#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue,

REVIEW

Repurposing of Indomethacin and Naproxen as

i") Check for updates‘
anticancer agents: progress from 2017 to present

Cite this: RSC Adv., 2024, 14, 40031
Asmaa E. Kassab & *? and Ehab M. Gedawy?®

Inflammation is strongly linked to cancer and is essential for the growth and development of tumors.
Targeting inflammation and the mediators involved in the inflammatory process could therefore provide
a suitable method for cancer prevention and therapy. Numerous studies have shown that inflammation
can predispose tumors. Non-steroidal anti-inflammatory drugs (NSAIDs) can affect the tumor
microenvironment through increasing apoptosis and chemo-sensitivity while decreasing cell migration.
Since the development of novel drugs requires a significant amount of money and time and poses
a significant challenge for drug discovery, there has been a recent increase in interest in drug
repositioning or repurposing. The growing body of research suggests that drug repurposing is essential
for the quicker and less expensive development of anticancer therapies. In order to set the course for

iig:g&iﬁﬁ 822?5;5?58‘24 potential future repositioning of NSAIDs for clinical deployment in the treatment of cancer, the
antiproliferative activity of derivatives of Indomethacin and Naproxen as well as their mechanism of

DOI: 10.1035/d4ra07581a action and structural activity relationships (SARs) published in the time frame from 2017 to 2024 are
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1. Introduction

The most fatal non-infectious disease is cancer, which is
brought on by unchecked cell multiplication. The incidence of
human cancers is constantly increasing, emerging as one of
the greatest challenges in medical healthcare. Invasive cancer
is the leading cause of death in developed countries and the
second leading cause of death in developing countries. In
2020, 19.3 million cases of cancer and 10 million deaths were
recorded." Despite the enhanced accessibility of many anti-
cancer drugs, high mortality has persisted in recent decades.>
According to projections, there will be 26 million new
instances of cancer worldwide in 2030.** There is a significant
gap between the supply and demand of new anticancer drugs.
Currently, available anticancer drugs are associated with
difficult follow-up care side effects because many of them are
not selective, not distinguishing between cancer and healthy
cells. The development of resistance to existing anticancer
medications is a second obstacle.® Hence invention and
development of new and selective anticancer drugs with the
fewest side effects and multiple treatment modalities is still an
ongoing research area.
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2. Inflammation and cancer

The relationship between inflammation and cancer was first
reported after the discovery of the presence of leukocytes in
tumor cells.® A microenvironment that is abundant in inflam-
matory cells, growth factors, and DNA-damage-inducing
compounds promotes neoplastic risk by promoting prolonged
and increased cell proliferation and survival.” Presently, it is
a recognized truth that chronic inflammation comes about an
expanded hazard of cancer.® During inflammation different
growth factors, such as epidermal growth factor (EGF) and
fibroblast growth factors (FG), are released stimulating cell
proliferation and, hence, inducing cancer.® The cyclooxygenase
(COX) enzyme is a crucial catalyst in the production of prosta-
glandins and plays a significant role in the pathophysiology of
inflammation. It exists in three isoforms, namely COX-1, COX-2,
and COX-3. COX-1 is present in healthy tissues, regulating
prostaglandin synthesis and maintaining normal physiological
function. On the other hand, COX-2 is synthesized during
inflammation and cancer development.® The third and most
recently identified cyclooxygenase isozyme is COX-3 which is
not active in humans.**>

3. NSAIDs and cancer

Non-steroidal anti-inflammatory drugs (NSAIDs) impede the
activity of COX-1 and COX-2 enzymes to varying degrees, leading
to a decrease in the production of prostaglandins.”® The
obstruction of COX-1 results in various complications, with the
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most frequent being gastrointestinal ulceration.* COX-2 is the
principal inflammatory agent and its production is increased
during inflammation.”*"” As a result, COX-2 has been the focus
of anti-inflammatory drugs for numerous years.”® COX-2 plays
a crucial role in the onset of cancer as it obstructs programmed
cell death and commences the progression of blood vessel
formation. A rise in COX-2 concentration has been noted in
various types of cancer such as colorectal, breast, pancreatic,
esophageal, lung cancer, and melanoma.***

NSAIDs are commonly employed for the treatment of pain
and inflammation associated with cancer. There was a minimal
prevalence of primary or recurring tumors in patients on long-
term NSAID therapy. Furthermore, mortality in cancer
patients was significantly decreased following NSAIDs combi-
nation therapy.”” The blocking of COX-2 by certain NSAIDs has
resulted in the suppression of tumor growth and the promotion
of metastasis.”® As a result, COX-2 has been identified as
a potential focal point for novel anti-neoplastic medications,
prompting escalated exploration in this regard.** Celecoxib,
a selective COX-2 inhibitor has demonstrated anti-tumor char-
acteristics for certain types of cancer, such as ovarian cancer
and adenomas.*® Moreover, COX-2 inhibitors have demon-
strated the ability to overcome multidrug resistance by
decreasing the expression of efflux pumps, thereby revealing an
alternative domain.”® One of the following can mediate the
mechanism of action of NSAIDs' anticancer activity.

3.1. COX-dependent anticancer activity

The overexpression of COX-2 in a variety of solid tumor types is
one of the compelling evidence for the involvement of COX
enzymes in cancer.””*° Initiation of tumors in the mammary
gland epithelial cells was also linked to COX-2 overexpression.*
The overexpression of COX-2 was associated with the develop-
ment of resistance to the induced apoptosis in the intestinal
epithelial cells.** Additionally, overexpression of COX-2 inhibits
apoptosis,® activates pro-carcinogen,** and promotes metas-
tasis and angiogenesis.>>** Accordingly, metastasis,*” angio-
genesis,* and nuclear factor kappa B (NF-kB)* may be inhibited
by COX inhibitors, which in turn may mediate their anticancer
effect. There is evidence that both COX-1 and COX-2 genetic
disruption reduces carcinogenesis. Additionally, several studies
in favor of COX-1's involvement in cancer were reported. A
compelling evidence for the significance of COX-1 in malig-
nancies was made by the antitumor effect of selective COX-1
inhibitors.***

3.2. COX-independent anticancer activity

Numerous studies disprove the idea that NSAIDs' chemo-
preventive effects are exclusively brought on by COX inhibi-
tion by showing that these effects can be at least partially
mediated by COX-independent mechanisms. For instance, in
vitro research has shown that NSAIDs can suppress prolifera-
tion and/or trigger apoptosis in a variety of tumor cell lines from
various origins, regardless of how much COX-1 or COX-2 is
expressed in the cells.***¢ Even though they lack COX inhibitory
action, several NSAIDs have shown antitumor efficacy.*” Several
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NSAIDs have shown antiproliferative effects on cancer cells that
are COX-2 positive or negative.*® Certain NSAIDs show similar
COX inhibitory action, even though they have distinct anti-
cancer effects against the same cell lines.”® NSAIDs decrease
cancer cell proliferation at concentrations greater than those
needed to inhibit COX.*

4. Drug repurposing

In the last ten years, there has been an exponential rise in “drug
repurposing”. This phrase refers to a drug discovery technique,
whose main objective is to uncover novel applications for
already FDA-approved medications.’® The economic gain
continues to be the main driving force behind this phenom-
enon, notwithstanding the possibility of other contributing
variables. This strategy gives prolonged patents to pharmaceu-
tical corporations as a way to get around the challenges caused
by the so-called productivity problem. Saving time, resources,
and money, and allowing for direct admission into clinical trials
because approved drugs have previously undergone toxicity and
safety profiles is another significant benefit of drug reposi-
tioning. For a variety of reasons, drug reprofiling is more cost-
effective than novel drug discovery and development because
it provides one of the best risk-to-reward trade-offs among the
various drug development methodologies.**** Several chemo-
therapeutic approaches to treat human health issues have used
drug repurposing such as cancer,”® neurodegenerative
diseases,*®** autoimmune diseases,** asthma® and systemic
lupus erythematosus.**

5. The limitations and challenges of
drug repurposing in cancer treatment

In oncology, epidemiological data can be used to support drug
repurposing; for example, it may be observed that using a non-
anticancer medication such as Aspirin and Metformin signifi-
cantly lowers the incidence, severity, or death of certain cancer
forms. Despite compelling results from randomized trials and
supporting evidence, Aspirin is still not advised in the most
important clinical guidelines (NCCN or ESMO) even though
high-level evidence supports its use following curative therapy
of colorectal cancer to prevent new adenomas.®*** There are
general obstacles faced by the drug repurposing community,
such as organizational challenges, regulatory issues, and patent
concerns.®

Drug repurposing in cancer treatment has had minimal
success due to several issues. A combined therapy approach is
more likely to be clinically beneficial for oncology patients since
the pathogenesis of cancer involves several, rather than single,
cellular pathways. In investigator-initiated studies of repur-
posed drugs, one drug is often employed, so carrying out clin-
ical trials of repurposed drugs targeting cancer is much more
difficult.*

Additionally, there are several financial causes of this failure
such as a lack of funding incentives for medication developers
and a lack of experience developing drugs in the nonprofit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sector. Trials intended to examine repurposed anticancer drugs
are expensive and prone to failure, like any experiment. No
financial incentives presently exist for repurposing generic
medications outside of the treatment of uncommon and/or
pediatric tumors, making a return on investment all but
impossible. Most non-profit organizations cannot afford to
undertake phase III clinical studies of repurposed pharmaceu-
ticals. Investigator-initiated trials are typically one-off studies
with no foresight into future developments and/or strategies.
The outcomes of these trials are frequently not widely dissem-
inated, which limits their impact.®® To take advantage of drug
repurposing for the benefit of patients and society worldwide,
significant efforts and research are urgently needed.

In the next sections, as a continuation of our previous
work,” we'll go over the most current studies including
derivatives of Indomethacin and Naproxen as they are among
the most widely refashioned NSAIDs as anticancer candidates.
Their potential antiproliferative activity, mechanism of action,
and structural activity relationships (SARs) will be discussed.
Analysis of the anticancer activity of these compounds may
contribute to repositioning them for cheaper and safer cancer
therapeutics.

6. Anticancer activity of
Indomethacin derivatives

A Pt(wv) prodrug 1 (Fig. 1) was developed that could accumulate
in cancer cells more so than in healthy cells and be activated by
endogenous reducing molecules to release cisplatin and Indo-
methacin moieties simultaneously to suppress tumor progres-
sion synergistically. Human normal liver cells LO-2 and several
human cancer cell lines HCT-116, HepG-2, PC-3, SGC7901, and
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Fig. 1 The structure of Indomethacin—Pt(iv) prodrug 1.
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SGC7901/CDDP (cisplatin) were used in vitro assays to deter-
mine the effectiveness of Indomethacin derivative 1.

The results showed that compound 1 significantly inhibited
the tested cancer cell lines and was selective to cancer cells that
were resistant to cisplatin (ICs, range: 0.91 to 59.64 uM). Addi-
tionally, prodrug 1 demonstrated cyclooxygenase inhibition
properties to lessen tumor-associated inflammation, decreased
the invasiveness of the highly aggressive PC-3 cells and inter-
fered with the creation of capillary-like tubes in human
umbilical vein endothelial EA.hy926 cells. In comparison to
negative and positive controls, compound 1 treatment of PC-3
cells caused an increase in the population of cells in the G2/M
phase over time, showing that the cell cycle was arrested in
the G2/M phases. Therefore, it may be concluded that hybrid 1
prevented the proliferation of PC-3 cells by first preventing DNA
synthesis and then, as time goes on, having an impact on PC-3
cells' karyokinesis.

The anti-apoptotic protein BCL-2 was found to be less
abundant in PC-3 cells after treatment with compound 1. In
parallel, the prodrug enhanced the level of the pro-apoptotic
protein Bax in the cells under the same circumstances as
compared to the cells that were not treated with the complex.
Both early and late apoptotic cells were present in equal
amounts 23.35% and 25.01%, respectively. Only 3.53% and
2.97% of early and late apoptotic cells, respectively, were
discovered in the untreated control. These findings suggested
that cisplatin-related resistance in tumor cells might be almost
eliminated by the biotin-Pt(iv)-Indomethacin combination.®

Amide bond was used to create the proposed Indomethacin-
methotrexate hybrid 2 (Fig. 2). By using the MTT assay, the
cytotoxic effects of the synthesized hybrid against the cancer
cells HeLa and MCF-7 were assessed. The findings demon-
strated that hybrid 2 was more cytotoxic than Indomethacin
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Fig. 2 The structure of Indomethacin—methotrexate hybrid 2.
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Fig. 3 The structure of Indomethacin derivatives 3a,b.

(ICso values of 100 and 94 uM against HeLa and MCF-7 cancer
cells, respectively) and methotrexate alone and had ICs, values
of 16 and 10 uM, respectively, against HeLa and MCF-7 cancer
cells.®

Novel amide analogs were developed using the molecular
structure of Indomethacin as a starting point, and their effects
on the growth of human cancer cells were assessed using the
colon cancer cell lines HCT-116, CACO-2, and HT-29. The novel
compounds showed noticeably higher activity when compared
to Indomethacin (ICs, values of 50, 53, and 30 pug mL™! against
HCT-116, HT-29, and CACO-2 cancer cells, respectively). With
IC5, values ranging from 0.055 to 4.0 ug mL~"' compared to 0.7-
5.45 pg mL~" for 5-fluorouracil (5-FU), two Indomethacin
analogs, 3a and 3b (Fig. 3), intriguingly demonstrated strong
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growth inhibitory activity in the nano- to micro-molar range
against all three human colon cancer cell lines. While the
diamide derivative 3b had strong growth inhibitory activity for
all the tested cancer cell lines with the IC5, values smaller than 1
pg mL™ Y, the most powerful molecule 3a had 99 and 7.5-fold
more cytotoxic activities against CACO-2 and HT-29 cell lines,
respectively, than 5-FU.

Additionally, the cytotoxic effect of the intriguing
compounds 3a and 3b on the HT-29 and HCT-116 cell lines,
respectively, was investigated as well as possible mechanisms.
According to the findings, Indomethacin derivatives 3a and 3b
might cause apoptosis by arresting the cell cycle at the G1/S and
G0/G1 phases in HT-29 and HCT-116 cells, respectively. At ICs,
values, the kinase inhibitory activity of 3a and 3b was assessed
against CDK-2A. According to the profiling results, the action of
3a on HT-29 resulted in a 55 and 79% inhibition of CDK-2A
activities after 24 and 48 hours, respectively, as compared to
the control cell. Contrarily, 3b demonstrated strong enzyme
inhibition at its ICs, concentration; the CDK-2A activities were
reduced by 93 and 90%, respectively, in comparison to control.”

Hepatocellular carcinoma treatment is significantly
hampered by multidrug resistance (MDR) to chemotherapeutic
drugs. The development of novel anti-MDR antineoplastic
drugs is an efficient strategy to combat cancer resistance. The
antiproliferative properties of novel podophyllotoxin-NSAID
conjugates were assessed in vitro against drug-sensitive
human hepatocellular carcinoma cells Bel-7402, drug-resistant
human hepatocellular carcinoma cells Bel-7402/5-FU and
normal human liver cells L-O2 adopting CCK-8 assay. The
Indomethacin conjugate 4 (Fig. 4), with an ICs, value of 2.15 uM
and a reduced resistant factor value of 0.36, demonstrated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The structure of Indomethacin podophyllotoxin conjugate 4.

selective cytotoxicity against resistant Bel-7402/5-FU cells. It was
much less toxic to L-O2 cells (ICs5, = 1.85 uM).

The migration of Bel-7402/5-FU cells was also stopped by all
conjugate compounds, which also induced apoptosis, harmed
the microtubule network, and caused cell cycle arrest at the S/
G2 phase. Finally, in Bel-7402/5-FU cells, these conjugates
controlled the amounts of proteins linked to cell cycle arrest,
apoptosis, migration, and inflammation. In general, better
selective efficacy of the conjugates for resistant Bel-7402/5-FU
cells and less toxicity to regular L-O2 cells were accomplished
when NSAIDs were conjugated to the C-4 OH of the podo-
phyllotoxin nucleus.”™

Using the pharmacophore hybridization principle, dual-
acting hybrid antioxidant/anti-inflammatory agents were
developed. Stable antioxidant nitroxides were combined with
traditional NSAIDs to create hybrid agents. On two Non-Small
Cell Lung Cancer (NSCLC) cells (A549 and NCI-H1299) and in
alleviating oxidative stress caused in 661W retinal cells, some of
the hybrid nitroxide-NSAID conjugates showed promising
antioxidant and anti-inflammatory properties. The effects of
oxidative stress on 661W retinal neurons were greatly reduced

N

Cl
5

Fig. 5 The structure of Indomethacin nitroxide hybrid 5.
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by a nitroxide associated with the anti-inflammatory drug
Indomethacin 5 (Fig. 5), with efficacies comparable to or greater
than those of the antioxidant Lutein. With an IC5, value of 151
uM, Indomethacin derivative 5 demonstrated moderate cell
inhibitory efficacy against NSCLC A549 cells.”

Rundstadler et al.”® reported the design and synthesis of
a series of zinc(u)-phenanthroline-Indomethacin complexes
6a-d (Fig. 6) with equivalent potency (in the sub-micro- or
micromolar range) for the killing of breast cancer stem cells
(CSCs) (HMLER-shEcad) and bulk breast cancer cells (HMLER).
The complete tumor population may theoretically be eradicated
with a single dose of the zinc(i1) complexes. Salinomycin, a drug
that is anti-breast CSC, had an ICs, value of 4.2 uM. The potency
of compounds 6a-d (with ICs, values in the range 0.7 to 1.1 uM)
against CSC-like HMLER-shEcad cells was up to 6-fold higher.

The efficacy of Indomethacin derivatives 6a-d against
human embryonic kidney (HEK 293T) cells was examined to
gauge its therapeutic potential. The polypyridyl ligand has
a significant impact on the potency towards HEK 293T cells,
which rises in the order 6a< 6b < 6c¢ < 6d. The 2,2’-bipyridine-
and 1,10-phenanthroline-bearing complexes, 6b and 6¢, showed
promisingly preferred toxicity towards breast cancer cells (bulk
and CSC-like cells) over healthy cells, being up to 17-fold less
potent towards HEK 293T cells than HMLER and HMLER-
shEcad cells. Several of the zinc(u) complexes inhibited mam-
mosphere growth and viability to an equivalent or greater extent
than salinomycin. Under the same circumstances, compound
6d containing 4,7-diphenyl-1,10-phenanthroline had an ICs,
value of 2.7 uM and was 7 times more potent than salinomycin,
which had an ICs, value of 18.5 uM.

Se derivatives of NSAIDs, such as selenocyanates and dis-
elenides, were synthesized and characterized. The anticancer
activities of these derivatives were evaluated against human
tumor cell lines derived from various human cancer types-
SW480 (human colon adenocarcinoma cells), HeLa (human
cervical cancer cells), A549 (human lung carcinoma cells), and
HepG2 (human hepatic carcinoma cells). Most of the novel
compounds were effective in lowering the viability of various
cancer cells. With ICs, values ranging from 7.9 to 39.5 uM
against four cancer cell lines, Indomethacin derivative 7a
(Fig. 7) demonstrated strong anticancer potential, notably to
HepG2 with an ICs, value of 7.9 pM.

The hybrid Se derivatives' IC5, values demonstrated that
adding the SeCN moiety to the respective parent NSAIDs had
a considerable impact on cytotoxicity. Except for HepG2 cells,
compound 7b (Fig. 7) was moderately cytotoxic to all cell lines. It
was interesting to note that compounds with three carbon
chains between NSAIDs and SeCN moiety had stronger anti-
cancer activity than the corresponding two carbon chain
derivatives; perhaps this is due to the enhanced lipophilicity of
these NSAIDs-Se derivatives.”™

The MTT assay was used to test a new series of NSAIDs
thioesters for their in vitro anticancer effects against a panel of
four human tumor cell lines, including HepG2, MCF-7, HCT-
116, and Caco-2. Compounds 8a,b (Fig. 8) outperformed the
reference drugs 5-FU, afatinib, and celecoxib in terms of their
potent, broad-spectrum anticancer activity against the selected

RSC Adv, 2024, 14, 40031-40057 | 40035
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Fig. 7 The structure of Indomethacin-Se derivatives 7a,b.
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Fig. 8 The structure of Indomethacin thioesters 8a,b.

tumor cell lines. The thioesters 8a,b showed strong anticancer
activity concerning selectivity against the hepatocellular carci-
noma cell line (HepG2), with ICs, values of 7.86 and 14.91 uM,

40036 | RSC Adv, 2024, 14, 40031-40057

respectively. With ICs, values of 9.65 and 17.10 uM, respectively,
the thioesters 8a,b also demonstrated a significant sensitivity to
the MCF-7 cell line. Additionally, the colon cancer cell line
(HCT-116) was very susceptible to thioester 8a, with an ICs,
value of 14.58 uM, but only moderately susceptible to thioester
8b, with an IC;, value of 34.05 uM. The thioester 8a also showed
potent anticancer activity against the Caco-2 colorectal cancer
cell line, with an ICs, value of 18.13 uM.

These derivatives were therefore chosen for mechanistic
research on COX inhibition and kinase tests. When compared
to celecoxib (ICso = 0.16 uM, COX-2 SI: >312.5), the results of the
in vitro COX-1/COX-2 enzyme inhibition assay showed that
compounds 8a,b selectively inhibited the COX-2 enzyme (ICs,
values of 0.22 and 0.49 uM, respectively), with SI values of 227
and 102, respectively. However, the COX-1 enzyme was not
inhibited by the investigated derivatives (IC5, > 50 uM). On the
other hand, 10 uM concentrations were used to examine EGFR,
HER2, HER4, and cSrc kinase inhibition experiments. The
chosen candidates showed only modest activity against the
various kinases that were examined. The results of the molec-
ular docking investigation demonstrated the significance of the
thioester moiety for the compound's interaction with the amino
acids in the COX-2 active site.””

As novel BCL-2 family protein inhibitors, several Indometh-
acin derivatives were developed by Chen et al.”® By including
a benzyl scaffold, potent compounds were produced. Two
benzyl groups were included in several compounds, which
demonstrated more favorable inhibitory activity and even per-
formed 2-3 times better than WL-276 and 5-6 times better than
UMI-77. Meta-substitution proved to be more effective than
para- and ortho-substitution in the benzyl scaffold. The addition
of electron-withdrawing or electron-donating groups also had

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The structure of Indomethacin derivatives 9a—f.

no discernible effect on the inhibitory activity. The 3-NO,-4-Cl
substituted benzene sulfonamide moiety exerted greater effi-
cacy than the 4-Br substituted counterparts.

Due to their strong binding affinity for both BCL-2 and Mcl-
1, compounds 9a-f (Fig. 9) were chosen to be tested for their
antiproliferative abilities in vitro. As members of the leukemia
cancer cell line, Jurkat (acute T-cell leukemia cell) and K562
(chronic myelogenous leukemia cell) displayed high levels of
BCL-2 and Mcl-1 expression, while PC-3 (prostate cancer cell),
a member of the prostate cancer cell line, displayed high levels
of Mcl-1 expression but low levels of BCL-2 expression.

Then the MTT assay was used to examine Jurkat, K562, and
PC-3. Most of the compounds under test had better anti-
proliferative actions against the three tumor cell lines compared
to WL-276. The PC-3, Jurkat, and K562 cell lines were the most
sensitive for compound 9c¢ (ICs, = 25.79, 24.69, and 35.90 uM,
respectively). Particularly, WL-276 performs two times worse
than Jurkat cell lines in terms of antiproliferative activity. The
growth of PC-3, Jurkat, and K562 could be greatly inhibited, and
apoptosis could be induced by the most active Indomethacin
derivative, 9¢ (BCL-2 K; = 0.44 uM and Mcl-1 K; = 0.44 pM). The
elevated expression of the proteins Mcl-1 and BCL-2 in these cell
lines might be the cause of 9¢'s potent anti-tumor effects. Using
flow cytometry, annexin-V and propidium iodide (PI) double
labelling was done to assess compound 9c's capacity to cause
apoptosis in the Jurkat cell line. Compound 9c-induced
apoptosis in a dose-dependent manner. Additionally, exposing
the Jurkat cell line to 20 pM and 40 uM of 9c¢ for 48 hours results
in 43.1% and 56.8% of early and late cell apoptosis, respectively,
as opposed to 13.3% in the DMSO control. In the Jurkat cell line,
compound 9c¢ was more effective at inducing apoptosis than
WL-276, which causes 29.1% and 34.2% of cells to die after
being exposed to those concentrations for 48 hours.

Low toxicity and noninvasive properties make photodynamic
therapy (PDT) a viable cancer treatment strategy. Several met-
alloporphyrin-Indomethacin conjugates attached to

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3-NO,-4-Cl ~ Substituted  benzene sulfonamide  moiety
: exerted greater efficacy than the 4-Br substituted counterparts.

poly(ethylene glycol) (PEG) chains were developed and charac-
terized (Fig. 10). Using the 2’,7'-dichlorofluorescin (DCFH)
method, the conjugates’ singlet oxygen generation was
assessed. The singlet oxygen (0,) quantum yield of the metal
porphyrin complexes was greater than that of the free base
porphyrin due to the heavy atom effect. The synthesized
porphyrins produced 'O, in the following order: PtPor > PdPor >
ZnPor > Por. The MTT assay using HeLa cells confirmed the low
cytotoxicity of dark-activated porphyrin-Indomethacin conju-
gates. The platinated porphyrin (PtPor), among these conju-
gates, demonstrated the strongest therapeutic effectiveness
after radiation exposure, most likely because of its high 'O,
production efficiency. Using a confocal laser scanning micro-
scope, the conjugates’ cellular uptake and subcellular localiza-
tion were further assessed. According to the findings, HeLa cell
lysosomes were where the conjugates were mostly found.”

Cancers caused by inflammation are significantly influenced
by Nrf2 and NF-kB. Due to the downregulation of these path-
ways, combining anti-inflammatory drugs with oleanolic acid
oxime (OAO) may increase their therapeutic potential. THLE-2
immortalized normal hepatocytes and HepG2 hepatoma cells
were used to investigate the effects of novel OAO compounds
conjugated with Indomethacin on Nrf2 and NF-kB activation
and expression concerning cell cycle arrest and apoptosis. In
HepG2 cells, treatment with OAO-Indomethacin conjugates
decreased Nrf2 and NF-kB activation and the expression of their
active forms, but in healthy hepatocytes, Nrf2 activation was
raised, and NF-kB activation was decreased.

The most potent modulator of Nrf2 translocation was found
to be conjugate 10a (Fig. 11). The most effective cytotoxic
compounds were 10a, 3-Indomethacinoxyiminoolean-12-en-28-
oic acid morpholide (ICs, values of 42.5 and 38.5 uM against
THLE-2 and HepG2 cell lines, respectively), and 10b, 3-
Indomethacinoxyiminoolean-12-en-28-oic acid benzyl ester
(Fig. 11) (ICso values of 41.5 and 40 pM against THLE-2 and
HepG2 cell lines, respectively). SOD-1 and NQO1 expression
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Fig. 10 The structure of metalloporphyrin—Indomethacin conjugates PtPor, PdPor, and ZnPor.

i Conjugation with oleanolic acid oximes (OAO)E
E increased the cytotoxic activity against HepG-!
'2 cancer cell line and chemopreventive in;
1 THLE-2 cells.
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Fig. 11 The structure of OAO-Indomethacin conjugates 10a,b.

were dramatically increased in THLE-2 cells after treatment boosted apoptosis and increased the amount of HepG2 cells

with these conjugates as opposed to HepG2 cells. In both cell that were resting.”

lines, COX-2 expression was reduced. OAO-Indomethacin The particular COX-2 binding and intrinsic fluorescence
derivatives induced the cell cycle arrest in G2/M, which features of 6- or 7-substituted coumarin-Indomethacin hybrids

40038 | RSC Adv, 2024, 14, 40031-40057 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The structure of coumarin—Indomethacin hybrid 11.

have been assayed. The best hybrid in this series was hybrid 11
(Fig. 12), which demonstrated strong binding to COX-2 and
displayed higher fluorescence intensity in cancer cells than in
normal cells. All of the cells were exposed to different concen-
trations of hybrid 11 (0-50 uM) for 24 hours before the MTT
assay was used to determine the viability of the cells. At
concentrations up to 10 pM, all of the cells maintained more
than 80% vitality, and at concentrations as high as 50 uM,
viability gradually decreased to around 50%. Next, it was
investigated how selective compound 11 was for cancer cells
that overexpressed COX-2. First, it was established that cellular
absorption was time-dependent. All cells treated with
compound 11 for 0, 0.5, 1, and 3 hours showed higher blue
fluorescence signals with longer incubation times. Additionally,
it was discovered that hybrid 11's fluorescence in cancer cells
was dose-dependent. Consequently, in light of drug develop-
ment tools, this unique hybrid system may be a promising
targeted probe for detecting cancer cells and inflammation with
COX-2 overexpression.”

Five different human cancer cell lines (colon cancer cell lines
HCT-116, HT-29, and Caco-2, hepatic cell line HepG-2, and
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breast cell line MCF-7) were used to test the cytotoxic effects of
a new series of structurally related Indomethacin analogs.
When tested against the three colon cancer cell lines, most of
the derivatives showed strong anti-cancer activity. Indometh-
acin derivative 12a (Fig. 13) showed the strongest cytotoxic
effect of all investigated derivatives when compared to the
reference drugs 5-FU and Indomethacin, with ICs, values
ranging from 0.83 to 1.54 pM. Cell cycle arrest during the G2/M
phase was discovered by a mechanistic analysis of the most
effective derivative 12a against the HCT-116, HT-29, and Caco-2
cell lines. It was discovered that compound 12a induced
apoptosis by up-regulating Bax and p53 by 7.4 and 8.5 folds,
respectively, and down-regulating BCL-2 by 3.2 folds when
compared to the control.

On HCT-116 cells, a western blot experiment was conducted,
and the results showed a substantial reduction of CDK1 and
BCL-2 expression as well as a concentration-dependent rise in
the expression of caspase-3, Bax, and p53. The chemo-
informatic features of compounds 12a and 12b (Fig. 13) were
predicted, and results showed that they were orally accessible
with no blood-brain barrier permeability. SARs studies revealed
that the cytotoxic activities increased when the phenyl ring was
substituted. It was interesting to note that Indomethacin
derivatives with phenylallyl and furan rings, respectively, had
higher potencies than phenyl and substituted phenyl deriva-
tives. With ICs, values ranging from 2.8 to 9.16 uM, the cyclo-
hexylidene and cycloheptylidene derivatives showed strong and
broad-spectrum anticancer activity. In comparison to 5-FU, the
benzoylhydrazinecarbonyl derivatives were more toxic to HCT-
116, Caco-2, and HepG-2 cells while being marginally less
effective against HT-29. The derivative containing the hydrazi-
neylidene ester group and the pyrazole derivative both dis-
played strong and versatile antiproliferative properties.
However, the activity of the derivative with the 3,5-disubstituted
pyrazole moiety was slightly lower.*

New Indomethacin derivatives have been developed. Cyto-
toxicity evaluation utilizing the MTT assay was conducted after
adopting molecular docking of derivatives to estimate their
inhibitory effect on platelet-derived growth factor-o. (PDGFR-.).
The Indomethacin derivative 13 (Fig. 14) was chosen for the in

- Benzoylhydrazinecarbonyl, hydrazineylidene ester and
pyrazole moities enhanced anti-prolferative activity.
- 3,5-Disubstituted pyrazole decreased activity.

-0

12a,b
12a: R=2-Furyl
12b: R=C¢HsCH=CH

Fig. 13 The structure of Indomethacin derivatives 12a,b.

© 2024 The Author(s). Published by the Royal Society of Chemistry

-Substitution of the phenyl ring increased cytotoxic activitiy.!
i - Phenylallyl and furan rings greatly enhanced activity. :
Y i - Cyclohexylidene and cycloheptylidene improved activity.
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HN

13

Fig. 14 The structure of Indomethacin derivative 13.

vivo investigation because it had the greatest inhibitory activity
for PDGFR-o in the docking study and had a good cytotoxic
effect on the HepG2 cell line (IC5, = 2.13 pM). Treatment with
derivative 13 induced a statistically significant decrease in body
weight gain, the number of nodules, and the liver weight to
body weight ratio. Compound 13 had a hepatoprotective effect
on tumor-specific indicators such as o-fetoprotein, carcinoem-
bryonic antigen, and PDGF levels. Treatments were observed to
lower liver indicators such as ALT, ALP, AST, LDH, and total

C2-Ind

View Article Online

Review

bilirubin levels. Additionally, the protective effect of derivative
13 was seen during a histological analysis. The immune-
histochemical study conducted after treatment revealed
elevated P53 expression as well as compound 13's upregulation
of the VEGF gene.*

As possible photosensitizers (PSs) for the non-invasive
photodynamic treatment (PDT) of cancer, porphyrins have
drawn a lot of attention. The design of the Indomethacin-
porphyrin and -chlorin conjugates (P2-Ind and C2-Ind) (Fig. 15)
was reported. Both conjugates were tested for in vitro cellular
toxicity and singlet oxygen production capability. The 1,3-
diphenylisobenzofuran singlet oxygen trap method was used to
evaluate the singlet oxygen-generating properties, and the
results demonstrated that C2-Ind is the best singlet oxygen
photosensitizer.

Additionally, it was discovered that Indomethacin did not
affect the formation of singlet oxygen by either chlorin or
porphyrin. Porphyrin- and chlorin-Indomethacin conjugates
had similar dark cytotoxicity, according to investigations of the
conjugate's cytotoxicity in human HEp2 cells, however, chlorin
C2 was found to be the most phototoxic. Chlorin C2 demon-
strated a more widespread localization in HEp2 cells after 24
hours, although having a lower cellular absorption than C2-Ind,
which could only be seen as tiny aggregates. DFT calculations
were carried out to examine the relative stability of different

Fig. 15 The structure of Indomethacin—porphyrin and —chlorin conjugates (P2-Ind and C2-Ind).
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EOCH3 improved activity than
ipther electron-donating groups;

When the phenyl ring was substituted with OCH3, shifting the CI to the F
led to strong cytotoxicity against advanced prostate cancer. :

Fig. 16 The structure of Indomethacin derivative 14.

isomers in solution and to offer light on the reaction energy
involved in the production of the Indomethacin conjugates.
Additionally, their suitability as photosensitizers to produce
singlet oxygen for PDT was confirmed by the predicted energy of
their initial excited triplet state structures.**

A number of novel Indomethacin derivatives were synthe-
sized through the Pd(u)-catalyzed synthesis of substituted N-
benzoylindole. Castration-resistant prostate cancer (CRPC) was
used to assess the anticancer activity of these new Indometh-
acin derivatives. These compounds were demonstrated to be
highly effective against CRPC tumor growth in vitro using CCK-8
cell viability and colony formation assays. The most effective
derivative against CRPC cell survival was 14 (Fig. 16), with an
IC5o value of 1.088 puM. It caused increased protein levels of
cleaved Caspase-7 and PARP1 and upregulated Caspase-3/7
activity. Cell cycle arrest at the G2/M phase and a decline in
the proportion of cells in the G1 and S phases were the
outcomes.

By degrading the androgen receptor (AR) and its variants,
compound 14 dramatically reduced the expression of the gene
networks that the AR targets. It consistently greatly reduced
tumor growth in vivo in xenograft and PDX models based on
CRPC cell lines. According to SARs studies, the indole moiety at
the compound's core is responsible for the anticancer proper-
ties of Indomethacin and its derivatives. Among the derivatives

: Se afforded strong cyt

15a: R=COOH
15b: R=CN

f— CN enhan y. :
- Amide and acid moities reduced anticancer activity. :
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with the identical indole core substitution, those with the
phenyl ring substituted with OCH; had higher activity than
derivatives with different electron-donating groups. On the
other hand, when the phenyl ring was substituted with OCHj,
shifting the CI to the F atom in the indole core led to strong
cytotoxicity against advanced prostate cancer.*

Twenty-five new carboxylic acid, methyl ester, methyl amide,
and cyano NSAID derivatives containing selenium in the
chemical form of selenoester were described. When compared
to the parent NSAID scaffolds (Aspirin, Salicylic acid, Naproxen,
Indomethacin, and Ketoprofen), twenty Se-NSAID analogs
showed a higher cytotoxic potency. The top five analogs were
also submitted to the DTP program of the NCI's panel of 60
cancer cell lines to further investigate their cytotoxicity in
a larger panel of cancer cells. With ICs, values below 10 uM
against two breast cancer cells (T-47D and MDA-MB-231) and/or
two lung (H1299 and A549) cancer cells and a selectivity index
more than 5 in breast cancer cells, compounds 15a and 15b
(Fig. 17) stood out.

Surprisingly, it was discovered that analog 15b induced
apoptosis, which inhibited cell development, particularly in two
breast cancer cell lines, and that it is metabolized to release
both the parent NSAID and the Se fragment. The following SARs
can be inferred. The incorporation of the Se atom as selenoester
into NSAID derivatives is a legitimate method for producing
strong cytotoxic agents. Inactive derivatives were produced
when an amide moiety was present in the selenoesters gener-
ated from carboxylic acids. In every cancer cell line examined,
the Se-NSAID compounds that contained a nitrile moiety with
either one or two methylene groups demonstrated a potent
suppression of cell proliferation and even c