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Abstract

Prostate cancer is recognized as one of the most common cancers affecting the male
population. The prostate is revealed to be a hormone-dependent tissue as testosterone and
dihydrotestosterone could bind to the androgen receptor, activate it, and initiate the nuclear
translocation of this receptor, followed by subsequent signaling cascades. Regarding
this androgen dependency on the prostate, it is believed that androgen deprivation
therapies can confront aggressive prostate cancer as a first-line treatment. However,
prostate cancer could overcome hormone deprivation strategies through several cellular
mechanisms, such as intratumoral androgen production and the production of ligand-
independent androgen receptor splice variants, known clinically as castration-resistant
prostate cancer. Due to the limited efficacy of first-generation anti-androgens in complete
blockage of androgen receptor activity, recently, four second-generation anti-androgens,
including abiraterone acetate, enzalutamide, apalutamide, and darolutamide approved
by the United States Food and Drug Administration, and considered standard of care for
patients with advanced prostate cancer. In addition to some reports of drug resistance
treatments, cardiotoxicity, including heart failure, ventricular repolarization, hypertension,
myocarditis, atrial fibrillation, and ischemic heart diseases, is commonly observed in
patients who underwent abiraterone acetate and/or enzalutamide therapy. However,
cardiotoxicity has rarely been observed after treatments of apalutamide and/or darolutamide.
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Introduction

ancer is considered one of the lead-

ing causes of mortality and morbid-

ity worldwide [1]. Recent evidence
revealed that over 600,000 deaths and about
two million new cases are projected to occur
in 2022 in the United States of America [1].
Meanwhile, prostate cancer has long been
known as the most common non-cutaneous
malignancy diagnosed worldwide in the male
population [2]. According to recent statistics,
it is the second leading cause of cancer-re-
lated death after lung cancer [2]. During the
last decade, the proportion of prostate can-
cer diagnosed at a distant stage has increased
from 3.9% to 8.2% [1]. This complex disease
is assumed to be prevalent in areas with a
high human development index [3, 4]. Ad-
vancing age, race, lack of physical activity,
family history, a fat-enriched diet, obesity,
sexual activity, smoking, alcoholism, and oc-
cupation are the main risk factors for prostate
cancer [5]. Also, a variety of genetic and epi-
genetic alterations, such as androgen receptor
hyperactivation by amplification and/or mu-
tation, amplification of the MYC oncogene,
PD-L1 expression, deletion and/or mutation
of PTEN and TP53, long noncoding and mi-
croRNA dysregulation, fusions of TMPRSS2
with ETS family genes, could be resulted in
the incidence, development, and progression
of prostate cancer [6, 7].
Fortunately, 99% overall survival for almost
ten years is estimated for prostate cancer pa-
tients with localized disease, which is sig-
nificantly dependent on early detection [8].
Digital rectal examination, prostate-specific
antigen, genetic and epigenetic tests (includ-
ing breast cancer genes 1 and 2, checkpoint
kinase 2, mutL homolog 1, BRCAIl-interact-
ing protein C-terminal helicase 1, postmeiot-
ic segregation increased 2, mutS homologs 2
and 6, homeobox B13, nibrin, and ataxia tel-
angiectasia mutated), as well as prostate biop-
sy are listed as current diagnostic approaches
in the clinic [9]. However, the insurance cov-
erage for testing, bridging the gap between
clinical and diagnostic disciplines concerning
novel biomarkers and nanotechnology plat-
forms, and the low sensitivity and specifici-
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ty are documented as current limitations that
could lead to early detection failure [10].

Due to the complex aspects of prostate can-
cer, the recommended therapeutic strategies
represent unique complexities [11]. Interest-
ingly, unlike other solid tumors, chemother-
apy is not considered the first line of treat-
ment for prostate cancer, but the choice of the
best treatment option strikingly depends on
the level of tumor progression [11, 12]. For
localized prostate cancer, defined as no iden-
tifiable regional lymph nodes or distant me-
tastases, expectant management, surgery, and
radiotherapy continue to be standard curative
treatments [13]. Expectant management is
considered the monitoring for prostate cancer
progression without undergoing any definitive
therapy, includes watchful waiting that in-
volves treating symptoms with alleviative in-
tent, and active surveillance that consists of a
series of prostate biopsies, physical examina-
tions, prostate-specific antigen (PSA) testing,
or its combination to monitor tumor progres-
sion and choice the proper decision in differ-
ent conditions [14]. In addition, surgery and
radiation are considered effective treatments
for patients with more severe diseases, such as
those with a PSA level greater than 10 ng/mL
and patients whose digital rectal examination
revealed palpable nodules [15, 16]. However,
the quality of life of survivors is negatively af-
fected by significant adversities such as sexual
dysfunction and urinary symptoms [17].

The Trend of Chemotherapeutic Develop-
ment for Treatment Prostate Cancer

For patients with more advanced metastatic
prostate cancer, many efforts were made dur-
ing the 1970s and 1990s, and various chem-
otherapeutics were designed and tested in
phase II settings [18]. However, none of these
chemotherapy agents received final approv-
al, except estramustine [18]. Estramustine
was comprised of two moieties, an estrogen-
ic chemical and an alkylating agent, which
these two parts split upon cellular uptake [19].
Previous;y, assumed that the alkylating con-
tent affects the DNA of the neoplastic cells,
and the estrogenic component reverses the
effects of androgens. While in later, it was
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clarified that the antitumoral properties of
estramustine against advanced prostate can-
cer were not based on any of these assump-
tions; rather, its antineoplastic effects were
due to the binding and depolymerization of
microtubules [19, 20]. Currently, other chem-
otherapeutics, such as anthracenedione mi-
toxantrone, known as novantrone, have been
approved [21]. However, disease progres-
sion, treatment failures, lack of improve-
ment in the quality of life of survivors, and
cardio-, haemato-, and hepatotoxicity were
mentioned as the main adverse effects of
mitoxantrone [21, 22]. While taxanes were
preferred due to their more desired ef-
ficacy and improved quality of life for
survivors [23]. The different types of taxanes,
including docetaxel (Taxotere), paclitaxel
(Taxol), and cabazitaxel (Jevtana) were de-
rived from the Pacific Yew tree and similar to
estramustine were able to stabilize microtu-
bules that are followed by the mitotic block,
activation of proapoptotic Bcl-2, and andro-
gen-dependent signaling all of which leading
to cancer cell apoptosis [23]. Despite the ac-
ceptable impact of taxanes on the survivors'
quality of life, the resistance mechanisms in
metastatic castration-resistant prostate cancer
led to the limited efficacy of taxanes and sub-
sequent efforts to propose alternative chemo-
therapeutics [24]. Multidrug resistance relat-
ed to the expression of ATP-binding cassette
transporter family on cancer cells, the epithe-
lial-mesenchymal transition, androgen recep-
tor splice variant expression (e.g., AR-V7),
and tubulin alterations (e.g., overexpression of
the B-tubulin III isoform) are important resist-
ance mechanisms for taxans [24]. Non-taxane
chemotherapeutics such as cyclophosphamide
and carboplatin revealed no proven over-
all survival benefit [23, 25]. Meanwhile, the
chemotherapeutics that benefit from androgen
receptor properties were developed.

Androgen Deprivation and Anti-Androgen
Chemotherapeutics

The formation of prostatic intraepitheli-
al neoplasia is the initiation step of prostate
cancer progression, followed by high-grade
prostatic intraepithelial neoplasia, adenocar-
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cinoma, and metastasis [26]. The growth and
function of the prostate are heavily reliant
on androgens. Hence, androgen deprivation
is assumed to be a therapeutical strategy due
to the beneficial consequences such as pros-
tate involution, reduction in size, and induc-
tion of cellular senescence in prostate cancer
cells [26]. Prostate tissue is severely dependent
on androgens such as testosterone and dihy-
drotestosterone (DHT) in both physiological
and pathological conditions; hence, androgen
deprivation has long been considered a key
mechanism for preventing the growth and
progression of castration-resistant prostate
cancer [26]. For the first time, John Hunter
introduced the association between prostatic
disease and androgen ablation in 1786s [27].
However, in 1941, Huggins et al. determined
that androgen deprivation is an effective strat-
egy for treating metastatic castration-resistant
prostate cancer [28].

Although radical prostatectomy and/or ra-
diation therapy are considered the standard
treatment for patients with localized prostate
cancer, up to one-third of patients must deal
with a biochemical recurrence [29]. In this
stage, androgen deprivation therapies with
and without chemotherapy agents (such as
taxanes) are administered, depending on me-
tastasis status [29]. The orchiectomy and the
administration of the gonadotrophin-releasing
hormone inhibitor, such as goserelin, degare-
lix, and leuprolide, are considered the main
strategies that cause androgen deprivation;
in other words, dropping the levels of testos-
terone [30, 31]. Leuprolide and goserelin are
approved luteinizing hormone-releasing hor-
mone (LHRH) agonists, whereas degarelix is
an approved LHRH antagonist [32]. All these
three chemotherapeutics reduce the levels of
luteinizing hormone biosynthesis, followed
by decreased levels of testosterone produced
by gonads [33]. Despite the suitable efficacy
of these pharmaceutics, which caused their
consideration as chemotherapeutical alterna-
tives to surgical castration, significant limi-
tations, including the continuous production
of androgens by adrenal and the synthesis
of testosterone by the prostate cancer cell it-
self lead to investigates of other therapies
(e.g., blocking androgen receptor) [34].
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Evidently, androgens induce both desired or
catastrophic effects on target cells through the
androgen receptor [34]. The androgen recep-
tor consists of four distinct domains, including
the C-terminal ligand binding domain (LBD),
the hinger region that is required for N- and
C-terminal interaction, the DNA binding do-
main (DBD), and the N-terminal domain [34].
The inactivated form of the androgen recep-
tor is located in the cytoplasm of target cells,
binding to different chaperone proteins [34].
The attachment of androgens to the LBD
causes the release of bonded chaperons that
lead to the homodimerization of the receptor
and its translocation to the nucleus [34]. In the
nucleus, the androgen receptor behaves like a
transcriptional factor and modifies the expres-
sion of androgen-responsive genes, such as the
PSA [35]. Interestingly, the degradation of the
androgen receptor, the prevention of androgen
receptor nuclear translocation, the blockade
of androgen receptor N- to C-terminal inter-
action, the sequestration of DHT ligands that
activate androgen receptor, the disruption of
androgen receptor co-activator interaction,
and the inhibition of downstream signalings
are documented as androgen receptor aspects
that could exert therapeutical benefits [36].
The first attempts led to the development of
the first generation of anti-androgens for met-
astatic castration-resistant prostate cancer.

First-Generation Anti-Androgens

Flutamide, nilutamide, and bicalutamide are
the main first-generation anti-androgens that
are United States Food and Drug Administra-
tion (U.S FDA) approved and clinically pre-
scribed for patients with advanced prostate
cancer [37].

Flutamide was first discovered in 1967 when
its formulation was used as an antibiotic.
However, its anti-androgenic properties were
later found in 1971 by The Schering-Plough
Corporation of Germany [37]. Upon approv-
al from the U.S FDA in 1989, flutamide be-
came the first non-steroidal anti-androgen
chemotherapy [37]. The FDA is recommend-
ed flutamide for patients with stage B2-C
and stage D2 metastatic prostate cancer [37].
Nilutamide, with a similar structure to fluta-
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mide, was approved for clinical use in the U.S
in 1996 [38]. This oral agent could block the
binding of androgens to its receptors, thereby
representing its therapeutic properties against
prostate cancer, such as reducing pain and
preventing disease progression [38]. Nilut-
amide is mainly administrated for patients
with metastatic prostate cancer who under-
went orchiectomy or received other anti-an-
drogens like LHRH agonists [38]. Accord-
ingly, bicalutamide is another non-steroidal
anti-androgen agent with a similar structure
to flutamide and nilutamide [38]. This oral-
ly available chemotherapeutic was approved
in the U.S one year earlier than nilutamide
and exerts favored properties like two other
first-generation anti-androgens; hence it can
block androgen-stimulating effects in andro-
gen-sensitive tissues such as the prostate,
testis, hypothalamus, breast, and skin [38].
Also, the combination of bicalutamide with
other anti-androgens, such as leuprolide or
goserelin, is recommended for patients with
advanced prostate cancer [38].

Adversities of First-Generation Anti-an-
drogens on the Cardiovascular System

Despite the effectiveness during the early
decade of approval and administration of the
first-generation anti-androgens, their appli-
cation was limited due to androgen receptor
resistance and unexpected adverse effects on
normal cells that led to decreased bone min-
eral density, sexual dysfunction, hot flashes,
metabolic dysregulation, as well as cardiac
morbidity and congenital dysfunction [39].

Although androgen deprivation therapy ini-
tially demonstrates high response rates, the
majority of prostate cancer cases develop inev-
itable castration-resistance, mostly in one year
after such treatment [40]. To understand the
mechanism of androgen receptor resistance, it
is reasonable first to describe the mechanism
of action of this receptor. Importantly, the an-
drogen receptor plays a pivotal role during the
androgen-dependent progression of prostate
cancer cells [41]. Upon the entrance of tes-
tosterone to the cancer cells, the 5o reductase
enzyme converts this androgen to its active
metabolite known as DHT [41]. The binding
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of DHT to the androgen receptor located in
the cytoplasm leads to the translocation of
the receptor to the nucleus, its attachment to
androgen-response elements, and the activa-
tion of genes related to cell growth [41, 42].
However, in the absence of androgen, prostate
cancer cells could develop a variety of cellu-
lar pathways to survive, called androgen-in-
dependent progression [43]. In the hyper-
sensitive pathway, for example, the prostate
cancer cell produces more androgen receptors
that could be activated despite reduced active
metabolite levels [43]. More androgen recep-
tors could be achieved by the ability of pros-
tate cancer cells to develop androgen receptor
gene amplification via mutations or similar
mechanisms. Creating a promiscuous receptor
is another mechanism by which prostate can-
cer cells alter the specificity of the androgen
receptor by mutations that lead to the activa-
tion of the androgen receptor by nonandro-
genic steroids normally present in the cell or
circulation [43]. The nonandrogenic ster-
oids-mediated activation of the androgen re-
ceptor, which requires the phosphorylation of
the receptor, can be done through two sepa-
rate pathways, including the bypass and the
outlaw pathways [43]. In the bypass path-
way, the survival of prostate cancer cells oc-
curs independent of the androgen receptor
activation, for example, the upregulation of
Bcl2 proapoptotic protein by androgen-in-
dependent prostate cancer cells that inhib-
its their apoptosis and thereby increase their
survival [43, 44]. In the second pathway, the
irregulated cytokines and growth factors di-
rectly phosphorylate the receptor and thus
activate it. In addition, the secretion of spe-
cific neuropeptides by neuroendocrine cells
could support and induce the growth and
progression of androgen-independent pros-
tate cancer cells. More likely, the presence of
prostate cancer stem cells within the prostate
tumor could support the growth of andro-
gen-independent cancer cells [44]. Unfortu-
nately, these masterpiece cellular mechanisms
led to the lack of dependence on androgens
and eventually caused prostate cancer to be-
come unresponsive to first-generation anti-
androgens [44].

In addition to the lack of response to the
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first-generation anti-androgens, cardiotoxic-
ity and cardio morbidity after treatment are
considered to be these chemotherapeutics'
most important limiting factors. It is evi-
denced that heart failure (HF), QTc interval
prolongation, and atrial fibrillation could oc-
cur in patients with advanced prostate cancer
who received first-generation anti-androgens
resulting from dysregulated lipid profile, re-
duced insulin sensitivity, inflammatory reac-
tions, induction of prothrombotic state, the
formation of atherogenic plaque, and plaque
destabilization [45]. The initial evidence indi-
cated that the first-generation anti-androgens
did not have a detrimental consequence on
the lipid profile because the performed stud-
ies until 2003 indicated the similarity of the
recipient groups with the placebo group [46].
Importantly, bicalutamide could cause HF in
elderly patients with prostate cancer via the in-
duction of apoptosis revealed by altered ET-1,
Bcl2, and cyclin-A [47]. In addition, the recent
scientific statement from the American Heart
Association declared undesired effects on the
cardiovascular system after receiving all three
types of first-generation anti-androgens, in-
cluding bicalutamide (peripheral edema, hy-
pertension, angina, myocardial ischemia, HF,
cardiac arrest, and vasodepressor syncope),
flutamide (edema and hypertension), and ni-
lutamide (QT prolongation, hypertension, HF,
edema, and vasodepressor syncope) [48].
Furthermore, androgen deprivation therapy
for more than one year has been associated
with a 20% higher risk of cardiovascular mor-
bidity [49]. The deleterious effects induced
after testosterone deprivation can be related
to the cardioprotective properties of testoster-
one, such as maintaining lipid profile and pre-
vention of inflammation through its androgen
receptor and modification of various signaling
pathways [50]. To compensate for the lack
of efficiency and unfavored adverse effects,
the researchers studied the design of novel
chemotherapeutics as well as the coadminis-
tration with herbal medicinal compounds that
provide antitumor properties and reduce side
effects as two main desired strategies [S1]. It
was at this point that the second-generation
anti-androgens emerged.
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Second-Generation Anti-androgens

The second-generation anti-androgens, also
known as next-generation anti-androgens,
were presented to the clinic to overcome
the first-generation's inefficiency in dealing
with the resistance of the androgen receptor
to these compounds and ensuring the safety
of this antitumor family. Currently, four sec-
ond-generation anti-androgens, including abi-
raterone acetate, enzalutamide, apalutamide,
and darolutamide have been approved for the
treatment of advanced prostate cancer. In-
deed, the U.S FDA and the National Compre-
hensive Cancer Network guidelines have ap-
proved and classified all of these compounds
as first-line treatment options for metastatic
castration-sensitive prostate cancer and have
also recommended them for nonmetastatic
castration-resistant prostate cancer [52].

Abiraterone Acetate

Abiraterone is considered the predecessor to
abiraterone acetate and was discovered based
on its ability to inhibit cytochrome P450
170-hydroxylase/17,20-lyase (CYP17) en-
zyme [53]. The background of the discovery
of this anti-androgen refers to the ability of a
well-known antifungal, ketoconazole, which
was an inhibitor of CYP17 and was suggest-
ed to be capable of preventing the growth of
prostate cancer; however, a low potency, the
induction of adrenal insufficiency, and its
short half-life were determined as its major
limitations [53]. As a CYP17 inhibitor, abi-
raterone acetate can decrease the levels of
testosterone production in the whole body.
Many clinical trials were conducted to eval-
uate the efficacy of abiraterone acetate in the
treatment of prostate cancer; however, the
non-specific inhibition of other members of
the CYP family led to the high toxicity of this
compound [54]. The synthesis of abiraterone
with altered structure was considered the main
strategy to overcome its adverse effects result-
ing in several different abiraterone compounds
with steroidal scaffolds replaced with non-ste-
roidal cores [54]. The abiraterone acetate was
the most well-known altered compound with
a non-steroidal scaffold, low toxicity, and
higher selectivity to target CYP17 [54]. As a

Second-Generation Antiandrogen Use in Advanced Prostate Cancer

result, abiraterone acetate was named the first
next-generation anti-androgen approved by
FDA in April 2011 [55]. It is considered the
only anti-androgen that inhibits androgen bi-
osynthesis by targeting CYP17 instead of in-
hibiting the androgen receptor, like canonical
anti-androgens [55].

Although the different mechanism of action
of abiraterone acetate, the inhibition of the
CYP17 enzyme activity and consequent-
ly a remarkable reduction in the production
of androgens, led to a logical inexpectation
for the lack of androgen receptor resistance,
other mutations have made prostate cancer
cells capable of resistant to this chemother-
apy [55, 56]. For example, overexpression or
genomic alterations in the CYP17A1 enzyme
are demonstrated to contribute to abirater-
one acetate resistance [56]. Furthermore, it
is revealed that the HSD3B1 (1245C) muta-
tion resulted in abiraterone acetate resistance
progression to castration-resistant prostate
cancer [57]. Despite initial efficacy in the
treatment of prostate cancer patients and even
in the successful suppression of testosterone
production, the androgen receptor re-activa-
tion drives prostate cancer to lethal castra-
tion-resistant prostate cancer phenotype in all
treated patients [58].

Enzalutamide

Enzalutamide was first developed by the
isolation of a mutagenic screen of the non-ste-
roidal agonist RU59063 [58]. By the exami-
nation of different compounds as antagonists
of the androgen receptor and optimization
of stability and bioavailability, enzalutamide
was discovered to represent 5- to 8-fold great-
er affinity to the androgen receptor—slightly
less affinity than androgen receptor ligand
DHT-than other studied compounds [59].
Furthermore, it was established that this new-
ly discovered anti-androgen could interrupt
the nuclear translocation of the androgen re-
ceptor and inhibit androgen receptor binding
to DNA and co-activator recruitment [59]. In
contrast to first-generation anti-androgens,
enzalutamide did not exhibit agonist androgen
receptor activities [59]. Enzalutamide was ap-
proved in 2012 by the U.S FDA for the treat-
ment of patients with metastatic castration-
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resistant prostate cancer [55].

Resistance to enzalutamide in prostate can-
cer cells could be classified into two distinct
categories: androgen receptor-dependent
and androgen receptor-independent mechan
isms [59]. A variety of genetic alterations in
the androgen receptor, such as gene amplifi-
cation, translocation of driver genes, and mu-
tations that are followed by androgen recep-
tor splice variants and point mutations, could
considered as the main receptor-dependent
mechanisms of enzalutamide [60]. Notably, it
is evidenced that a vast number, as large as
half of the patients pretreated with enzaluta-
mide, exhibited androgen receptors, which
was accompanied by the response to treatment
in only 13% of them [60]. Furthermore, up to
30% of mutations in the androgen receptor
occur in circulating tumor cells and circulat-
ing DNA of patients with castration-resistant
prostate cancer leading to resistance to enza-
lutamide [61]. Some androgen receptor mu-
tations make enzalutamide a receptor agonist
instead of its antagonist properties [61]. In ad-
dition, different mutations in LBD, repeated
sequences, and evidenced polymorphisms re-
sult in a lower affinity of enzalutamide to the
androgen receptor and failure of anti-andro-
gen therapy [62]. Along with that, androgen
receptor-independent mechanisms include
induced alterations in different signaling
pathways such as PI3K/AKT, glucocorticoid,
NF-kB, FOXO, Wnt, cytokines, autophagy,
epithelial-mesenchymal transition, neuroen-
docrine differentiation, immune resistance,
and TMPRSS2-ERG fusion signalings all of
which leading to lower efficacy of enzaluta-
mide [63, 64].

Apalutamide

The third next-generation anti-androgen is
named apalutamide, an androgen receptor
antagonist whose development is based on
the knowledge gained in the manufacture
of enzalutamide. The mechanism of action
of apalutamide refers to its high affinity to
LBD of androgen receptor leading to the in-
hibition of its nuclear translocation and DNA
binding [65]. The generation of this synthetic
compound based on the structure-activity re-
lationship-guided chemistry endure its perma-
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nent antagonistic activity when the androgen
receptor is expressed. Indeed, apalutamide
shares similar properties with bicalutamide
as these two anti-androgens binds to a site
on the androgen receptor; however, the af-
finity of apalutamide is estimated to be 7- to
10-fold higher than bicalutamide [65]. Anoth-
er desired merit of apalutamide in compari-
son with bicalutamide is its remained affinity
of this compound to the androgen receptor,
even in the overexpression setting of the
receptor [65]. In addition, compared to en-
zalutamide, apalutamide represents higher
efficacy, less crossing of the blood-brain bar-
rier (BBB), and higher concentrations in the
tumor than plasma, all of which suggest its
enhanced antitumor activity along with less
adverse effects on the central nervous system
(CNS) [65]. Upon underwent through vari-
ous phases of clinical trials, finally, the third
next-generation anti-androgen received FDA
approval in February 2018 and was recom-
mended as the first line of treatment for pa-
tients with metastatic castration-resistant
prostate cancer [66].

According to the recent approval of apal-
utamide, few studies are available to de-
termine drug resistance. On the contrary,
Smith et al. revealed that treatment with apal-
utamide in nonmetastatic castration-resistant
prostate cancer patients was not followed by
a significant increment in the frequency of the
androgen receptor anomalies that are common
in the androgen receptor-signaling targeted
therapy-resistant metastatic  castration-re-
sistant prostate cancer [67]. So, it represents
apalutamide potential as a circumvent mecha-
nism of resistance to common androgen dep-
rivation therapies [67]. In addition, despite in
vivo reports mentioning that mutations in the
androgen receptor, such as F877L and T878A
mutations, cause partial conversion of apalut-
amide from receptor antagonist to its agonist,
clinical trial studies, whether phase I or II,
have not found these mutations to lead to the
acquisition of drug resistance [68].

Darolutamide

With approval in August 2022, darolutamide
became the latest member of second-gener-
ation anti-androgens recommended by the
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FDA for the treatment of advanced prostate
cancer [69]. This androgen receptor antago-
nist or its active metabolite, known as ORM-
15341, inhibits the receptor nuclear transloca-
tion [70]. Interestingly, darolutamide not only
demonstrates a higher affinity to the androgen
receptor and more potency to inhibit the re-
ceptor than apalutamide and enzalutamide,
along with low penetrance of the BBB but
also has the ability to inhibit the wild-type
androgen receptor and clinically relevant an-
drogen receptor mutations that are resistant
to enzalutamide and apalutamide; hence, ex-
hibiting a unique therapeutic potency against
advanced prostate cancer resistant to other
standard chemotherapeutics [71].

The absence of evidence of drug resistance
until now, along with less toxicity in the CNS
and high binding affinity even in androgen re-
ceptor mutant species, are among the merits
of darolutamide compared to other next-gen-
eration anti-androgens [72]. However, due to
its low bioavailability, the compulsion to take
darolutamide with food is considered its just
disadvantage, particularly compared to enza-
lutamide and apalutamide [52, 72].

Cardiotoxicity of Second-Generation An-
ti-Androgens

As HF and cardiovascular disorders have
been one of the most important consequenc-
es of treating prostate cancer patients with
first-generation anti-androgens, and as a result
limiting their recommendation as the first op-
tion of physicians, a similar concern about the
next-generation anti-androgens has emerged
in researchers that have been the basis for sev-
eral studies in this field.

An open-label, single-arm phase I study re-
vealed that abiraterone acetate and its active
metabolite, abiraterone, cause no adverse ef-
fects on QT/QTc interval [73]. Hence, the ad-
ministration of this firstly approved member
of second-generation anti-androgens is not
followed by human ventricular repolarization
suggesting its significant cardio safety [73].
However, atrial fibrillation, frequent prema-
ture ventricular contractions, interrupted QTc,
and refractory hypokalaemia was reported
in an elderly patient with metastatic castra-
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tion-resistant prostate cancer who received
abiraterone [74]. A most recent cell-free DNA
sequencing and lipid profile analysis on 106
patients with metastatic castration-resistant
prostate cancer who received different chem-
otherapeutics (e.g., abiraterone acetate and
enzalutamide) showed aberrations in the an-
drogen receptor, 7P53, RB1, PI3K, and ag-
gressive-variant prostate cancer along with li-
pid abnormalities [75] are well-known pieces
of evidence to be risk factors for cardiovascu-
lar disorders [76]. Furthermore, a case report
showed that the administration of abiraterone
acetate to a 70-year-old male resulted in car-
diovascular dysfunction and syncope [77]. In
a cohort of 174 patients with metastatic cas-
tration-resistant prostate cancer treated with
abiraterone approximately 25% experienced
the development or deterioration of cardio-
vascular and metabolic disorders [78]. More-
over, a pharmacovigilance study demonstrat-
ed that HF and atrial tachyarrhythmia are the
main adverse effects of abiraterone therapy
[79]. Cardiac dysfunction and HF four weeks
after administration of abiraterone is reported
in a patient with castration-resistant prostate
cancer [80].

The primary distribution of enzalutamide
in the cardiocytes could be considered a po-
tential risk factor for possible cardiovascu-
lar consequences [81]. A retrospective study
revealed that anti-androgen therapy (such as
abiraterone and enzalutamide) in patients with
metastatic castration-resistant prostate cancer
was associated with a higher risk of metabol-
ic syndrome, cardiovascular disorders, and
neurological dysfunction [82]. Similarly, an
increased risk of acute coronary syndrome,
HF, and ischemic stroke are reported in cas-
tration-resistant prostate cancer patients who
received abiraterone or enzalutamide [83]. It
appears that cardiovascular adversities caused
by abiraterone and/or enzalutamide are more
expected in treated elder patients [84]. Also,
a pharmacovigilance study showed that car-
diovascular toxicities are attributed to abi-
raterone but not enzalutamide [85]. In ad-
dition, short-term enzalutamide therapy is
suggested to be heart-healthy [86]. However,
in elderly patients with advanced prostate
cancer and/or hypogonadism, six months of
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enzalutamide therapy resulted in the variation
of cardio-electrophysiological balance, in-
cluding prolongation of QTc, QTd, maxTpe,
mean Tpe/QT, maxTpe/QT, and Tped [87].
Similarly, ventricular repolarization is re-
ported as a possible adverse effect of enzal-
utamide therapy in male patients with hypo-
gonadism [88]. Furthermore, enzalutamide
could cause toxic myocarditis by affecting a
co-regulator that interacts with and hyperac-
tivates the rs5522-mutated mineralocorticoid
receptor [89]. A randomized, double-blind,
phase II study documented high grades of
cardiac adverse events such as myocardial in-
farction, congestive HF, and atrial fibrillation
upon treatment with enzalutamide [90].

Due to the recent approval of two other
members of second-generation anti-andro-
gens, particularly darolutamide, informa-
tion regarding these chemotherapeutics-in-
duced cardiotoxicities is not well reported.
An open-label phase Ib study in patients
with castration-resistant prostate cancer
demonstrated that apalutamide therapy did
not cause QTc prolongation and ventricular
repolarization [91]. A randomized, place-
bo-controlled, phase I1I study on 1052 patients
with metastatic castration-sensitive prostate
cancer that evaluated health-related quality
of life after apalutamide treatment reported
no occurrence of any cardio-related adversi-
ties [92]. However, ischaemic heart disease
and HF are reported in almost 2% of patients
who received apalutamide [93]. In addition, in
the Japanese population who underwent apal-
utamide therapy, a few (3.6%) patients with
metastatic castration-sensitive prostate can-
cer experienced ischemic heart disease (IHD)
and angina pectoris [94]. Similarly, in patients
who received darolutamide, HF was observed
in 1.9% of patients [95]. Interestingly, in
Japanese nonmetastatic castration-resistant
prostate cancer patients, no evidence of any
cardiotoxicity related to darolutamide therapy
was reported [96]. Furthermore, an adequate
number of patients with grade 3 or 4 of car-

Shahabi Raberi V, et al.

diac adversities, including HF (0.4%), coro-
nary artery disorder (2%), cardiac arrhythmia
(1.8%), and hypertension (3.5%) were report-
ed after darolutamide therapy [97].

Conclusion

The reviewed studies revealed that mutation
and other genetic anomalies resulted in
prostate cancer cells' resistance to two firstly
approved members of next-generation anti-
androgens, including abiraterone acetate and
enzalutamide. Furthermore, -cardiotoxicity,
such as HF, ventricular repolarization,
hypertension, myocarditis, atrial fibrillation,
and [HD, is frequent in patients who underwent
abiraterone acetate and/or enzalutamide
therapy. However, the other two members,
apalutamide and darolutamide, which have
recently been approved for patients with
advanced prostate cancer, have no concerns
about genetic alterations in the androgen
receptor. As a result, the lack of response to
treatment by prostate cancer cells has not
been reported. Moreover, cardiotoxicity has
rarely been observed after apalutamide and/
or darolutamide therapy. Therefore, it seems
that the administration of abiraterone acetate
and enzalutamide, especially in high-risk
individuals such as the elderly and those with
a history of cardiovascular disease, diabetes,
hypertension, metabolic syndrome, and
impaired lipid profile, should be accompanied
by more medical care as well as consultation
of other related specialists. Even though
the studies indicate that apalutamide and
darolutamide are safe and effective, the
insufficiency of the information and the
necessity for further studies are clearly
evident.

Conflict of Interest

The authors declared that have no conflict of
interest.

GM1J.2022;11:€2727
WWW.gmj.ir



Shahabi Raberi V, et al.

Siegel RL, Miller KD, Jemal A. Cancer
statistics, 2019. CA: a cancer journal for
clinicians. 2019;69(1):7-34.

Bray F, Ferlay J, Soerjomataram I, Siegel
RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J
Clin. 2018;68(6):394-424.

Goodarzi E, Beiranvand R, Mosavi-
Jarrahi A, Naemi H, Khazaei Z.
Epidemiology incidence and mortality
worldwide common cancers in males
and their relationship with the human
development index (HDI): an ecological
study updated in the world. J Contemp
Med Sci. 2019;5(6):281-303.

ZhuY, Mo M, Wei Y, WuJ, Pan J,
Freedland SJ, et al. Epidemiology and
genomics of prostate cancer in Asian
men. Nat Rev Urol. 2021;18(5):282-301.
Bashir MN. Epidemiology of prostate
cancer. Asian Pac J Cancer Prev.
2015;16(13):5137-41.

Cyrta J, Prandi D, Arora A, Hovelson
DH, Sboner A, Rodriguez A, et al.
Comparative genomics of primary
prostate cancer and paired metastases:
insights from 12 molecular case studies.
J Pathol. 2022;257(3):274-84.

Mirzaei S, Paskeh MDA, Okina E,
Gholami MH, Hushmandi K, Hashemi
M, et al. Molecular Landscape of
LncRNAs in Prostate Cancer: A focus
on pathways and therapeutic targets for
intervention. J Exp Clin Cancer Res.
2022;41(1):214.

Rebello RJ, Oing C, Knudsen KE,

Loeb S, Johnson DC, Reiter RE, et al.
Prostate cancer. Nat Rev Dis Primers.
2021;7(1):9.

Okpua NC, Okekpa SI, Njaka S, Emeh
AN. Clinical diagnosis of prostate
cancer using digital rectal examination
and prostate-specific antigen tests: a
systematic review and meta-analysis

of sensitivity and specificity. AFJU.
2021;27(1):1-9.

10. Koo KM, Mainwaring PN, Tomlins SA,

Second-Generation Antiandrogen Use in Advanced Prostate Cancer

12.

13.

14.

15.

16.

17.

18.

19.

References

Trau M. Merging new-age biomarkers
and nanodiagnostics for precision
prostate cancer management. Nat Rev
Urol. 2019;16(5):302-17.

. D’Amico AV, Moul J, Carroll PR, Sun L,

Lubeck D, Chen M-H. Cancer-specific
mortality after surgery or radiation for
patients with clinically localized prostate
cancer managed during the prostate-
specific antigen era. J Clin Oncol.
2003;21(11):2163-72.

Wallis CJ, Saskin R, Choo R, Herschorn
S, Kodama RT, Satkunasivam R, et

al. Surgery versus radiotherapy for
clinically-localized prostate cancer: a
systematic review and meta-analysis. Eur
Urol. 2016;70(1):21-30.

Taylor RA, Fraser M, Rebello RJ,
Boutros PC, Murphy DG, Bristow RG, et
al. The influence of BRCA2 mutation on
localized prostate cancer. Nat Rev Urol.
2019;16(5):281-90.

Chen J, Oromendia C, Halpern JA,
Ballman KV. National trends in
management of localized prostate cancer:
A population based analysis 2004-2013.
The Prostate. 2018;78(7):512-20.

Bratt O, Carlsson S, Fransson P,
Thellenberg Karlsson C, Stranne J,
Kindblom J, et al. The Swedish national
guidelines on prostate cancer, part 1:
early detection, diagnostics, staging,
patient support and primary management
of non-metastatic disease. Scand J Urol.
2022;56(4):265-73.

Health Commission of The People's
Republic of China N. National guidelines
for diagnosis and treatment of prostate
cancer 2022 in China (English version).
Chin J Cancer Res. 2022;34(3):270-88.
Schover LR, Van Der Kaaij M, Van Dorst
E, Creutzberg C, Huyghe E, Kiserud CE.
Sexual dysfunction and infertility as late
effects of cancer treatment. EJC Suppl.
2014;12(1):41-53.

Trump D, Lau YK. Chemotherapy of
prostate cancer: present and future. Curr
Urol Rep. 2003;4(3):229-32.

Von Hoff DD, Rozencweig M, Slavik M,

10

GM1J.2022;11:€2727
WWW.gmj.ir



Second-Generation Antiandrogen Use in Advanced Prostate Cancer

Muggia FM. Estramustine phosphate: A
specific chemotherapeutic agent? J Urol.
1977;117(4):464-6.

20. Dahllof B, Billstrom A, Cabral
F, Hartley-Asp B. Estramustine
depolymerizes microtubules by
binding to tubulin. Cancer Res.
1993;53(19):4573-81.

21. Ghalie R, Edan G, Laurent M, Mauch
E, Eisenman S, Hartung H, et al.
Cardiac adverse effects associated with
mitoxantrone (Novantrone) therapy
in patients with MS. Neurology.
2002;59(6):909-13.

22. Rossato LG, Costa VM, Dallegrave E,
Arbo M, Dinis-Oliveira RJ, Santos-Silva
A, et al. Cumulative mitoxantrone-
induced haematological and hepatic
adverse effects in a subchronic in vivo
study. Basic Clin Pharmacol Toxicol.
2014;114(3):254-62.

23. Hurwitz M. Chemotherapy in Prostate

Cancer. Curr Oncol Rep. 2015;17(10):44.

24. Gjyrezi A, Xie F, Voznesensky O,
Khanna P, Calagua C, Bai Y, et al.
Taxane resistance in prostate cancer
is mediated by decreased drug-
target engagement. J Clin Invest.
2020;130(6):3287-98.

25. Lord R, Nair S, Schache A, Spicer J,
Somaihah N, Khoo V, et al. Low dose
metronomic oral cyclophosphamide
for hormone resistant prostate cancer: a
phase II study. J Urol. 2007;177(6):
2136-40.

26. Gamat M, McNeel DG. Androgen
deprivation and immunotherapy for the
treatment of prostate cancer. Endocr
Relat Cancer. 2017;24(12):T297-310.

27. Hunter J. The Works of John Hunter,
FRS. Cambridge University Press; 2015.

28. Huggins C, Stevens RE, Hodges CV.
Studies on prostatic cancer: I1. The
effects of castration on advanced
carcinoma of the prostate gland. Arch
Surg. 1941;43(2):209-23.

29. James ND, De Bono JS, Spears MR,
Clarke NW, Mason MD, Dearnaley DP,
et al. Abiraterone for prostate cancer not
previously treated with hormone therapy.
N Engl J Med. 2017;377(4):338-51.

30. Dearnaley DP, Saltzstein DR, Sylvester

31.

32.

33.

34.

35.

36.

37.

Shahabi Raberi V, et al.

JE, Karsh L, Mehlhaff BA, Pieczonka
C, et al. The oral gonadotropin-releasing
hormone receptor antagonist relugolix
as neoadjuvant/adjuvant androgen
deprivation therapy to external beam
radiotherapy in patients with localised
intermediate-risk prostate cancer: a
randomised, open-label, parallel-group
phase 2 trial. Eur Urol. 2020;78(2):
184-92.

Sarkar A, Siddiqui MR, Fantus RJ,
Hussain M, Halpern JA, Ross AE.
Elevated testosterone on immunoassay in
a patient with metastatic prostate cancer
following androgen deprivation therapy
and bilateral orchiectomy. Urol Case
Rep. 2021;38:101657.

Sciarra A, Busetto GM, Salciccia S,

Del Giudice F, Maggi M, Crocetto F,

et al. Does exist a differential impact

of degarelix versus LHRH agonists on
cardiovascular safety? Evidences from
randomized and real-world studies. Front
Endocrinol (Lausanne). 2021;12:687.
Bahl A, Rajappa S, Rawal S, Bakshi

G, Murthy V, Patil K. A review of
clinical evidence to assess differences

in efficacy and safety of luteinizing
hormone-releasing hormone (LHRH)
agonist (goserelin) and LHRH
antagonist (degarelix). Indian J Cancer.
2022;59(5):160.

Tan M, Li J, Xu HE, Melcher K, Yong
E-1. Androgen receptor: structure, role in
prostate cancer and drug discovery. Acta
Pharmacol Sin. 2015;36(1):3-23.
Aurilio G, Cimadamore A, Mazzucchelli
R, Lopez-Beltran A, Verri E, Scarpelli
M, et al. Androgen receptor signaling
pathway in prostate cancer: From
genetics to clinical applications. Cells.
2020;9(12):2653.

Yanagisawa T, Rajwa P, Thibault C,
Gandaglia G, Mori K, Kawada T, et al.
Androgen Receptor Signaling Inhibitors
in Addition to Docetaxel with Androgen
Deprivation Therapy for Metastatic
Hormone-sensitive Prostate Cancer: A
Systematic Review and Meta-analysis.
Eur Urol. 2022;82(6):584-98.

Johnson DB, Sonthalia S. Flutamide.

In StatPearls [Internet]. StatPearls

GMJ.2022;11:€2727

WWW.gmj.ir

11



Shahabi Raberi V, et al.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Publishing; 2021.

Health Nlo. LiverTox: Clinical and
Research Information on Drug-Induced
Liver Injury [Internet]. Bethesda (MD):
National Institute of Diabetes and
Digestive and Kidney Diseases; 2012.
Litwin MS, Tan HJ. The diagnosis and
treatment of prostate cancer: a review.
JAMA. 2017;317(24):2532-42.

Gravis G, Boher JM, Joly F, Soulié

M, Albiges L, Priou F, et al. Androgen
deprivation therapy (ADT) plus
docetaxel versus ADT alone in metastatic
non castrate prostate cancer: impact

of metastatic burden and long-term
survival analysis of the randomized
phase 3 GETUG-AFU1S5 trial. Eur Urol.
2016;70(2):256-62.

Fang T, Xue Zs, Li Jx, Liu Jk, Wu D, Li
Mg, et al. Rauwolfia vomitoria extract
suppresses benign prostatic hyperplasia
by reducing expression of androgen
receptor and So-reductase in a rat model.
J Integr Med. 2021;19(3):258-64.

Hong GL, Park SR, Jung DY,
Karunasagara S, Lee KP, Koh EJ, et al.
The therapeutic effects of Stauntonia
hexaphylla in benign prostate hyperplasia
are mediated by the regulation of
androgen receptors and Sa-reductase type
2. J Ethnopharmacol. 2020;250:112446.
Jonnalagadda B, Arockiasamy S,
Krishnamoorthy S. Cellular growth
factors as prospective therapeutic targets
for combination therapy in androgen
independent prostate cancer (AIPC). Life
Sci. 2020;259:118208.

Dahiya V, Bagchi G. Non-canonical
androgen signaling pathways and
implications in prostate cancer. Biochim
Biophys. 2022:119357.

Wilk M, Wasko-Grabowska A, Szmit S.
Cardiovascular complications of prostate
cancer treatment. Front Pharmacol.
2020;11:555475.

Fourcade RO, McLeod D. Tolerability
of anti-androgens in the treatment

of prostate cancer. UroOncology.
2004;4(1):5-13.

Guirguis K. Bicalutamide causes

heart failure in an elderly patient with
prostate cancer. Expert Opin Drug Saf.

Second-Generation Antiandrogen Use in Advanced Prostate Cancer

48.

49.

50.

51.

52.

53.

54.

55.

2016;15(3):297-302.

Okwuosa TM, Morgans A, Rhee JW,
Reding KW, Maliski S, Plana JC,

et al. Impact of hormonal therapies

for treatment of hormone-dependent
cancers (breast and prostate) on the
cardiovascular system: effects and
modifications: a scientific statement from
the American Heart Association. Circ
Genom Precis Med. 2021;14(3):e000082.
Muniyan S, Xi L, Datta K, Das A, Teply
BA, Batra SK, et al. Cardiovascular
risks and toxicity-The Achilles heel of
androgen deprivation therapy in prostate
cancer patients. Biochim Biophys Acta
Rev Cancer. 2020;1874(1):188383.
Cruz-Topete D, Dominic P, Stokes KY.
Uncovering sex-specific mechanisms of
action of testosterone and redox balance.
Redox Biol. 2020;31:101490.
Samare-Najaf M, Samareh A, Jamali

N, Abbasi A, Clark CC, Khorchani

MJ, et al. Adverse Effects and Safety

of Etirinotecan Pegol, a Novel
Topoisomerase Inhibitor, in Cancer
Treatment: A Systematic Review. Curr
Cancer Ther Rev. 2021;17(3):234-43.
Park SJ, Yoder B, Li T. Comparison of
Second-Generation Antiandrogens for the
Treatment of Prostate Cancer. J] Hematol
Oncol Pharm. 2022;12(2):92-8.

Harris KA, Weinberg V, Bok RA,
Kakefuda M, Small EJ. Low dose
ketoconazole with replacement doses

of hydrocortisone in patients with
progressive androgen independent
prostate cancer. J Urol. 2002;168(2):
542-5.

Ryan CJ, Smith MR, Fizazi K, Saad

F, Mulders PF, Sternberg CN, et al.
Abiraterone acetate plus prednisone
versus placebo plus prednisone in
chemotherapy-naive men with metastatic
castration-resistant prostate cancer
(COU-AA-302): final overall survival
analysis of a randomised, double-blind,
placebo-controlled phase 3 study. Lancet
Oncol. 2015;16(2):152-60.

Rice MA, Malhotra SV, Stoyanova

T. Second-generation anti-androgens:
from discovery to standard of care in
castration resistant prostate cancer. Front

12

GM1J.2022;11:€2727
WWW.gmj.ir



Second-Generation Antiandrogen Use in Advanced Prostate Cancer

Oncol. 2019;9:801.

56. Cai C, Chen S, Ng P, Bubley GJ,
Nelson PS, Mostaghel EA, et al.
Intratumoral De Novo Steroid Synthesis
Activates Androgen Receptor in
Castration-Resistant Prostate Cancer
and Is Upregulated by Treatment with
CYP17A1 InhibitorsProstate Cancer
Resistance to CYP17A1 Inhibitors.
Cancer Res. 2011;71(20):6503-13.

57. Chang K-H, Li R, Kuri B, Lotan Y,
Roehrborn CG, Liu J, et al. A gain-of-
function mutation in DHT synthesis in
castration-resistant prostate cancer. Cell.
2013;154(5):1074-84.

58. Crona DJ, Whang YE. Androgen
receptor-dependent and-independent
mechanisms involved in prostate cancer
therapy resistance. Cancers (Basel).
2017;9(6):67.

59. Tran C, Ouk S, Clegg NJ, Chen Y,
Watson PA, Arora V, et al. Development
of a second-generation anti-androgen for
treatment of advanced prostate cancer.
Science. 2009;324(5928):787-90.

60. Antonarakis ES, Lu C, Wang H, Luber
B, Nakazawa M, Roeser JC, et al. AR-
V7 and resistance to enzalutamide and
abiraterone in prostate cancer. N Engl J
Med. 2014;371(11):1028-38.

61. Tucci M, Zichi C, Buttigliero C,
Vignani F, Scagliotti GV, Di Maio
M. Enzalutamide-resistant castration-
resistant prostate cancer: challenges
and solutions. Onco Targets Ther.
2018;11:7353.

62. Golias C, Iliadis I, Peschos D,
Charalabopoulos K. Amplification and
co-regulators of androgen receptor
gene in prostate cancer. Exp Oncol.
2009;31(1):3-8.

63. Chen X, Liu J, Cheng L, Li C, Zhang Z,
Bai Y, et al. Inhibition of noncanonical
Wnt pathway overcomes enzalutamide
resistance in castration-resistant prostate
cancer. The Prostate. 2020;80(3):256-66.

64. Velho PI, Fu W, Wang H, Mirkheshti N,
Qazi F, Lima FA, et al. Wnt-pathway
activating mutations are associated with
resistance to first-line abiraterone and
enzalutamide in castration-resistant
prostate cancer. Eur Urol. 2020;77(1):

65.

66.

67.

68.

69.

70.

71.

72.

Shahabi Raberi V, et al.

14-21.

Rathkopf DE, Antonarakis ES, Shore
ND, Tutrone RF, Alumkal JJ, Ryan CJ,
et al. Safety and antitumor activity of
apalutamide (ARN-509) in metastatic
castration-resistant prostate cancer with
and without prior abiraterone acetate
and prednisone. Clin Cancer Res.
2017;23(14):3544-51.

Smith MR, Yu M, Small EJ. Apalutamide
and Metastasis-free Survival in
Prostate Cancer. N Engl J Med.
2018;378(26):2542.

Smith MR, Thomas S, Chowdhury

S, Olmos D, Li J, Mainwaring PN, et
al. Abstract 2605: Androgen receptor
(AR) anomalies and efficacy of
apalutamide (APA) in patients (pts)
with nonmetastatic castration-resistant
prostate cancer (nmCRPC) from the
phase 3 SPARTAN study. Cancer Res.
2018;78(13_Supplement):2605.
Rathkopf DE, Smith M, Ryan C, Berry
W, Shore N, Liu G, et al. Androgen
receptor mutations in patients with
castration-resistant prostate cancer
treated with apalutamide. Ann Oncol.
2017;28(9):2264-71.

George DJ, Waldeck AR, Guo H, Upton
AlJ. Number needed to harm (NNH) in
patients with non-metastatic, castration-
resistant prostate cancer (nmCRPC):

A final analysis from the darolutamide
(D), enzalutamide (E), and apalutamide
(A) clinical trials. Am J Clin Oncol.
2022;40:(28 suppl): 326.

Moilanen A-M, Riikonen R, Oksala

R, Ravanti L, Aho E, Wohlfahrt G, et
al. Discovery of ODM-201, a new-
generation androgen receptor inhibitor
targeting resistance mechanisms to
androgen signaling-directed prostate
cancer therapies. Sci Rep. 2015;5(1):
1-11.

Zurth C, Sandmann S, Trummel D,
Seidel D, Gieschen H. Blood-brain
barrier penetration of [14C] darolutamide
compared with [14C] enzalutamide in
rats using whole body autoradiography.
Am J Clin Oncol. 2018;36(6_suppl):345.
Obinata D, Lawrence MG, Takayama
K, Choo N, Risbridger GP, Takahashi

GMJ.2022;11:€2727

WWW.gmj.ir

13



Shahabi Raberi V, et al.

73.

74.

75.

76.

77.

78.

79.

80.

S, et al. Recent discoveries in the
androgen receptor pathway in castration-
resistant prostate cancer. Front Oncol.
2020;10:581515.

Tolcher A, Chi K, Shore N, Pili R,
Molina A, Acharya M, et al. Effect of
abiraterone acetate plus prednisone

on the QT interval in patients with
metastatic castration-resistant prostate
cancer. Cancer Chemother Pharmacol.
2012;70(2):305-13.

Riad M, Allison JS, Nayyal S, Hritani
A. Abiraterone-induced refractory
hypokalaemia and torsades de pointes
in a patient with metastatic castration-
resistant prostate carcinoma: a

case report. Eur Heart J Case Rep.
2021;5(12):ytab462.

Mak B, Lin H-M, Kwan EM, Fettke
H, Tran B, Davis ID, et al. Combined
impact of lipidomic and genetic
aberrations on clinical outcomes in
metastatic castration-resistant prostate
cancer. BMC Med. 2022;20(1):1-14.
Seong J-M, Shin D, Sung JW, Cho S,
Yang J, Kang S, et al. Gonadotropin-
releasing hormone agonists, anti-
androgens and the risk of cardio-
cerebrovascular disease in prostate
cancer patients: an asian population-
based observational study. J Cancer.
2020;11(14):4015.

Morales X, Garnica D, Isaza D, Isaza N,
Duran-Torres F. Syncope due to non-
sustained episodes of Torsade de Pointes
associated to androgen-deprivation
therapy use: a case presentation. BMC
Cardiovasc Disord. 2021;21(1):1-6.
Tsao PA, Estes JP, Griggs JJ, Smith
DC, Caram ME. Cardiovascular and
metabolic toxicity of abiraterone in
castration-resistant prostate cancer: Post-
marketing experience. Clin Genitourin
Cancer. 2019;17(3):¢592-601.
Bretagne M, Lebrun-Vignes B,
Pariente A, Shaffer CM, Malouf GG,
Dureau P, et al. Heart failure and
atrial tachyarrhythmia on abiraterone:
a pharmacovigilance study. Arch
Cardiovasc Dis. 2020;113(1):9-21.
Tsugu T, Nagatomo Y, Nakajima Y,
Kageyama T, Akise Y, Endo J, et al.

Second-Generation Antiandrogen Use in Advanced Prostate Cancer

81.

82.

83.

84.

85.

86.

87.

Cancer therapeutics-related cardiac
dysfunction in a patient treated with
abiraterone for castration-resistant
prostate cancer. J] Med Ultrasound.
2019;46(2):239-43.

Kim T-H, Jeong J-W, Song J-H,

Lee K-R, Ahn S, Ahn S-H, et al.
Pharmacokinetics of enzalutamide, an
anti-prostate cancer drug, in rats. Arch
Pharm Res. 2015;38(11):2076-82.
Serrano Domingo JJ, Alonso Gordoa

T, Lorca Alvaro J, Molina-Cerrillo J,
Barquin Garcia A, Martinez Saez O, et
al. The effect of medical and urologic
disorders on the survival of patients
with metastatic castration resistant
prostate cancer treated with abiraterone
or enzalutamide. Ther Adv Urol.
2021;13:17562872211043341.

Liu JM, Lin CC, Chen MF, Liu KL,

Lin CF, Chen TH, et al. Risk of major
adverse cardiovascular events among
second-line hormonal therapy for
metastatic castration-resistant prostate
cancer: A real-world evidence study. The
Prostate. 2021;81(3):194-201.

Sternberg CN, Castellano D, De Bono
J, Fizazi K, Tombal B, Wiilfing C, et

al. Efficacy and safety of cabazitaxel
versus abiraterone or enzalutamide in
older patients with metastatic castration-
resistant prostate cancer in the CARD
study. Eur Urol. 2021;80(4):497-506.
Cone EB, Reese S, Marchese M, Nabi
J, McKay RR, Kilbridge KL, et al.
Cardiovascular toxicities associated with
abiraterone compared to enzalutamide—A
pharmacovigilance study.
EClinicalMedicine. 2021;36:100887.
Moyad MA, Scholz MC. Short-term
enzalutamide treatment for the potential
remission of active surveillance or
intermediate-risk prostate cancer: a case
study, review, and the need for a clinical
trial. Res Rep Urol. 2014;6:71.
Gheorghe ACD, Ciobanu A, Hodorogea
AS, Radavoi GD, Jinga V, Nanea IT, et
al. Evolution of electrocardiographic
repolarization parameters during anti-
androgen therapy in patients with
prostate cancer and hypogonadism.
Cardiovasc Toxicol. 2020;20(4):390-400.

14

GM1J.2022;11:€2727
WWW.gmj.ir



Second-Generation Antiandrogen Use in Advanced Prostate Cancer

88. Salem J-E, Yang T, Moslehi JJ,

Waintraub X, Gandjbakhch E,

Bachelot A, et al. Androgenic effects

on ventricular repolarization: a
translational study from the international
pharmacovigilance database to
iPSC-cardiomyocytes. Circulation.
2019;140(13):1070-80.

89. Morales M, Martin-Vasallo P, Avila
J. Genetic Profiling of Glucocorticoid
(NR3C1) and Mineralocorticoid
(NR3C2) Receptor Polymorphisms
before Starting Therapy with Androgen
Receptor Inhibitors: A Study of a Patient
Who Developed Toxic Myocarditis after
Enzalutamide Treatment. Biomedicines.
2022;10(6):1271.

90. Shore ND, Chowdhury S, Villers A,
Klotz L, Siemens DR, Phung D, et al.
Efficacy and safety of enzalutamide
versus bicalutamide for patients with
metastatic prostate cancer (TERRAIN): a
randomised, double-blind, phase 2 study.
Lancet Oncol. 2016;17(2):153-63.

91. Belderbos BP, De Wit R, Chien C,
Mitselos A, Hellemans P, Jiao J, et
al. An open-label, multicenter, phase
Ib study investigating the effect of
apalutamide on ventricular repolarization
in men with castration-resistant prostate
cancer. Cancer Chemother Pharmacol.
2018;82(3):457-68.

92. Agarwal N, McQuarrie K, Bjartell A,
Chowdhury S, de Santana Gomes AJP,
Chung BH, et al. Health-related quality
of life after apalutamide treatment in
patients with metastatic castration-

93.

94.

95.

96.

97.

Shahabi Raberi V, et al.

sensitive prostate cancer (TITAN): a
randomised, placebo-controlled, phase 3
study. Lancet Oncol. 2019;20(11):
1518-30.

Chi KN, Agarwal N, Bjartell A, Chung
BH, Pereira de Santana Gomes AJ, Given
R, et al. Apalutamide for metastatic,
castration-sensitive prostate cancer. N
Engl J Med. 2019;381(1):13-24.
Uemura H, Arai G, Uemura H, Suzuki
H, Aoyama J, Hatayama T, et al. Safety
and efficacy of apalutamide in Japanese
patients with metastatic castration-
sensitive prostate cancer receiving
androgen deprivation therapy: Final
report for the Japanese subpopulation
analysis of the randomized, placebo-
controlled, phase III TITAN study. Int J
Urol. 2022;29(6):533-40.

Burki T. Darolutamide for non-
metastatic, castration-resistant prostate
cancer. Lancet Oncol. 2019;20(3):¢139.
Uemura H, Matsushima H, Kobayashi K,
Mizusawa H, Nishimatsu H, Fizazi K, et
al. Efficacy and safety of darolutamide
in Japanese patients with nonmetastatic
castration-resistant prostate cancer:

a sub-group analysis of the phase

IIT ARAMIS trial. Int J Clin Oncol.
2021;26(3):578-90.

Fizazi K, Shore N, Tammela TL,

Ulys A, Vjaters E, Polyakov S,

et al. Nonmetastatic, castration-
resistant prostate cancer and survival
with darolutamide. N Engl J Med.
2020;383(11):1040-9.

GM1J.2022;11:€2727
WWW.gmj.ir

15



