling
event which leads to cell apoptosis due to upregulation of
the p53 protein.!”! The role of the p53 protein is in protect-
ing the genome from mutations. It regulates a part of cell
apoptosis through competition with DNA repair mecha-
nisms. Its importance is demonstrated in the fact that it is
the most frequently altered gene in cancer cells, and its
mutation results in both the arrest of its normal apoptotic
function and an increase in oncogenic function.””’ DNA
synthesis inhibition can result from an increase in p53
through the protein’s ability to upregulate the cyclin-
dependent kinase (cdk) p21 protein, which binds to prolif-
erating cell nuclear antigen. This leads to a preferential
inhibition of DNA polymerase and results in the termina-
tion of cell growth and DNA repair.'"*°! An increase in
p53 also leads to the downregulation of the transcription

Ann-Marie Meredith and Crispin R. Dass

factor E2F, which similarly results in the arrest of cell
growth as E2F can no longer bind to target promotor
regions of genes vital to cell growth such as dihydrofolate
reductase, thymidine kinase, thymidine synthetase and
DNA polymerase-o.. Doxorubicin’s ability to inhibit DNA
synthesis inhibition may lead to cytostatic activity, but it is
the drug’s other actions, such as topoisomerase inhibition,
that directly cause cell death.!"!

Inhibition of topoisomerase Il

Topoisomerase II inhibition is another of doxorubicin’s
cytotoxic mechanisms, with the targeting of topoisomerase
Il resulting in DNA cleavage and cell death.'*!) Topoiso-
merase II is an enzyme which regulates DNA’s superhelical
state, relaxing accumulated positive supercoils, as well as
unlinking intertwined DNA strands. It is therefore neces-
sary for the DNA replication process to complete.'*?! Dur-
ing replication, topoisomerase II induces double-strand
breaks in DNA, and topoisomerase II inhibitors such as
doxorubicin then act by stabilising topoisomerase II-DNA
covalent cleavage intermediates. DNA is then unable to
proceed further in the replication process, and cell death
[23:24] A5 the topoisomerase II-DNA-drug complex
is reversed once doxorubicin dissociates from the complex,
residence time of the drug in the complex is a key factor of

occurs.

doxorubicin’s cytotoxicity. This mechanism of action may
also increase doxorubicin’s selectivity for cancer cells as
topoisomerase II levels have been shown to be elevated in
proliferating cells.””’ To achieve cytotoxic action from
topoisomerase II inhibition, enzyme-DNA binding must
have occurred, thus making drug efficacy dependent on
enzyme concentration in the cell.”***) Further evidence
that this is an important action contributing to doxoru-
bicin’s activity has been derived from studies demonstrat-
ing that decreased levels or altered functions of
topoisomerase enzymes have resulted in anthracycline-
resistant cancer cells.?”?*) There is also an accompanying
decrease in DNA strand breaks in cells with reduced or
altered topoisomerase I1.!*”! This suggests that the presence
of topoisomerase II is an important facet of the drug’s effi-
cacy, and that alterations in topoisomerase gene expression

. . . 111
in cancer cells may result in drug resistance.!"'"!

Free radical-related damage to DNA

Doxorubicin’s ability to produce reactive-free radicals is
another mechanism of activity, and this occurs as doxoru-
bicin can act as an electron acceptor in a reaction catalysed
by cytochrome P450 reductase in the presence of NADH
dehydrogenase.'”’) This results in doxorubicin being
reduced, as its quinone group becomes a semiquinone-free
radical. The semiquinone-free radical causes oxidative
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damage which results in cleavage or degradation of DNA,
or deoxyribose, which induces DNA strand scissions.>!
The oxygen molecule also involved in this reaction pro-
duces reactive-free radicals including superoxides, hydroxyl
radicals and peroxides, which cause further damage to
DNA by oxidation.">*") During the metabolism of dox-
orubicin, the drug is reduced at C-13 to form doxorubici-
nol. Doxorubicin and doxorubicinol both then undergo
acid-catalysed hydrolysis at their daunosamine sugar
groups to form doxorubicinone and doxorubicinolone,
respectively. Protonation at C-7 then removes the sugar,
producing 7-deoxydoxorubicinone and 7-deoxydoxorubi-
cinolone. The now twice-reduced doxorubicin becomes a
C7-deoxyaglycone. A tautomer of this molecule is C-7-qui-
none-methide, which covalently binds to DNA and pro-
duces free radicals in close proximity to DNA.!"*% There is
also evidence of hydrogen peroxide formation due to an
iron-mediated reaction catalysed by ferredoxin reductase,
which also causes DNA damage. As studies show cytotoxic
action both with and without iron, iron is not necessary for
doxorubicin to cause free radical damage to DNA."*°! This
mechanism is further evidenced by the obstruction of
injury to DNA in the presence of free radical scavengers
such as catalase, superoxide dismutase and dimethyl sulfox-
ide. This suggests that there may be DNA strand breakage
due to free radicals, indicating that doxorubicin has mecha-
nisms of action not associated with topoisomerase enzymes
or intercalation. Studies do show however that this free
radical-associated damage only occurs above clinically used
drug concentrations, and that it is instead protein-asso-
ciated strand breaks involving topoisomerase II inhibition
that is responsible for cytotoxic action at clinically signifi-
cant concentrations."! There have also been studies that
have shown lipid peroxidation involving free radicals,
affecting cell membranes.*"*?! Earlier studies, however, did
not produce sufficient evidence that this would occur under
true physiological conditions as they used concentrations
of doxorubicin well above that of peak or steady-state drug
concentrations seen in patients.*>** It was suggested that
this may be due to the assay used to detect lipid peroxida-
tion not being sensitive and selective enough, rather than it
not contributing to drug activity. It has been advised that
studies involving intact cells with doxorubicin concentra-
tions >1-2 pm should be re-evaluated.!"! In recent years,
studies have found that doxorubicin does induce lipid per-
oxidation and suggest that it is a factor contributing to
doxorubicin’s cardiotoxicity.!****

Cell biological events induced by
doxorubicin

More recent studies have suggested that doxorubicin-
induced damage and fragmentation caused to DNA by the
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mechanisms discussed above, or by other mechanisms, may
induce apoptosis or other cell biological events, leading to
cell death or cell growth arrest."'!! In addition to apoptosis,
there is evidence that autophagy, early or accelerated senes-
cence and necrosis, may also be cell biological events key to
doxorubicin’s activity.*® Studies have found that direct
DNA synthesis inhibition and topoisomerase II inhibition
do not always cause cytotoxicity, suggesting that there are
other causes for the initiation of apoptosis.'”!

Apoptosis

Apoptosis, also known as programmed cell death, is usually
considered to be a form of protection for the body. It is
activated in response to damage or alterations in DNA, kill-
ing the cell to prevent replication and further muta-
tions.”®**) Apoptosis is a natural biological process
involved in normal growth and development. In some
cases, there may be partial apoptosis, a targeted form of
apoptosis that preserves part of the cell for other physiolog-
ical functions, such as the maturation of spermatocytes and
mammalian erythrocytes.*®! Most, if not all cells contain
the necessary material to trigger apoptosis, but these trig-
gers, such as caspase enzymes, are inactive. Cell death
appears to occur due to release from inhibition of these
triggers, initiated by a variety of conditions that are deemed
to be imperfect for the cell. As shown in Figure 1, although
it can occur independent of caspases, a majority of the
time, apoptosis occurs via caspase-dependent pathways that
can be extrinsic or intrinsic. The extrinsic pathway is initi-
ated by extracellular ligands such as the Fas ligand (FasL),
tumour necrosis factor alpha (TNF-o) and TNF-related
apoptosis-inducing ligand (TRAIL) binding to pro-apopto-
tic death receptors on the cell membrane."*®**! These death
receptors are coupled with procaspase-8 by Fas-associated
death domain, activating caspase-8 which leads to the acti-
vation of caspase-3, -6 and -7, leading to apoptotic cell
death.***2l Doxorubicin has been shown to induce the
extrinsic apoptotic pathway through regulation of Fas. This
may be due to doxorubicin downregulating the expression
of soluble Fas, an inhibitor of FasL.“***! It has also been
suggested that it may be due to activation of the calcium/
calcineurin signalling pathway, which activates nuclear fac-
tor-activated T-cell 4 (NFATc4) and leads to upregulation
of FasL.**) Doxorubicin has also been shown to activate
nuclear factor-kappa B (NF-kB) through ROS production,
and this leads to the upregulation of various pro-apoptotic
genes including FasL, c-Myc and p53.[424>4¢]

Apoptosis also has an intrinsic pathway, mediated by the
anti-apoptotic B-cell leukaemia/lymphoma 2 (Bcl-2) pro-
tein family, members of which are bound to the surface of
the mitochondria (Figure 1).’®) Doxorubicin initiates
apoptotic cell death by inducing AMP-activated protein
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Figure 1 Doxorubicin’s induction of both the extrinsic and the intrinsic apoptosis pathways. Doxorubicin can initiate the extrinsic pathway by
upregulating FasL and inducing the activation of caspase-8, leading to the activation of caspase-3, -6 and -7, and therefore apoptotic cell death.
Doxorubicin initiates the intrinsic pathway by upregulating AMPK which results in the upregulation of p53, JNK and mTORC1. The inhibition of
anti-apoptotic Bcl-2 and increase in pro-apoptotic Bax induce the release of cytochrome ¢ from the mitochondria which then binds to Apaf-1 and
procaspase-9. Activated caspase-9 then leaves the complex, activating caspase-3, -6 and -7, resulting in apoptotic cell death. AMPK, AMP-acti-
vated protein kinase; Apaf-1, apoptotic protease-activating factor-1; Bax, Bcl-2-associated X; Bcl-2, B-cell leukaemia/lymphoma 2; FADD, Fas-asso-
ciated death domain; FasL, Fas ligand; JNK, c-Jun N-terminal kinase; mTORC1, mammalian target for rapamycin complex 1; TNF-o, tumour

necrosis factor alpha; and TRAIL, TNF-related apoptosis-inducing ligand.

kinase (AMPK), which activates p53 and c-Jun N-terminal
kinase (JNK), and inactivates mammalian target for rapa-
mycin complex 1 (mTORC1). The p53 protein induces a
downregulation of the anti-apoptotic Bcl-2 protein and
upregulation of the pro-apoptotic Bcl-2-associated X (Bax)
protein. JNK also involved in mediating the expression of
Bcl-2 and Bax and is important in the regulation of apopto-
sis as a result.*”) The Bcl-2/Bax ratio, which is altered by
doxorubicin activating AMPK, is a key determining factor
of whether a cell dies by apoptosis or survives.'*®! As with
doxorubicin’s other actions, drug concentration is likely
the decisive factor in which these outcomes occur, with a
high concentration necessary to cause cell death.””! The
alteration in the balance of Bcl-2/Bax leads to the release of
cytochrome ¢ from the mitochondria which forms an apop-
tosome complex with apoptotic protease-activating factor-
1 (Apaf-1) and procaspase-9. The now activated caspase-9
leaves the complex and activates caspase-3, -6 and -7, and
from this point on there is no option but for the cell to

continue down the apoptotic pathway and die.!”**]

Apoptotic cell death is characterised by nuclear condensa-
tion and fragmentation, and cleavage of chromosomal
DNA into fragments which are then packaged into apop-
totic bodies.!* These apoptotic bodies are then identified
and removed by phagocytes, resulting in an important lack
of inflammation around the cell. Although they can func-
tion separately, the extrinsic and intrinsic pathways overlap,
as p53 can upregulate some pro-apoptotic receptors in the
extrinsic pathway and caspase-8 can upregulate the Bax
protein and trigger the intrinsic pathway.'*!!

Autophagy

Apoptosis and autophagy are characterised by different
mechanisms, apoptosis being defined by cell shrinkage and
blebbing, with little change to organelles and then phagocy-
tosis without an inflammatory response. In contrast, autop-
hagy involves the formation of an acidic vesicular organelle
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in the cytoplasm.®® It appears that autophagy can be either
cytoprotective or cytotoxic, as it helps cells survive under
stress but also leads to what is termed type II programmed
cell death.*”! It is a natural biological process involved in
maintaining homeostasis and atrophy, commonly involved
in the turnover of long-lived proteins and organelles, and
removing dysfunctional organelles and protein aggregates.
Due to autophagy’s ability to eliminate abnormal proteins,
failure of autophagy has been implicated in neurodegenera-
tive diseases, including Huntington’s disease as it has a role
in the clearance of toxic mutant huntingtin protein and
preventing disease progression.*****!) Autophagy also has
a role in embryonic growth and development; it appears to
be crucial in the protein degradation process used in the
oocyte to embryo conversion, and also later on in neurode-
velopment. The process is upregulated in times of stress in
cells, such as starvation, oxidative stress or hormonal
imbalance, and serves as a survival mechanism for the
cells.”® During autophagy, cells convert to catabolic meta-
bolism in which macromolecules and organelles are
degraded and recycled for energy and nutrients by being
sent to the lysosome. There is a family of genes called
AuTophaGy-related (Atg) genes that regulate autophagy
through interaction with protein complexes formed during
the autophagy pathway. The activation or inhibition of
autophagy is dependent on mammalian target for rapamy-
cin (mTOR), as the pathway is initiated when there is an
increase in the adenosine monophosphate/adenosine
triphosphate (AMP/ATP) ratio due to a low-energy state in
the cell (Figure 2). This then activates AMPK, leading to
the inhibition of mTOR, which is responsible for the phos-
phorylation of Atgl3 and Unc-like-51 kinase 1 (Ulkl).
During starvation, the dissociation of mTOR from the
Atgl13-FIP200-Ulkl complex results in the dephosphoryla-
tion of Atgl3 and Ulkl. This activates Ulkl, which then
phosphorylates Atgl3 and focal adhesion kinase family
interacting protein of 200 kDa (FIP200), resulting in the
formation of the pre-autophagosomal membrane,!>"?]
Vacuolar-sorting protein 34 (Vps34), also known as class
III phosphoinositide 3-kinase (PI3K) is involved in another
pathway of autophagy regulation as it controls the matura-
tion of the autophagosome. Vps34 is activated by forming a
protein complex with beclin-1, Vpsl15, and is enhanced by
Bax interacting factor-1 (Bif-1) and ultraviolet radiation
resistance-associated gene (UVRAG). Vps34 then interacts
with Atgl4, forming the autophagosome (Figure 2)./°?!
Beclin-1 has been shown to be essential in initiating the
autophagic process, its interaction with Vps34 being a key
step in the process. The binding of anti-apoptotic Bcl-2
with beclin-1 has an important regulatory role in whether a
cell undergoes apoptosis or autophagy. Bcl-2 has been
shown to mediate autophagy by interfering with the activity
of beclin-1 by inhibiting the formation of its complex with
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Vps34. This suggests that the interaction between Bcl-2 and
beclin-1 is the primary regulatory mechanism of autop-
hagy, and that anything affecting this interaction or the
expression of these proteins therefore has a role in regulat-
ing autophagy.l***”** NK has been shown to regulate
autophagy as the activation of JNK causes the dissociation
of Bcl-2 from beclin-1, stopping Bcl-2’s inhibition of
beclin-1 and allowing the autophagic pathway to con-
tinue.*”°"** It has been suggested that a low level of
autophagy promotes cell survival by preventing apoptosis
and cell death, while significant upregulation of autophagy
leads to programmed cell death as excessive degradation of
proteins and organelles disrupts energy homeostasis.'***!
The presence of caspases is also an important factor in
determining the type of cell death, as an inhibition of these
enzymes can lead to a switch from apoptosis to autop-
hagy."*”) Doxorubicin may induce autophagy through the
oxidative stress resulting from ROS production in the
mitochondria. This occurs in complex I in the electron
transport train, causing mitochondrial dysfunction and a
disruption in energy production. Autophagy is then initi-
ated by calmodulin-dependent kinase and AMPK, which
are activated by ROS damage to calcium-handling proteins
and an increase in calcium.®® Doxorubicin may also pro-
mote autophagy in response to the activation of poly
(ADP-ribose) polymerase-1 (PARP-1), leading to the inhi-
bition of mTOR, during periods of cell stress due to lack of

nutrients.”>>>¢

Senescence

Senescence is a state in which a cell can no longer divide,
but remains metabolically active. There are three types of
senescence; this includes replicative senescence which
involves growth arrest due to telomere shortening after a
predetermined amount of cell divisions in non-trans-
formed cells. Oncogene-induced senescence occurs in the
presence of oncogenes as an attempt to prevent or post-
pone a cells transformation.”®”! Accelerated senescence can
arrest cell growth by inhibiting the self-renewal capability
of cells, and it primarily occurs after ionising radiation or
drug therapy that causes damage to DNA. Premature and
accelerated senescence has been shown to occur in cells
exposed to chemotherapeutic agents and is thought to be a
part of the immune system’s tumour regression activity.'>!
The induction of accelerated senescence has similarities to
apoptosis and other pathways that inhibit cell growth. As
shown in Figure 3, it involves the induction of the p53 pro-
tein, which upregulates the cdk p21 protein and downregu-
lates cdc2/cdkl, although this may not be the only cause.
This pathway has been shown to occur even without the
P53 protein, indicating that p21 and cell-division cycle 2
(cdc2) have vital roles in inducing senescence, and that p53
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Figure 2 Doxorubicin-mediated induction of autophagy. Doxorubicin produces ROS which disrupt mitochondrial function and energy production.
This causes AMPK to be upregulated, inhibiting mTOR and upregulating JNK. The inhibition of mTOR results in the activation of Ulk-1 and dephos-
phorylation of Atg13 and FIP200. This leads to the formation of the pre-autophagosomal membrane. The upregulation of JNK causes Bcl-2 to dis-
sociate from beclin-1, allowing the complexation of Vps34, beclin-1 and Vps15, a complex responsible for the maturation of the autophagosome.
Once the autophagosome is formed, the cell can either survive or die depending on the level of stress in the cell. AMP, adenosine monophos-
phate; AMPK, AMP-activated protein kinase; Atg, AuTophaGy-related; ATP, adenosine triphosphate; Bcl-2, B-cell leukaemia/lymphoma 2; Bif-1,
Bax interacting factor-1; FIP200, focal adhesion kinase family interacting protein of 200kDa; JNK, c-Jun N-terminal kinase; mTOR, mammalian tar-
get for rapamycin; Ulk-1, Unc-like-51 kinase 1; UVRAG, ultraviolet radiation resistance-associated gene; and Vps, vacuolar-sorting protein.

is not a critical element.*®! Other studies have alternatively
demonstrated that p53 is required for senescence, and that
p53’s presence determines which cell biological event will
proceed, suggesting that a loss of p53 leads to apoptosis in
preference over senescence.”®>*! Doxorubicin has been
shown to upregulate p53, which can trigger senescence;
however, accelerated senescence is not likely to contribute

greatly to doxorubicin’s activity.!*>** It may have a role in
stopping growth in cells that avoided death by primary
mechanisms, and therefore may be important in cancer
recurrence. Senescence appears to be an alternative path-
way used by cells in which apoptosis is inhibited, as studies
have shown cells to switch from apoptosis to senescence,
arresting cell growth.!®®?! This has been shown to be

734 © 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 68 (2016), pp. 729-741

20z Mdy 0g uo 1sanb Aq 0818Z19/622/9/89/3101e/ddl/woo°dno-ojwspese//:sdiy woly pepeojumoq



Ann-Marie Meredith and Crispin R. Dass

Doxorubicin
administration

Senescence

Figure 3 Doxorubicin’s induction of premature and accelerated
senescence. Doxorubicin initiates the upregulation of p53, which then
upregulates p21 and inhibits the cdc2/cdk1 ratio. This induces senes-
cence and therefore cell growth arrest. cdc2, cell-division cycle 2 and
cdk, cyclin-dependent kinase.

insignificant compared with the induction of autophagy in
cells unable to undergo apoptosis, and most likely represents a
secondary downstream response when both are inhibited.”*®

Necrosis

Another cause of cell death not induced by apoptosis is
necrosis, which has been considered to be a passive process

Doxorubicin induced
ROS production

W

MPT pore opening and
mitochondrial swelling

Role of doxorubicin on cellular metabolism

that results from a reduction in ATP to levels that makes
cell survival impossible, leading to bioenergetic catastrophe.
This is thought to be caused by either physical or toxic
damage, suggesting that doxorubicin’s cytotoxic actions,
including damage to DNA and oxidative stress, may lead to
programmed necrosis.**®*! This includes when the apop-
totic pathway is impaired, which can occur when there is a
deficiency of p53 and/or Bcl-2 family proteins, most nota-
bly Bax. This allows doxorubicin to remain active indepen-
dent of p53 and Bax.’>®! As shown in Figure 4,
doxorubicin-induced ROS production may be the cause of
this programmed necrosis as it increases mitochondrial cal-
cium concentrations, which leads to cyclophilin D (Cyp
D)-dependent mitochondrial permeability transition
(MPT) pore opening and mitochondrial swelling, resulting
in a decrease in ATP.!**! Doxorubicin has also been shown
to damage mitochondrial DNA leading to dysfunction of
the mitochondria and therefore respiration. This causes a
depletion in ATP, triggering necrosis.'*>*>*®! Unlike apop-
tosis, necrosis induces an inflammatory response around
the cell in vivo due to the release of cell contents and proin-
flammatory factors. There is also no condensation of the
chromatin and fragmentation of DNA as there is in apop-
tosis.*”) Programmed necrosis gives DNA-damaged prolif-
erating cells another means of death when apoptosis is not
possible. It is thought to be induced by PARP-1, the DNA
repair protein, in response to DNA damage.!®* This is the
same protein that can trigger autophagy, indicating that
PARP-1 has a significant role in a cell’s response to injury
or stress.!”! By intercalating and damaging DNA, doxoru-

Doxorubicin induced
DNA damage

NAD and glycolysis

ATP
Necroptosis
(programmed necrosis) Necrosis Necrosis

Figure 4 Doxorubicin-mediated induction of necrosis. There are three pathways of programmed necrosis. The necroptosis pathway is initiated
by the activation of TNF or TRAIL and inhibition of caspase-8. RIPK1 activates RIPK3, leading to the activation of MLKL and necroptosis. Doxoru-
bicin can produce ROS, causing oxidative damage to the mitochondria. This activates Cyp D and induces MPT pore opening and mitochondrial
swelling, decreasing ATP levels, leading to necrotic cell death. Doxorubicin can also initiate necrosis through damaging cellular DNA; this upregu-
lates PARP-1 and H2AX, which decreases in NAD levels and glycolysis. This results in a decrease in ATP and therefore necrosis. ATP, adenosine
triphosphate; Cyp D, cyclophilin D; H2AX, H2A histone family member X; MLKL, mixed-lineage kinase domain-like protein; MPT, mitochondrial
permeability transition; NAD, nicotinamide adenine dinucleotide; PARP-1, poly (ADP-ribose) polymerase-1; RIPK, receptor-interacting serine/thre-
onine protein kinase; ROS, reactive oxygen species; TNF, tumour necrosis factor; and TRAIL, TNF-related apoptosis-inducing ligand.
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bicin activates PARP-1 and H2A histone family member X
(H2AX), causing the cell to undergo programmed necrosis
(Figure 4).1°%°7%8] programmed necrosis due to PARP-1
activation has only been found in cells actively proliferating
due to the inhibition of nicotinamide adenine dinucleotide
(NAD) and therefore glycolysis by PARP-1, giving rise to
selectivity for cells reliant on glycolysis for ATP produc-
tion.””! Vegetative non-cancerous cells are subjected to
DNA repair rather than cell death as they are able to use
oxidative phosphorylation and the catabolism of amino
acids and lipids in the mitochondria, producing a sufficient
amount of energy to repair DNA. Proliferating cells, such
as tumour cells, are more dependent on glycolysis and ATP
production because they use their amino acids and lipids
for protein and membrane synthesis. As many tumours
arise from mutations that inhibit apoptosis and/or allow
cells to continue growing past normal growth cycle check-
points, this alternative pathway could explain how
chemotherapeutic drugs such as doxorubicin still induce
cell death when other pathways are blocked.**! Another
pathway of programmed necrosis is initiated by the activa-
tion of TNF or TRAIL and inhibition of caspase-8. The
activation of RIPKI in turn activates RIPK3, leading to the
upregulation of MLKL and necroptosis. Doxorubicin’s role
in this pathway is unclear. **°®!

Considering the various mechanisms of action shown by
doxorubicin, it is possible that the targets of this drug vary
between different tumours, and as such, the importance of
each target and mechanism changes for each individual
case.!””! There has been evidence of this in a study using
leukaemia cells from numerous patients in which the differ-
ent cells, even when obtained from the same patient,
responded differently despite the uptake and retention of
the drug remaining the same for the different cell popula-
tions.!"®! This may be due to the numerous gene alterations
that often occur in cancer, meaning that chemotherapeutic
agents have an altered sensitivity and activity in different
cancer cells.””! This may result in a preference for one of
the doxorubicin’s mechanisms of action over another
depending on the cell, for example topoisomerase II inhibi-
tion being the primary mechanism in some cells, and DNA
intercalation being the primary mechanism of activity in
other cells.'"®! Doxorubicin’s concentration also appears to
be a factor in deciding which of the drug’s actions act as
the predominant cause of cell death or cell growth arrest.
Further knowledge as to what concentration is most effec-
tive in killing various cell types may allow not only more
effective treatment but also a reduction in toxicity.**”!

Cell metabolism

The mitochondrion is the centre of a cells’ metabolism. It is
responsible for most of the energy production required by

Ann-Marie Meredith and Crispin R. Dass

the cell, as well as regulating various other cellular pathways
such as apoptosis, metabolite synthesis, redox potential
maintenance and ion concentrations, in particular calcium
ion homeostasis. Dysfunction of the mitochondria usually
has dire consequences for a cell.”) It is commonly a result
of cell stress, such as oxidative damage from ROS or energy
depletion, or can be due to the activation of intracellular
messengers such as cytochrome ¢ which leads to apoptosis.
The result of mitochondrial dysfunction in these circum-
stances is typically cell death, giving it a role in the patho-
genesis of many diseases and ageing. The mitochondria is
therefore the organelle, where it is determined whether a
cell will die or survive in response to cell damage or
stress.”") Therefore, it has a central role in the survival of a
cell.

The mitochondria have two membranes separating the
organelle into four compartments, the outer membrane,
intermembrane space, inner membrane and matrix. The
inner membrane is folded into cristae and is home to the
respiratory complexes of the electron transport chain and
ATP synthase. This makes the inner membrane the location
at which the rate of cell metabolism is controlled./”"!
Although the nuclear genome is responsible for the produc-
tion of a majority of the mitochondria’s proteins which are
then transferred to the mitochondria, the mitochondria has
its own genome that is crucial for respiration. The mito-
chondrial DNA (mtDNA) genome comprises 37 genes, 13
of which encode proteins used in the formation of com-
plexes I, III, IV and V. Only complex II is formed by pro-
teins encoded by nuclear DNA.”?’  Mitochondrial
transcription is regulated by the peroxisome proliferator-
activated receptor gamma coactivator 1 (PGC-1) family of
co-activators that respond to an alteration in a cell’s nutri-
tional status, often due to a change in NAD*/NADH and
AMP/ATP ratios. These changes are monitored by sirtuin-1
(SIRT1) and AMPK, respectively.!”*!

To produce energy in the form of ATP, electrons are
transferred from oxidative substrates such as pyruvate, glu-
tamate and succinate to oxygen in a series of redox reac-
tions, producing water. During this process, protons are
pumped from the mitochondrial matrix across the inner
membrane and through respiratory complexes I, III and
IV.7274 To produce the energy to pump protons through
the complexes, NADH donates two electrons to complex I
(NADH dehydrogenase), which then flow into complex II.
They then move on to ubiquinone (coenzyme Q), which
forms ubisemiquinone and then ubiquinol. The electrons
are then transferred from ubiquinol to complex III, from
there they move on to cytochrome c. The electrons then
move on to complex IV and are used to produce water
from hydrogen and oxygen. As protons are pumped
through complexes, a capacitance is formed across the
inner membrane. The potential energy from the electro-
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chemical gradient is stored as AP. The protons move down
their electrochemical gradient back into the matrix and AP
is used to convert adenosine diphosphate (ADP) into ATP
via complex V, also known as ATP synthase.”>7*!

Doxorubicin’s effects on cell
metabolism

Administration of doxorubicin has been shown to cause
dysfunction of the mitochondria’s respiratory function
through the production of ROS, and the subsequent dam-
age to cells can lead to apoptotic cell death. Doxorubicin
impacts respiration in cardiomyocytes through more than
one mechanism. It has been shown to inhibit NADH and
succinate oxidase in both in-vitro and in-vivo studies and
may also reduce antioxidant capacity in the mitochon-
dria.'* Doxorubicin also converts to a semiquinone-free
radical by redox cycling at complex I of the electron trans-
port chain in the mitochondria.!®*”*! This results in the for-
mation of the superoxide anion-free radical, and this anion,
or its reduction products, is detoxified by glutathione. This
causes glutathione to be oxidised to form glutathione disul-
fide and a reduction in glutathione levels. Without glu-
tathione, the critical protein thiol groups that regulate the
MPT are oxidised, leading to membrane depolarisation and
the release of solutes such as calcium from the matrix. This
impairs the oxidative phosphorylation process and there is
a subsequent depletion of ATP due to the inhibition of ATP
synthesis. This depletion in ATP is considered to be respon-
sible for the resulting cell death by necrosis.*>”*!
Doxorubicin also interferes with calcium homeostasis,
which can lead to increased permeability of the MPT and
the opening of the MPT pores. MPT pores are comprised
of the outer membrane voltage-dependent anion channel
(VDAC), the inner membrane adenosine nucleotide
translocase (ANT) and matrix chaperone cyclophilin
D.[®7>] Doxorubicin can interfere with calcium homeosta-
sis by modifying the calcium-conducting ANT, impairing
the mitochondria’s ability to obtain calcium from the cyto-
plasm and increasing susceptibility to calcium-induced
depolarisation of the mitochondria and permeability of the
MPT. Increased susceptibility to MPT pore opening can
result from oxidative stress or calcium and phosphate over-
load, as this causes a loss of membrane potential, mito-
chondrial swelling and rupture of the outer mitochondrial
membrane. Opening of the MPT pores is related to apopto-
sis due to the release of pro-apoptotic proteins including
cytochrome ¢, second mitochondria-derived activator of
caspase/direct inhibitor of apoptosis-binding protein with
low pI (Smac/DIABLO) and the apoptosis-inducing factor
(AIF).[®73] The ROS formed by doxorubicin have been
found to oxidise cardiolipin, a unique phospholipid found
in the inner mitochondrial membrane. The oxidation of

Role of doxorubicin on cellular metabolism

cardiolipin appears to be required for the increased perme-
ability of the mitochondrial membrane and the release of
pro-apoptotic proteins. It has also been found that inhibi-
tion of cardiolipin peroxidation can prevent apoptosis. This
indicates that cardiolipin may be important in the regula-
tion of apoptosis.”® Oxidative damage resulting in dox-
orubicin administration has been shown to have a
significant effect on pro- and anti-apoptotic proteins. Sily-
marin, a hepatoprotective antioxidant, has been shown to
reduce doxorubicin-associated hepatotoxicity, likely due to
the inhibition of apoptotic cell death by the upregulation of
anti-apoptotic B-cell lymphoma-extra-large (Bcl-xl) pro-
tein.”””) Doxorubicin has been shown to downregulate Bcl-
xl and Bcl-2, leading to the release of cytochrome ¢ from
the mitochondria and increased p53 and PARP levels.
There is also an associated upregulation of the pro-apopto-
tic Apaf-1, caspase-3 and Bax proteins.!”® This has there-
fore demonstrated that the mitochondrial dysfunction and
subsequent cell death caused by doxorubicin is related to
ROS production and the regulation of pro- and anti-apop-
totic proteins.m]

Due to the fact that there is increased sensitivity to MPT
pore opening in heart mitochondria, it is thought that
mitochondrial dysfunction is the primary cause of doxoru-
bicin’s cardiotoxicity."*?! A structural analogue of doxoru-
bicin called 5-iminodaunorubicin helps to confirm this
hypothesis, as it is not cardiotoxic, and nor does it cause
the formation of free radicals.”””) While calcium induces
the MPT, cyclosporin A, sulfhydryl-reducing agents and
adenine nucleotides are inhibitors of the MPT.!°®’ Doxoru-
bicin’s effect on calcium homeostasis is further evidenced
by the cardioprotection demonstrated during the co-
administration of cyclosporin A, as cyclosporin A blocks
the MPT and prevents calcium release.!® The cardiotoxic
effect appears to occur over time as treatment with doxoru-
bicin has been shown to decrease the ability of cardiac
mitochondria to accumulate and retain calcium. The sever-
ity of this effect increases with cumulative dosing of dox-
orubicin and is not improved by treatment-free recovery
periods.!®®7?)

Other studies have found that doxorubicin’s cardiotoxic-
ity may be due to the accumulation of iron in the mito-
chondria through interference with iron homeostasis.
Administration of doxorubicin increases iron levels in the
mitochondria by inhibiting iron regulatory proteins 1 and
2 (IRP1 and IRP2).!8" These proteins bind to iron response
elements in untranslated regions of target mRNA and are
either stabilised or degraded, respectively. A decrease in the
expression of transferrin receptor 1 (TfR1), which is neces-
sary for iron uptake into the cell, was seen in conjunction
with IRP1/2 inhibition as these proteins are positive regula-
tors of the receptor.'®!! There was also an increase in ferro-
portin 1, an iron exporter, which is negatively regulated by
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Table 1 Effects of doxorubicin on the mitochondria and cell
metabolism

Effect of doxorubicin on cell metabolism Reference

Doxorubicin produces ROS and causes [75]
oxidative damage to the mitochondria, leading to:
e Decreased glutathione levels
e Mitochondrial membrane depolarisation
e Calcium release into the matrix and MPT pore opening
e Impairment of ATP synthesis and decreased ATP levels
Doxorubicin can cause iron to accumulate in [81]
the mitochondria which leads to higher
ROS levels and increased toxicity
Doxorubicin’s cardiotoxic effect appears [79]
to be proportional to increased length of
cumulative dosing with doxorubicin as it
decreases the ability of cardiac mitochondria
to accumulate and retain calcium
A structural analogue of doxorubicin that
does not produce free radicals is also not cardiotoxic
Doxorubicin interferes with calcium [66]
homeostasis, leading to:
e MPT pore opening and cytochrome ¢
release which is associated with the
induction of apoptosis
e Loss of mitochondrial membrane potential,
mitochondrial swelling and outer membrane rupture

IRP1/2. There are also studies demonstrating that the over-
expression of ATP-binding cassette subfamily B member 8
(ABCBS), a gene responsible for controlling mitochondrial
iron export, can reverse doxorubicin toxicity. In addition
to this, doxorubicin has been shown to downregulate
ABCB8 expression, which contributes to the drug’s cyto-
toxicity.’®!! These findings suggest that the increase in
mitochondrial iron levels due to doxorubicin is the result
of a reduction in iron export, not an increase in import.
Iron chelators such as dexrazoxane have also been found to
reduce doxorubicin toxicity in cardiomyocytes by decreas-
ing iron levels and ROS in the mitochondria, further indi-
cating that iron accumulation may be responsible for
doxorubicin’s cardiotoxicity.'®!!

Conclusion

Doxorubicin has been used to treat a wide spectrum of
cancers for many years. Despite being highly effective, its

Ann-Marie Meredith and Crispin R. Dass

use has been limited due to the significant toxicity than
occurs during and after treatment.!” Cardiotoxicity in
particular has been a major dose-limiting adverse effect
and can occur both during and years after doxorubicin
administration.!”’ Doxorubicin has multiple mechanisms
of action; it intercalates DNA and DNA polymerase and
inhibits topoisomerase II, resulting in DNA synthesis
inhibition.!""'*#*! Doxorubicin is also reduced to form
free radicals, producing ROS in the process and inducing
oxidative damage to cellular DNA and the mitochon-
dria.®"! This oxidative damage is also responsible for
lipid peroxidation in cells.** In recent years, it has been
discovered that these mechanisms of action can induce
various cell biological events including apoptosis, autop-
hagy, senescence and necrosis. These cell biological
events are responsible for doxorubicin-induced cell death
and cell growth arrest.”*?) As the mechanisms surround-
ing these cell biological events predominantly involve the
function and dysfunction of the mitochondria and cell
energy levels (Table 1), how doxorubicin influences cell
metabolism and energy is important in further under-
standing doxorubicin’s activity and toxicity.**”*! It also
appears that the concentration of doxorubicin is an impor-
tant factor in deciding which cell biological event will even-
tuate after doxorubicin treatment.'*”! Investigating this may
lead to the optimisation of clinical doxorubicin concentra-
tions to improve and maintain drug efficacy and selectivity

while minimising toxicity.!*"!
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