680

Egypt. J. Chem. Vol. 66, No. SI 13, 1001-1014 (2023)

& Egyptian Journal of Chemistry

http://ejchem.journals.ekb.eg/

Antitumor Potential and Possible Targets of Phenothiazine
Derivatives: A Recent Review

Mona O. Sarhan®, Nosaiba A. Elsayed®, Radwan El-Haggar®, Wafaa A. Zaghary®”

CrossMark

“ Labelled Compounds Department, Hot Lab Centre, Egyptian Atomic Energy Authority.
bPharmaceutical Chemistry Department, Faculty of Pharmacy, Helwan University, 11795, Cairo, Egypt.

Abstract

The unique chemical characteristics of the phenothiazine ring system have been a major driving force for the
development of various phenothiazine-based compounds with a huge spectrum of industrial and biological
significance. Literature is ever continuously growing discussing the different roles and synthetic routes of
phenothiazines. A huge body of novel and repurposed phenothiazines have been reported to have antitumor action.
Unfortunately, only few reports discuss the proper mechanism of such action. In this review, a comprehensive
overview of the identified targets and/or mechanism of action of recently reported antitumor phenothiazine derivatives

are reviewed.
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Introduction

Cancer is defined as the uncontrolled growth and
spread of abnormal cells in any part of the body [1]. In
2020, the worldwide cancer burden is estimated to be
19.3 million new cancer diagnoses and ten million
cancer deaths. These statistics are projected to grow to
28.4 million cases by 2040 [2].

Despite the fact that cancer has an infinite number
of cell divisions, its pathogenesis is exceedingly
complex and linked to various mechanisms [3].
Generally, the hallmarks of cancer consist of fourteen
biological capabilities and enabling characteristics
during its development. [4]. Upon spotting these
hallmarks, the FDA identified 228 cancer therapies or
cancer-related medications over the past 31 years [5].
However, chemotherapy usually fails due to acquired
resistance, and most clinically useful anti-cancer agents
are toxic and costly for patients, thus, a complete cancer
cure remains a formidable obstacle for humans [6].
Therefore, the development of novel anti-cancer agents
with low toxicity, and cost-efficiency has emerged as
an increasingly challenging task for pharmaceutical
researchers [7].

Phenothiazine, a thiazine class heterocyclic compound,
is one of the most versatile scaffolds in term of

biological activity [8]. Rooted in the earliest years of
the chemistry of organic dyes, phenothiazines have
been utilized in numerous medical fields, particularly
psychopharmacology [9]. The anti-psychotic effects of
phenothiazines are mostly attributed to their ability to
inhibit dopamine receptors. Additionally, a wide
variety of pharmacological actions have also been
reported, including; antimalarial, antibacterial,
antiviral, antioxidant, antiferroptotic agents, anti-
inflammatory, anti-Alzheimer, antitubercular, and anti-
prion  effects [10-34]. Some  antipsychotic
phenothiazines have also been investigated as
prospective cancer therapeutics [35]. For instance,
chlorpromazine has been found to have promising
activity against endometrial, lung, colorectal, and breast
cancer [36-39].

In 2022, Brown summarized in his review the
repurposed antipsychotic medications for cancer
treatment [35]. On the other hand, different
phenothiazine anticancer agents have been designed
through molecular hybridization strategy [40,41]. This
review attempted to shed light on the reported
anticancer phenothiazines derivatives based on their
cytotoxic mechanisms. The relevant structure activity
relationships were also reviewed to serve as a guide for
the researcher in cancer-fighting journey.
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1. Aromatase inhibitors

Aromatase (estrogen synthetase) is responsible for the
aromatization of androgens in the biosynthesis of
estrogens [42]. The pathogenesis and progression of
female malignancies are linked to estrogen
overproduction and the overexpression of the
aromatase enzyme [43]. Thus, aromatase has been
proven as an attractive target for estrogen-dependent
malignancies [44]. Guided by structure-based lead
optimization, a series of phenothiazine derivatives
tagged with benzenesulfonamide moieties were
designed based on the coumarin lead 1 (Fig. 1) [44]. In
order to fit the hydrophobic pocket that is present in the
enzyme, the new hybrids were designed to maintain the
sulfonamide functional group and replacing the
coumarin moiety with a phenothiazine one. Compounds
2a-b (Fig. 1) showed potent anticancer potential
compared to doxorubicin against T47D cell line with
ICsp values of 8.1 and 8.8 uM vs. 9.8 uM, respectively.
Also, 2a-b showed aromatase inhibitory activity with
ICso values of 5.67 mM and 6.7 mM, respectively.
Moreover, 2a-b significantly downregulated the levels
of the antiapoptotic proteins Bcl2 and Bcel-XL to an
undetectable levels, while significantly upregulating
the proapoptotic protein BAX by roughly 55000 times
[44]. There is compelling evidence that the ratio of pro-
and anti-apoptotic BAX and Bcl-2 proteins can predict
the propensity of a cancer cell to undergo apoptosis
[45]. Tt was shown that 2a-b enhanced the BAX/Bcl2
ratio by almost 108 times proving the proapoptotic
impact of both compounds.

Fig.1. Phenothiazine-sulfonamide conjugates as
aromatase inhibitors.

2. Epigenetic modulators

Epigenetics is the regulation of gene activity that
doesn’t involve alterations to the underlying sequence
[46]. Epigenetic modulators are a key target for current
cancer therapeutics owing to their crucial role in
controlling biological system such as cellular
proliferation, survival, and differentiation [46].
Histones are basic proteins associated with DNA
condensation into chromatin and play a fundamental
role in the regulation of gene expression [47]. Histone
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deacetylase enzymes (HDACs) regulate histone
deacetylation at N-terminal lysine residues [48,49]. The
HDAC family consists of eighteen different enzymes
divided based on their structure into four different
groups as discussed briefly in Table 1 which have been
a hot spot for anticancer research.

Table 1: Classification of HDAC family of enzymes.

Class Enzyme
Class | HDAC 1,2,3 and 8
Class Il Divided into two subclasses:

ITa: HDAC 4, 5, 7 and 9.
ITb: HDAC 6 and 10.

Class 11 (Sir2) SIRT 1-7
(Also known as Sirutins,

silence information

regulators) [50]

Class IV HDACI11

2.1. HDACEG inhibitors

HDACG6 is a promising anti-cancer therapeutic
target due to its major contribution in multiple
significant cellular processes such as cell motility,
migration, the degradation of misfolded proteins, cell
proliferation, and death [51]. Furthermore, the
overexpression of HDAC6 plays a critical role in the
pathogenesis of several cancers such as acute myeloid
leukemia, ovarian, and breast cancers. Additionally, the
inhibition of HDACG6 triggers apoptosis [52].
Based on the commonly accepted HDAC
pharmacophore which includes a cap, a linker, and a
zinc-binding group ZBG (Fig. 2) [47], Vogerl et al.
synthesized a novel series of hydroxamate-based
HDACG6 inhibitors using the phenothiazine ring as a
cap group [53]. The lead compound 3a demonstrated
potent HDACG6 inhibition with ICsy of 22 nM (Fig. 2).
Interestingly, the analysis of structure activity
relationship demonstrated that; the addition of a
nitrogen atom into the phenothiazine skeleton as
observed in (3b, Fig. 2) results in significantly
improved potency as indexed by ICso value of 5 nM and
increased selectivity for HDAC6 over other HDAC
isoforms (more than 530- fold) [53].
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Fig. 2. Phenothiazine-hydroxamic acid derivatives as
HDAC inhibitors.

2.2. SIRT1 inhibitors

The histone deacetylase SIRT1 is a NAD’-
dependent multiple function enzyme. It is responsible
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for the regulation of apoptosis by deacetylating tumor
suppressor proteins p53, which results in the
inactivation of these proteins and an antiapoptotic effect
[54]. The anticancer action of several SIRT1 inhibitors
was mostly linked to p53- hyperacetylation [55]. Zhang
and co-workers discovered the phenothiazine derivative
inauhzin (4, Fig. 3), through computational screening
of five hundred thousand commercially accessible
compounds. In vitro studies showed that inauhzin
induced hyperacetylation of p53 at a cellular level.
Moreover, in a p53-dependent pattern, inauhzin was
able to suppress the progression of lung and colon
cancer cell line [56]. Similarly, Lee et al. investigated
the repurposing of CPZ (5, Fig. 3) by studying the
molecular mechanism underlying its cytotoxicity in
colorectal cancer (CRC). P53 wild-type cells (HCT116
and LoVo) and p53 mutant cells (HCT15) were treated
with CPZ, and both experienced significant
growth suppression and apoptosis induction. It was
found to increase the acetylation of Lys382 in p53 and
this transcriptional activity was linked to inhibition of
SIRT1 [38].
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Fig. 3. Phenothiazine derivatives as SIRT1 inhibitors.

3. Tubulin polymerization inhibitor

Microtubules are composed of subunits made from
a globular protein known as tubulin. They are
responsible for the formation of mitotic spindles and
chromosomal  separation [57]. Inhibiting the
polymerization of tubulin into microtubules results in
apoptosis. Hence, tubulin is regarded as an attractive
target for cancer chemotherapy [58].
In 2011, Prinz and co-workers synthesized 53 N-
benzoylated = phenothiazine  and  phenoxazine
derivatives as a potential tubulin polymerization
inhibitor. Compounds 6a-j (Fig. 4) were examined for
their capacity to inhibit cell proliferation, as well as
their interaction with tubulin and their effect on the cell
cycle. As presented in Table 2, the compounds
efficiently suppressed tubulin polymerization (ITP)
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with activities greater than or equal to colchicine.
Concentration-dependent flow cytometric studies
demonstrated that the growth inhibition of the
leukemic cell line (K562) was associated with G2/M
arrest, which indicated mitotic blockade [59].

Another two sets of 1,2,3-triazole-phenothiazine
hybrids (7a-i) and dithiocarbamate-phenothiazine
hybrids (8a-d) were designed and synthesized by Liu et
al. through molecular hybridization (Fig. 4). Conjugate
7h showed cytotoxic activity superior to 5-fluorouracil
against gastric cancer MGC-803 cells (ICs0=1.2 uM)
and inhibited tubulin polymerization at a concentration
of 2.87 puM. In addition, 7h inhibited MGC-803 cell
migration by regulation of the wnt/-catenin pathway in
a dose-dependent fashion. These findings promoted 7h
to be an excellent candidate for further clinical
evaluation [58].
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Fig. 4. Phenothiazine derivatives as tubulin
polymerization inhibitors.

Table 2
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Reported in vitro cytotoxic activity of compounds 6a-j against
K562 cell line and their inhibitory activity of tubulin
polymerization (ITP).

K562 ITP
I1Cso (UM)  1Cs0 (UM)

6a 033 223

6b 1.86 4.96

6c 021 1.40

6d 084 0.87

6e 3.62 1.43

6f 0.97 323

69 0.28 253

6h 2.6 246

6i 0.8 1.05

6j 1.58 4.69

Novel phenothiazine bearing a [1,2,4]triazolo[4,3-
a]pyridine substitution (9a-e, Fig. 4) were reported by
Sachdeva and co-workers. The anticancer potential of
the synthesized derivatives was investigated against
five breast cancer cell lines (MDA-MB-231, MDA-
MB-468, MCF7, T47D, and SKBR3). Compound 9a
exhibited the most promising activity with good
apoptosis induction in human cancer cells. The docking
study of 9a revealed the presence of hydrophobic
interaction between the phenyl ring, triazolopyridine,
and phenothiazine moieties with adjacent residues
inside the binding pocket of tubulin (Fig. 5) [60].
Additionally, one of the triazole ring's nitrogen (N3)
formed a hydrogen bond interaction with Thr276 which
is similar to the interaction formed by taxane ring of
paclitaxel [60,61]. These findings were further
supported by G2/M arrest, indicating the disruption of
the microtubule system [60].

In other context, Abuhaie et al. designed and
synthesized a series of phenstatin (10) analogues (11a-
¢, Fig. 6), in which, the trimethoxy phenyl unit of
phenstatin rings A and B were replaced by a
phenothiazine ring and variable substituted aromatic
ring systems, respectively (Fig. 6) [62]. Compounds
11a, 11b, and 11c showed 95%, 99%, and 48% ITP
with good cytotoxic activity against the full NCI-60 cell
panel. Docking studies proposed the possible binding
poses of the promising analogues at the colchicine
binding site of tubulin. Compound 1la adopted a
conformation similar to phenstatin (Fig. 6). On the
other hand, the NH, substitution in compound 11b
appeared to be beneficial for binding as shown by the
formation of hydrogen bonding interactions of the
carbonyl group and Vall81 and Asn258. Finally, the
introduction of the indole ring in compound 11c limited
the rotations around the carbonyl linker and enhancing
hydrogen bond formation between Val238 and the
carbonyl group (Fig. 7) [62].
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Fig. 5. Docked pose of 9a in the tubulin binding site as
reported by Sachdeva et. al [60].

(a) (b) (c)
Fig. 7. Docked pose of 11a-C in the colchicine binding site
of tubulin as reported by Abuhaie et al [62].

4. Farnesyltransferase inhibitor

Ras protein is a low-molecular-weight GDP/GTP-
binding guanine triphosphatase encoded by the Ras
gene. It is essential for signal transduction of cell
growth, proliferation, development and differentiation
[63]. Due to its low hydrophobicity, Ras protein is
unable to bind to the cell membrane to exert its effects.
Therefore, prior farnesylation (transferring a prenyl
unit (Cjs)) by farnesyl transferase (FTase) is essential
for its function [64]. Ras mutations have been reported
in 30% of cancers [64]. Hence, efficient farnesyl
transferase inhibitors (FTIs) to block Ras protein and
therefore prevent cancer is a promising research
direction. [65]. This quest was pursued by Baciu-
Atudosie and colleagues combined the phenothiazine
and pyrazole rings to synthesize a series of
phenothiazine derivatives (12a-c, Fig. 8) [66]. The
synthesized compounds were assessed for their
potential anti-cancer activity against the NCI-60 cell
line panel. The compounds revealed promising FTase
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inhibitory actvities ranging from 67.7% to 95.5%
(Table 3). Compound 12a emerged as a potent FTase
inhibitor with ICso of 3.73 uM in addition to promising
in vitro cytostatic activity against HCT-116, LOX
IMVI, and SK-MEL-5 cell lines. According to the
elucidated SAR study, the addition of a carbonyl group
immediately after the phenothiazine's nitrogen boosted
its activity [66].
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Fig. 8. Phenothiazine based FTIs.

Table 3
In vitro activity of compounds 12a-c expressed as percent
inhibition and determined ICso.

%lnhibition of FTase  IC50 (uM)

12a 95.5 3.73
12b 67.7 335
12c 94.9 17.21

5. Dual inhibitors of tubulin polymerization and
farnesyltransferase

Phenothiazine core was observed in reported

tubulin polymerization inhibitors such as 13a (Fig.

9) as well as FTase inhibitors (13b, Fig. 9).

Similarly, compounds sharing an indazoline ring

displayed tubulin polymerization inhibition (14a,

Fig. 9) as well as FTase inhibition (14b, Fig. 9).
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Fig. 9. Phenothiazine- indolizine hybrids as dual
inhibitors of tubulin polymerization and FTase.

Accordingly, the hybridization of both scaffolds
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(indolizine and phenothiazine rings) was used as a
rational strategy for the development of dual
inhibitors. The cytotoxicity of the designed hybrids
has been examined against the NCI-60 cancer cell
lines and their inhibitory activities for tubulin
polymerization and FTase were tested. Compounds
15a-c (Fig. 9) showed the most promising dual
inhibition for both targets as elaborated in Table 4
[40].

Table 4

In vitro activity of compounds 15a-c for tubulin
polymerization and FTase expressed as percent inhibition and
determined ICso.

%ITP ICs, UM %FTI ICso, UM
(Tubulin) (FTase)
15a 84 27.70 89 0.81
15b 77 332 96 0.25
15c 100 1.11 86 0.39

6. Protein phosphatase 2A activator

Protein phosphatase 2A (PP2A) is a protein
serine/threonine phosphatase that removes phosphate
group from these amino acid residues [67]. PP2A
controls a variety of cellular processes, such as protein
synthesis, cellular signaling, cell cycle, apoptosis,
metabolism, and stress responses [68]. It is believed
that PP2A is a tumor suppressor and is functionally
inactive in cancer. This promoted PP2A activation as a
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Fig. 10. Chemical structure of perphenazine.

therapeutic strategy for treating malignancies [69]
Gutierrez et al. conducted a mechanistic study to
explain the repeated identification of phenothiazines as
anticancer agents. Using ligand-affinity
chromatography coupled with mass spectroscopy to
quantitatively evaluate drug-protein binding proteome-
wide. The anticancer effects of perphenazine 16 (Fig.
10) were observed in T-cell acute lymphoblastic
leukemia (T-ALL) cells in vitro and in vivo models.
This compound triggered fast dephosphorylation of
many PP2A sites that have been linked to the growth
and survival of cancer [70]. Based on these findings,
pharmacologic PP2A activation in T-ALL and other
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malignancies that are mediated by hyperphosphorylated
PP2A substrates may have positive implications for
clinical practice.
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Fig. 10. Chemical structure of perphenazine.

7. Bcr-Abl kinase inhibitors

Abelson tyrosine kinase (c-Abl) is a non-receptor
tyrosine kinase (TK) involved in cell development and
proliferation and is often tightly regulated [71].
Nonetheless, 95% of chronic myeloid leukemia (CML)
patients have a reciprocal translocation between the Abl
gene from chromosome 9 and the breakpoint cluster
(Bcr) gene from chromosome 22, resulting in an extra-
long chromosome 9 and the Philadelphia chromosome
containing the fused Bcer-Abl gene [72]. Philadelphia
chromosome is the hallmark of CML and is responsible
for producing Ber-Abl kinase, a constitutively active
TK that induces uncontrolled cellular proliferation [73].
The activity of the Ber-Abl kinase involves the binding
of ATP and the transfer of phosphate from ATP to
tyrosine residues on a variety of substrates. This activity
leads to an abnormally high rate of leukemic cell
proliferation in CML and Ph+ ALL [74,75]. Ber-Abl
TK inhibitor (e.g., imatinib) blocks the binding of ATP
to the Ber-Abl TK; consequently, the subsequent
cellular events are abrogated [73-75]. Since threonine
315 (T315) is required for hydrogen bonding between
imatinib and Abl, a point mutation of T315 to isoleucine
(T315]) disrupts this interaction [76]. To overcome this
resistance, Subramanian et al. synthesized a novel
series of phenothiazine-thiosemicarbazone, thiadiazole,
and thiazolidinoyl hybrids as a Ber-Abl TK inhibitors.
Molecular docking simulation studies of the example
compounds 17a-c (Fig. 11) elucidated good fitting to
T5131 Ber-Abl kinase [77].

As demonstrated by docking studies, the phenothiazine
moiety of 17a fitted into the hydrophobic pocket
containing Leu248, Ala269, Leu370, and Ile315 (Fig.
12A). Meanwhile, the NH group of the phenothiazine
ring established a hydrogen bond with Met318.
Furthermore, the phenothiazine moiety of 17b was well
placed inside the hydrophobic region containing
Lys271, Ala269, Val256, and Leu248. Also, it formed
four hydrogen bonds involving thiadiazole ring and the
phenothiazine rings with different amino acids as
presented in Fig. 12B. Finally, the phenothiazine ring
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of 17c rested in the hydrophobic region lined with
Ala269, Lys248, Leu370, Lys271, Ile315, and Ala380
(Fig. 12C). Trypan blue, MTT, and LDH assays were
used to evaluate the anticancer efficacy of the novel
hybrids against the leukemic K562 cell line [77].

Interactions

[T vander wasls W Prsom
B Cornertioral Hydrogen Bond
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Fig. 12. Docked poses of different phenothiazine hybrids in
the binding site of T5131 Ber-Abl mutant kinase; (A) docking
pose of 17a; (B) docking pose of 17b; (C) docking pose of
17c (Adopted from reference [78]).

Additionally, several phenothiazine-based chalcones
coupled with N-substituted rhodanines demonstrated
potent antiproliferative action against the K526 cell
line. Example compounds 18a-h (Fig. 13) showed the
highest antiproliferative activity and promising
interaction with the active site of Ber-Abl (T3151). The
authors reported the predicted structural requirement
after analyzing the results of the docking study as
summarized in Fig. 14 which concluded that a
substitution at position 3 of the rhodamine ring (N-
substitution) with amino acid moieties has an observed
effect on affinity. Also, the NH of the phenothiazine
ring system and the N-substituted groups in the
rhodanine nucleus were involved in the formation of
important hydrogen bond interactions [78].
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Fig. 11. Chemical structures of various phenothiazine
derivatives designed as T5131 Bcer-Abl mutant kinase
inhibitors.
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8. Angiogenesis inhibitors

S S S S,
sosWepsliva s spre
N Z 7N N Z o N
" Ny NH \—coon " N NH —
)4 1
6 OH 16b SH

16a

16¢c ﬁ 16d o
o
s COOH s NG
O O Lot e
S
SO : T
o

o)
EtOOC” “COOEt

16e o o 16f

N

s s, S NS
OGO, 0¥y OO O

7

Ny

Y HOOC CooH
NH,

16g 16h
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with predicted Ber-Abl (T5131) inhibitory activity.
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Fig. 14. Structural requirements of phenothiazine-
chalcone-rhodanine hybrids for Ber-Abl (T5131)
inhibitory activity (Adopted from reference [78]).

Angiogenesis is the creation of new capillaries from
existing vasculature [79]. This process is crucial in
physiological (wound healing and the menstruation
cycle) and pathological conditions (psoriasis, diabetic
retinopathy, and cancer) [80]. In order to sustain high
blood supply consistent with the high metabolic
demands in cancer cells, VEGF, HIFla, and related
proangiogenic factors are highly expressed. These
factors impact the endothelial cells, resulting in the
formation of new blood vessels [81,82]. Park et al
investigated the anti-angiogenic potential of the
antipsychotic drug thioridazine (19, Fig. 15) against
ovarian carcinoma in mouse xenografts [83].
Thioridazine showed anti-angiogenic activity mediated
by suppressing PI3K/mTOR signaling pathway and
decreasing VEGFR-2 phosphorylation. These findings
provide solid evidence that thioridazine influences the
activity of endothelial cells and consequent
angiogenesis [83-85].
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Fig. 15. Chemical structure of thioridazine and
fluphenazine.

9. AKT/mTOR pathway inhibitor

The PI3K-AKT-mTOR pathway is a vital intracellular
signaling pathway for cell cycle control [86]. PI3K
phosphorylation stimulates AKT, which controls
multiple downstream targets, including mTOR. Under
physiological conditions, this pathway regulates
glucose metabolism, cell proliferation, growth, size,
and motility [87]. In many malignancies, oncogenic
activation of the PI3K—Akt pathway supporting the
anabolic demands of the abnormally growing cells [88].
The anti-cancer activity of CPZ (5, Fig. 3) has been
established against human oral cancer cells (OSCC) and
glioma cell line through repurposing strategy [89-90].
Shin et al. investigated the signal pathway responsible
for CPZ-induced cytotoxicity in the U-87MG glioma
cell line. CPZ caused a marked decrease of the
phosphorylated AKT (Ser473) level and its
downstream effectors GSK3 (Ser9) and mTOR
(Thr2481) in a time-dependent pattern. The
phosphorylation of p70S6K (Thr389), a mTOR
downstream effector, was also reduced. The mentioned
findings show that CPZ inhibits mTOR by inhibiting
Akt [90]. In the same vein, OSCC cells treated with
CPZ showed decreased levels of Akt and mTOR
phosphorylation [89].

10. Lysosomal acid sphingomyelinase inhibitor

Sphingomyelin (SM) is an integral part of mammalian
cell’s plasma membrane . Sphingomyelinase (SMase)
hydrolyzes the phosphodiester bond in SM, producing
phosphocholine and ceramide (Cer) [91]. SMases are
divided into three primary subtypes based on the ideal
pH for their function activity: acid, neutral, and alkaline
[92]. Acid SMase (ASM) and neutral SMase (NSM) are
the most important contributors to Cer production
caused by stress [93]. Inhibition of acid SMase results
in hyperactivation of hypoxia stress-response pathways
and that hypoxia-specific cell death is mediated by the
stress-responsive transcription factor ATF4 [94].
Additionally, SM accumulation destabilizes the
membrane integrity of lysosomes, thus, low SM
levels is critical for protecting cancer cell lysosomes
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against increased proteolytic activity [95]. Klutzny et
al. revealed the molecular basis behind the hypoxia-
selective cytotoxicity of fluphenazine (20, Fig. 15)
using HCT116 tumor spheroid as a screening system.
Fluphenazine exhibited an acid SMase inhibitory
potential, resulting in cellular SM accumulation and
induced cancer cell death caused by increased the pro-
apoptotic signal of cellular stress-response pathways in
the studied hypoxic tumor spheroids [94].

11. Cyclin dependent kinase inhibitors

The dysregulation of the cell cycle, which results in
abnormal cell proliferation, is one of the key hallmarks
of cancer [96]. Cyclin-dependent kinases (CDKs), a
family of proteins involved in cell cycle regulation, are
commonly overexpressed or mutated in cancer [97].
Therefore, drugs that target CDK have been developed
and tested as potential cancer drugs [98]. Cyclin D,
cyclin E, and their specific interacted CDKs are crucial
regulators in the G1 phase [99]. The over expression of
cyclin D and cyclin E is associated with oncogenesis
and poor prognosis [100,101].

Fu et al. reported different phenothiazine derivatives
comprising dithiocarbamate moiety with a piperazine
ring as cell cycle blockers (2la-g, Fig. 16). The
preliminary evaluation of the novel hybrids
antiproliferative properties against EC-109, MGC-803,
and PC-3 revealed a promising inhibitory activity. The
highest inhibitory action was observed for compound
2la (ICso = 11.59 uM) when tested on PC-3 cells.
Furthermore, 21a arrested the cell cycle at G1 phase as
indicated by cyclin D1 and CDK4 downregulation. The
SAR of 2la-g revealed that; the ethyl group on the
piperazine ring is vital for CDK inhibition. Replacing
the ethyl group with methyl, acetyl, pyridine, or a
phenyl ring significantly decreases CDK inhibitory
activity. Extending the carbon linker between the
phenothiazine scaffold and the dithiocarbamate
scaffold by one or two carbons reduced the
antiproliferative efficacy [102].

Based on the accumulating evidence of the anticancer
potential of trifluoperazine (22, Fig. 16) [103-106],
along with its ability to penetrate the blood-brain barrier
(BBB), Feng et al. investigated the cytotoxic effects and
the  underlying  molecular  mechanisms  of
trifluoperazine against triple-negative breast cancer
(TNBC) with brain metastasis using in vitro and in vivo
models. The results indicate that TFP decreased the
expression of cyclin D1, cyclin E, and their associated
CDKs, including CDK4 and CDK2, in4T1, MDA-MB-
468, and MDA-MB-231 TNBC cell lines, causing
GO/G1 cell cycle arrest. Additionally, trifluoperazine
inhibited the growth of subcutaneous xenograft tumor
and brain metastasis with no apparent adverse effects.
Notably, 22 prolonged the survival of mice with brain
metastasis [107]. Similarly, trifluoperazine's impact
and molecular mechanism on CRC was investigated by
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Xia et al. Trifluoperazine suppressed the proliferation
of CRC cells in vitro by downregulating CDK2, CDK4,
cyclin D1, and cyclin E, resulting in a GO/G1 cell cycle
arrest [108]. Congruent with this, Xu et al. addressed
the repurposing CPZ (5) for CRC and pulmonary
metastasis. CPZ successfully suppressed CRC by
arresting the G2/M cell cycle which was attributed to
reduced cdc2/cyclin B1 complex activity, decreased
expression of cyclin B1, cdc2, cdc25¢, and increased
expression of phosphorylated cdc2 [109].
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Fig. 16. Different phenothiazine derivatives as CDK

inhibitors.

12. Estrogen Receptor a down modulator

Estrogen receptor (ER) is essential for the development
of ER" breast cancer, which accounts for about 70% of
all breast cancers [110]. Estrogen contributes to the
progression of breast cancer by activating the
PI3K/AKT signaling pathway [111]. ER" breast
cancers are treated with endocrine therapy (ET) such
as 4-hydroxy-tamoxifen (Tam) which inhibits ER
signaling [112]. Unfortunately, significant number of
women who have been treated with Tam suffered
relapses with metastatic cancer that is resistant to Tam.
Only fulvestrant, which is considered a second-line
treatment ET, may be used on these patients [113]. Due
to its low oral bioavailability and undesirable side
effects, new medicines promoting ER degradation in
Tam-resistant metastatic breast cancer are urgently
required. Recently, Busonero et al. introduced the
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selective modulation of ERa levels and degradation as
a novel approach for Tam-resistant metastatic cancers.
Thioridazine (19, Fig. 15) was identified through in
silico screening of a library of sixty thousand
compounds annotated in the iLINCS database as an
ERa down modulators and as anti-proliferative agents.
The impact of thioridazine on ERa levels and
proliferation was validated in Tam-resistant MCF-7
cells and genome-edited Y537S ERa MCF-7 (Y537S-
MCF-7) cells. The results revealed that 24h of
thioridazine administration reduced intracellular ERa
content by more than 90% and cause Gl cell cycle
arrest in both cell lines [114].

13. NADPH Oxidase-1 inhibitors

NADPH oxidases (NOXs) comprise a family of
enzymes that regulate the generation of reactive oxygen
species (ROS) such as hydrogen peroxide and
superoxide. The NOX family is comprised of seven
enzymes: five NOX isoforms (NOX1-5) and two dual
oxidases (Duox1 and Duox2). NOX-derived ROS has
many physiological functions starting with cellular
division, differentiation, migration to angiogenesis and
the synthesis of thyroid hormones [115]. In cancer,
NOXs display key regulatory effects in tumorigenesis
and angiogenesis through the promotion of oxidative
stress and regulating various signaling pathways within
the cell such as NRf2, p38 MAPK, JAK-STAT, PI3K,
and RAS-RAF-MEK-ERK [116,117]. NOX isoforms
showed high and specified expression in the panels of
human cell lines. Some forms of CRC, gastric cancers,
and adenocarcinomas show high expression of NOX1
[118-120], while high expression of NOX4 is observed
in ovarian cancer, glioblastoma, melanoma, and renal
carcinoma[121]. Hence, NOXs emerged as a potential
target for cancer treatment and other ailments affected
by NOXs dysfunction such as inflammation,
cardiovascular diseases, and autoimmune diseases
[122]. The effect of different NOX inhibitors as
beneficial treatment for colon cancer, stomach cancer,
and lung cancer was reported in references [123-124].
2-Acetylphenothiazine (23a, Fig. 17) commonly
known as ML171, is a probe chemical compound that
was introduced by Scripps Research Institute during a
HTS of 16000 compounds for new NOXI1 inhibitors,
while compounds 23b-d were revealed during the
context of the aforementioned study [125,126].
According to data deposited at PubChem (Assay ID:
AID2664 and AID2808) the reported compounds
possessed ICso ranging from 0.305-0.56 uM [125,126].
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Fig. 17. PTZ derivatives reported as NOX1 inhibitors by
Scripps institute.
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Conclusion

Phenothiazine based derivatives showed great
promise as anti-cancer therapeutics. However, specific
molecular target(s) and mechanism of action of
phenothiazine anticancer agents is rarely reported. In
this review, we focused on reporting the multiple
targets and mechanism of actions of recently developed
phenothiazine antitumor agents in a trial to highlight the
necessity of detailed mechanistic studies of such agents.
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