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Simple Summary: The application of non-steroidal anti-inflammatory drugs (NSAIDs) in cancer ther-
apy has been a widely studied topic for almost four decades. This review summarizes the information
about the role of chronic inflammation in the process of carcinogenesis and the evidence regarding the
anti-cancer activity of the most frequently used NSAIDs. Despite the promising results of NSAIDs,
the possibilities of the practical application of this group of drugs in chemoprevention and cancer
therapies on a clinical basis are still impossible due to individual side effects. The main concern is
their gastrointestinal toxicity. For this reason, several strategies are still under investigation to reduce
toxicity and improve the efficacy of NSAIDs. In this review, we emphasize the effectiveness of combi-
nations of NSAIDs with chemotherapeutic drugs in in vitro and in vivo models as well as in clinical
trials. We also present new concepts based on the molecular hybridization of anti-inflammatory
drugs with other biologically active molecules, such as phospholipids and terpenes, as solutions for
reducing NSAID side effects. The production of derivatives with enhanced biological potentials could
also be carried out to target rare types of cancers. Therefore, this manuscript provides new insight
into the possibilities of re-purposing NSAIDs for new, outside-the-current-scope applications.

Abstract: Non-steroidal anti-inflammatory drugs (NSAIDs) express anti-tumoral activity mainly
by blocking cyclooxygenase-2 involved in the synthesis of prostaglandins. Therefore, in the last
few decades, many have attempted to explore the possibilities of applying this group of drugs as
effective agents for the inhibition of neoplastic processes. This review summarizes the evidence
presented in the literature regarding the anti-tumoral actions of NSAIDs used as monotherapies as
well as in combination with conventional chemotherapeutics and natural products. In several clinical
trials, it was proven that combinations of NSAIDs and chemotherapeutic drugs (CTDs) were able
to obtain suitable results. The combination with phospholipids may resolve the adverse effects of
NSAIDs and deliver derivatives with increased antitumor activity, whereas hybrids with terpenoids
exhibit superior activity against their parent drugs or physical mixtures. Therefore, the application of
NSAIDs in cancer therapy seems to be still an open chapter and requires deep and careful evaluation.
The literature’s data indicate the possibilities of re-purposing anti-inflammatory drugs currently
approved for cancer treatments.

Keywords: NSAIDs; chemotherapeutic drugs; phosphatidylcholine; terpenoids; anti-cancer therapy

1. Introduction

Cancer, along with diabetes and cardiovascular and respiratory diseases, belongs to
the top four most common non-communicable diseases in the world. The global cancer
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mortality rate was almost 10 million in 2020, whereas the number of newly diagnosed cases
reached 19.3 million [1]. Moreover, the mortality rate is expected to rise by 47% in 2040 [1].
According to the WHO's reports from 2020, the most common types of cancer-causing
mortality were lung (1.8 million), colon and rectum (0.94 million), liver (0.83 million),
stomach (0.77 million) and breast (0.69 million) cancers [1].

A strong relationship between the occurrence of inflammatory processes and cancer
incidence has been highlighted since the mid-19th century. In 1863, Rudolf Virchow put
forward the hypothesis that the lymphoreticular infiltrates of immune cells during chronic
inflammation constitute the main cause of cancer [2]. Then, in 1986 Dvorak reported
histological evidence that inflammation and cancer progression share developmental simi-
larities [3]. On this basis, it was concluded that targeting chronic inflammation with the
use of non-steroidal anti-inflammatory drugs (NSAIDs) may constitute a valuable strategy
in the fight against cancer. NSAIDs have a long history of certified abilities as antipyretic,
analgesic, and anti-inflammatory agents [4]. For instance, it was proven that acetylsalicylic
acid monthly oral administration could prevent approximately 37 cardiovascular events,
such as myocardial infarction, thrombotic stroke, and death among 1000 patients [5]. The
first evidence of the possibility to re-purpose NSAIDs appeared in the early 1980s, fol-
lowing successful animal research. Experiments conducted by Pollard and Lucket on rats
administered with indomethacin for several weeks confirmed the protective effect of this
drug against induced colorectal cancer by reducing the number and size of tumors [6].
Similar effects were observed in experiments with sulindac, ibuprofen, and aspirin [7,8]. In
the case of sulindac, it was also confirmed that the drug’s suppressive effect was observed
in both the invasive and non-invasive tumoral forms [7]. Animal studies have indicated
that the inhibitory effect of NSAIDs is tumor-stage-dependent. Sulindac inhibited the
development of colon cancer in rats only when the drug was administered throughout
the experimental period since the time of tumor induction [9], while for piroxicam, no
such relationship was found [10]. After that, a series of clinical trials were started on the
possibilities of extending the use of NSAIDs in anti-cancer therapeutics.

The Food and Drug Administration (FDA) only approves a few de novo drugs, which
are released on the market annually. In 2018, 2019, and 2020 the numbers of de novo
drugs approved were 59, 48, and 53, respectively, while the European Medicines Agency
(EMA) approved only 30 in 2019 and 39 new drugs in 2020 [11-13]. In view of the scale
of the problem that cancer is today and the time needed to discover and approve drugs
that are effective in their chemoprevention and therapy, the best strategy seems to be to
re-purpose the drugs already approved to treat other diseases. In this aspect, NSAIDs
and their combinations and conjugation with natural products, such as phospholipids and
terpenoids, have great potential and importance, which are presented in the following
parts of this review.

2. Anti-Inflammatory Activity of Non-Steroidal Anti-Inflammatory Drugs

Concepts about the mechanisms of action of NSAIDs were introduced two decades
ago [14], and the results of the studies supported the ability of NSAIDs to prevent in-
flammation mainly by inhibiting prostaglandin (PG) biosynthesis. The effect of NSAIDs
on PG synthesis is shown in Figure 1. The first response to pro-inflammatory cytokines
and chemokines is that arachidonic acid (AA) from the cellular phospholipid bilayer is
oxidized to prostaglandin G2 (PGG2), and peroxide is reduced to prostaglandin H, (PGHj;)
by the cyclooxygenase (COX) enzyme, also known as prostaglandin endoperoxide H syn-
thase (PGH synthase). In the transformation of AA to PGH,, COX acts as a deoxygenase
and peroxidase.

The conversion of PGG; to unstable PGH; is known to be the key regulatory step of
this pathway. Further, by specific enzymes in different tissues, PGH; is metabolized to
different PGs, inclusively PGE,, PGI,, and thromboxane A; (TXA;) [15]. Moreover, there
are two COX isoforms involved in this pathway, namely COX-1 and COX-2. Additionally,
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the COX-3 isoform has also been discovered but has no reported involvement in PG
synthesis [14].

Figure 1. Effect of NSAIDs on PG biosynthesis.

Both COX-1 and COX-2 produce PGs and are expressed by two different genes located
in chromosome 9 and chromosome 1, respectively [16]. COX-1 is ubiquitously expressed
in many tissues and cells and produces PGs constantly and equally in normal and patho-
logical conditions. Functionally, COX-1-linked PGs are associated with renal function,
gastric mucosal maintenance, the stimulation of platelet aggregation, and vasoconstriction.
COX-2-linked PGs are helpful to organs such as the kidney, female reproductive organs,
brain, and bones [16]. In the kidney, COX-2-linked PGs signal through the peroxisome
proliferator-activated receptor-f3/5 (PPAR /) to control renal blood flow [17]. In the cor-
pus luteum, COX-2 is associated with ovulation, implantation, and decidualization, and in
the brain is associated with memory consolidation, synaptic activity, and functional hyper-
emia, also being crucial for bone fracture healing [16]. COX-2 is linked to inflammation and
was reported to be elevated in human melanoma models [18]. Its pathological significance
is under consideration in NSAID applications. COX-2 constitutes the immediate response
to pro-inflammatory cytokines and mediators, tumor promoters, DNA damaging agents,
growth factors, and oxidizing agents, and the derived PGE; is found to be pro-carcinogenic.
It is associated with melanoma cell proliferation, metastasis, and angiogenesis, and exerts
its potential by binding to the E series of prostaglandin receptors 14 (EP 1-4) [15].

Considering the important role of COX-1-derived PGs and COX-2/PGs in pro-inflammatory
promotion, poor COX-1 inhibition improves COX-2-specific inhibition and may be a suitable
approach for cancer therapeutics. There are a number of similarities between COX-1 and
COX-2, such as they both share similar molecular weights (70 kDa and 72 kDa) and a
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similar number of amino acids (602 and 604), possessing 60% homology at the amino
acid level [16,19]. However, the positional differences of the amino acids distinguish
the structural features, such as the large hydrophobic binding pocket, which occurs in
COX-2 but not in COX-1 because of the differences in the valine in COX-2 at positions
89 and 523 instead of isoleucine in COX-1 [16,20]. Functionally COX-2 accepts a wider
range of fatty acids as substrates than COX-1 [20]. The amino acid differences further
help to omit COX-1 inhibition, such as meloxicam acting on COX-2, avoiding COX-1
inhibition. This selectivity is due to a single amino acid difference in the same position
at the hydrophobic COX channel containing isoleucine in COX-1 and valine in COX-2
at position 509 [21]. This approach led to the further development of selective COX-2
inhibitors, named COXIBs. For example, the first well-known COXIB, celecoxib, was able to
inhibit COX-2, avoiding COX-1 inhibition. In a recent clinical paper, Bonnesen and Schmidt
reported that NSAIDs should be divided into COX-1 inhibitors, non-selective NSAIDs,
older COX-2 inhibitors, and newer COX-2 inhibitors (COXIBs) [22]. In their report, the
COX-1 inhibitors included flurbiprofen, ketoprofen, fenoprofen, oxaprozin, and tolmetin
and the non-selective dose-dependent inhibitors consisted of indomethacin, ibuprofen,
naproxen, piroxicam, ketorolac, and nabumetone. The older COX-2 inhibitors included
sulindac, meloxicam, salsalate, etodolac, mefenamic acid, diclofenac, and nimesulide.
Further, the COX-2 inhibitory ICsy concentrations of the COXIBs, in descending order,
included celecoxib, valdecoxib, rofecoxib, etoricoxib, and lumiracoxib [22]. Bonnesen
and Schmidt proposed this requirement of the subdivisions of the NSAIDs, and this
requires future research to reach a wider acceptance. Thus, throughout this review, we
used the terms COX-1 selective inhibitors, non-selective COX inhibitors, and selective
COX-2 inhibitors.

3. Evidence of the Anti-Cancer Mechanism of Action of NSAIDs toward Tumoral
Cell Lines

Among the NSAIDs, non-COX selective and COX-2 dependent inhibitors are able to
exert anti-tumoral activities by inhibiting the COX-2 enzyme. For instance, indomethacin
suppresses the proliferation of human pancreatic stellate cells by inhibiting COX-2 activ-
ity [23]. In addition, celecoxib inhibits the proliferation, migration, and invasion of human
hepatocellular carcinoma BEL-7402 cells primarily by inhibiting COX-2 expression [24].
However, there is considerable evidence for the anti-tumoral activities of NSAIDs beyond
COX-2 inhibition. For instance, SC-560, a non-COX-2 inhibitor, suppresses the coloniza-
tion of the human hepatocellular carcinoma HuH-6 cell line [25]. In addition, the results
reported by Hurst et al. confirmed that mavacoxib is able to induce apoptosis and inhibits
the migration of cancer cells independently of elevated COX-2 expression levels. This
suggests that NSAIDs may play roles as anti-cancer agents independently of tumor COX-2
expression [26].

Intracellular tumor cell signaling is a complex cascade of connections that allow
tumoral cells to survive, proliferate, and migrate. NSAIDs are able to induce the apoptosis
of cancer cells also through the downregulation of B-cell lymphoma-2 (Bcl-2), an anti-
apoptotic protein that regulates mitochondrial thiol reduction and further regulates the
mitochondrial permeability of apoptotic proteins such as apoptotic protease activating
factor 1 (Apaf-1). The downregulation of anti-apoptotic proteins promotes tumor cell
apoptosis. In gastric cancer cells (BGC-823), celecoxib inhibits the expression of two anti-
apoptotic proteins, Bcl-2 and Fas ligand (FasL), and increases the expression of the apoptotic
Fas protein [27]. In another study, it was proven that ibuprofen inhibits Bcl-2 transcription
and stimulates the transcription of an apoptosis regulator protein called Bcl-2 associated X
(Bax) in an adenocarcinoma gastric AGS cell line [28].

Another aspect is NSAIDs’ ability to downregulate the tumoral cell cycle and sur-
vival. The cell cycle and survival of tumor cells depend on phosphoinositol 3-kinase
(PI3K) /protein kinase B (Akt) signaling. Thus, the cause of a misregulated cell cycle is
unknown in Akt hyperactivation, although it is known that the Akt signaling pathway



Cancers 2023, 15, 475

50f24

induces cyclin A activation and promotes cell cycle progression [29]. Thus, in recent years,
NSAIDs were intensely evaluated to identify which ones exhibited activity that down-
regulated the cell cycle and cell proliferation by downregulating PI3K/ Akt signaling.
Collectively, several NSAIDs undergo inhibition via PI3K/ Akt signaling. Naproxen down-
regulated P13K/ Akt signaling by directly binding to P13K molecules to arrest the cells at
the Gg—Gj phase in the studies carried out in human bladder cancer cell lines (UM-UC-5
and UM-UC-14) [30]. Furthermore, celecoxib inhibits Akt and cyclin D1 expression in head
and neck squamous cell carcinoma cell lines (HN30 and HN31) [31]. In addition, diclofenac
dephosphorylated Akt during the apoptosis of human colon cancer cells (HCT116) [32].
This supports the hypothesis that the downregulation of P13K/ Akt signaling caused by
NSAIDs not only inhibits the cell cycle but also causes apoptosis.

Another crucial mechanism of NSAIDs’ anti-cancer activity is the Wnt/3-catenin
signaling pathway. This pathway is an important cascade for cancer cell renewal and
migration [33]. For instance, acetylsalicylic acid downregulates the migration and cell
viability of a human colon cancer cell line (SW480) by inhibiting Wnt signaling [34]. Fur-
thermore, NSAIDs upregulate and downregulate the genes associated with tumorigenesis.
In AGS cells, celecoxib suppressed tumor cell survival through the upregulation of wild-
type p53 gene expression [28]. Furthermore, diclofenac downregulated c-MYC (cellular—
myelocytomatosis) gene expression and inhibited leukemia cell proliferation (U937) [35].
In addition, acetylsalicylic acid reduced the level of nuclear factor-kB (NFkB) in a human
hepatocellular carcinoma cell line (HepG2) to suppress abnormal lipid metabolism [36].

Finally, NSAIDs express the ability to produce reactive oxygen species (ROS). For
instance, celecoxib restricts cellular respiration and induces the extensive production of ROS
during the apoptosis of murine metastatic cell lines (B16F10 and 411) [37]. In addition to the
above, many anti-tumoral actions of NSAIDs were studied, and their specific mechanisms
of action in multiple cancer cell lines are summarized below in Table 1.

Table 1. Anti-tumoral mechanisms of action of NSAIDs in in vitro studies.

Therapeutic

NSAIDs Concentration Cancer Cell Line Mechanism of Action Reference

Dose-dependent direct binding on

MR an oncogenic extracellular matrix
0.5-4 mM for25h ??/II-]:I)S xBai?b%;?ﬁg’ enzyme called heparinase and the [38]

Acetylsalicylic acid ! inhibition of cell migration
and angiogenesis.

Dose-dependent relocation of EGF
0.1-1 mM for 12 h SW480 and the phosphorylation of EGFR. (3]
0.4 mM for 48 h EC109 Induction of mltlochondrla—vderlved [40]

caspase-3 in apoptosis.

. Dose-dependent downregulation

Indomethacin A375 MeWo. and of survival via ROS induction and
0.1-0.3 mM for 24 h SI,(-MEL-,5 NF«B signaling. Induced ROS [41]

upregulation of DR5 and CHOPS

in TRAIL-related cell death.
Downregulation of lactate
0.1and 0.2 mM for24 h 4T1 secretion in T-cell-mediated [42]
cell death.

Diclofenac Dose-dependent downregulation

of GLUT1 and c-Myc expression,
0.4 and 0.8 mM for 48 h MDA-MB-231 and the inhibition of hexokinase [43]

HCC1937 activity, and the inhibition of

cell proliferation.
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Table 1. Cont.
Therapeutic . . .
NSAIDs . Cancer Cell Line Mechanism of Action Reference
Concentration
Downregulation of VEGF-A,
0.5mM for 48 h AGS PCNA, Akt, CD44, and OCT3/4 [28]
gene transcription in apoptosis.
Ibuprofen
Downregulation of c-Myc
2mM for24 h HTZ-349 and A172 expression in the inhibition of cell [44]
growth and migration.
Dose-dependent downregulation
0.5-2mM for 72 h UII\J/II;/[I{ICJZ_CS-?Zd of Bcl-2 and the upregulation of [30]
Naproxen Bax expression during apoptosis.
6 mM for 6 h MDA-MB-231 Increased activation of caspzjlse-?: [45]
and caspase-9 in apoptosis.
Dose-dependent induction of ER
stress makers, such as DR5,
0.03-0.12 mM for 24 h HCT116 pPERK, and pEIF2at in [46]
Sulindac ER-mediated apoptosis.
Induction of the production of
0.03-1 mM for 48 h FaDu VEGFR-2 and the arrest of cells at [47]
the G2/M phase.
0.025-0.05 mM for 24 h MCEF-7 and Time-dependent downregulation [48]
and 48 h MDA-MB-231 of IL-1p and IL-6 gene expression.
Piroxicam Time-dependent induction of
0.03 mM for 348 h MCE-7 ROS-activated PI3K/ Akt signaling [49]
during apoptosis.
A375 and Inhibition of COX-2 expression
0.02-0.04 mM for24 h and the downregulation of [50]
Mel-STM . .
cell migration.
Celecoxib Dose-dependent and
0.04,0.08 and 0.1 mM MDA-MB-231 and time-dependent upregulation of [51]
for 24-48 h SK-BR-3 caspase-3 induced cell cycle arrest

at the G1 and G2 phases.

4. Evidence of the Anti-Cancer Mechanisms of NSAIDs in In Vivo Models

The promising anti-cancer activities of NSAIDs were demonstrated in in vitro experi-
ments, but additional successes were also reported in in vivo experiments. These successes
could be divided into two major categories of NSAIDs applications, i.e., chemoprevention
and chemotherapies. Chemoprevention capacity is brought by the anti-tumoral activity of
NSAIDs in which the progression of cancer cell growth is diminished. The chemotherapeu-
tic efficacy of NSAIDs is mainly based on their ability to prevent the metastatic spread of
cancer cells and the inhibition of angiogenesis.

The administration of NSAIDs before cancer induction confirmed their chemopreven-
tive capacities and abilities to significantly reduce the rate of tumor growth. In this area,
the progression of colon tumors was effectively inhibited by piroxicam in a rat model [10].
In another study performed on the same model, Rao and co-workers also demonstrated
that the application of sulindac inhibited the progression of invasive and non-invasive
colon adenocarcinomas [7]. In the case of indomethacin, it was observed that its adminis-
tration starting the same day of tumoral induction effectively reduced lung metastasis [52].
Furthermore, in C57BL/6 mice, indomethacin inhibited the progress of oral premalignant
lesions in the squamous cell carcinomas of the head and neck [53].

Moreover, in chemotherapy, NSAID administration suppresses the metastatic spread
of cancer cells. For example, in head and neck squamous carcinomas in C57BL/6 mice,
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indomethacin-induced immune cells suppressed the metastatic spread of cancer cells [53].
In addition, significant evidence has shown the tumoral volume reduction in adenocarci-
nomas [52,54,55]. For instance, celecoxib promoted apoptosis in vivo [56]. Furthermore,
celecoxib decreased the invasion and metastasis of cancer cells in the PyMT/Collal mice
model of mammary tumors [57]. NSAIDs also downregulate angiogenesis in rodents. For
instance, celecoxib inhibited angiogenesis in an ovarian cancer model of KpB mice [56].

Unfortunately, despite the promising results regarding chemoprevention and the re-
duction in neoplastic processes, in vivo assays of NSAIDs have also shown serious side
effects. Adverse effects are the result of COX inhibition and refer to those associated with
the gastrointestinal tract as well as additional problems associated with the kidney, liver,
lung, bowel, and heart. Brown et al. reported that indomethacin and sulindac caused
gastrointestinal side effects in Sprague-Dawley rats [58]. Additionally, piroxicam resulted in
gastric ulceration and hepatic toxicity in Wistar albino male rats [59]. Moreover, the inhibi-
tion of COX-1 blocked the production of thromboxane. Comparatively, ketoprofen resulted
in a higher blood bleeding time than non-selective and selective COX-2 inhibitors [60].
In the same way, they reduced the number of red blood cells and erythrocytes in albino
NMRI mice [61]. In several studies, COX-2 selective inhibition did not have any reports of
gastrointestinal toxicity [58,62]. In Sprague-Dawley rats, Brown et al. found that meloxicam
and celecoxib did not cause any gastrointestinal side effects [58]. However, side effects
appeared in other organs. In Dukrey rats, according to Niranjan et al., the oral admin-
istration of diclofenac and valdecoxib led to non-observable hemorrhagic leaks in the
gastrointestinal tract but provided negative effects on the liver with regard to hepatitis and
hepatic completion [62].

5. Evidence of the Anti-Cancer Mechanisms of Action of NSAIDs in
Epidemiologic Studies

Numerous epidemiological studies have confirmed the chemopreventive and anti-
cancer properties of NSAIDs, as described below, including the risk ratios (RRs), odds ratios
(ORs), and standardized incidence ratios (SIRs) with 95% confidence intervals (CIs). A study
among patients with large bowel cancers (1326 patients), other cancers (1011 patients), and
patients without tumors (3880 patients) initially reported that previous histories of NSAIDs
decreased the risk of developing human large bowel cancers (RR: 0.5; 95% CI: 0.4-0.8) [63].
Another study demonstrated that regardless of COX-1 and COX-2 inhibitors, a history
of NSAID intake expressed chemopreventive potential in stomach cancer. Furthermore,
Coogan et al. reported that among 254 stomach cancer patients, those who had taken
NSAIDs for a minimum of four days per week for three months in the previous year
before admission had a lowered risk of developing stomach cancer than non-NSAID users
(OR: 0.3; 95% CI: 0.1-0.6). NSAIDs used by the above patients included acetylsalicylic acid,
indomethacin, ibuprofen, mefenamic acid, and piroxicam [64]. Moreover, it was reported
that the regular use of NSAIDs (non-selective COX inhibitors, COX-1 inhibitors, and COX-2
selective inhibitors) for six months during six years reduced the chances of peptic cancer in
peptic ulcer patients from 27,016 non-NSAID users against 25,145 NSAID users (SIR: 0.79;
95% CI: 0.77-0.81) [65]. In an epidemiological study in colorectal cancer, acetylsalicylic acid
users among 2279 colon cancer patients and 2907 non-colon cancer patients taking low dose
acetylsalicylic acid at 75 mg for more than four tablets per week in more than a month had
a lowered risk of developing colorectal cancer than non-acetylsalicylic acid users (OR: 0.78;
95% CI: 0.65-0.92) [66]. In addition, 17 years of data collected between 1994-2011 among
10,280 colorectal cancer patients and 102,800 non-cancer patients suggested that a minimum
of five years of continued low acetylsalicylic acid (75-150 mg) intake reduced colorectal
cancer risk by 27% (OR: 0.73; 95% CI: 0.54-0.99). The same study reported that the usage of
COX-2 selective inhibitors reduced colorectal cancer risk (OR: 0.57; 95% CI: 0.44-0.74) [67].
Moreover, epidemiological evidence links the use of NSAIDs with metastasis prevention.
In a meta-analysis, 202,780 patients with different types of cancers showed a reduction in
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distal metastasis during pre-diagnostic NSAID intake (RR: 0.708; 95% CI: 0.586-0.856) and
post-diagnostic NSAID usage (RR: 0.708; 95% CI: 0.586-0.856) [68].

Even though epidemiological studies and clinical trials provide significant insight
into the anti-tumoral activity of NSAIDs, several unwanted side effects of NSAIDs during
long-term use have been reported. In a meta-analysis of 31 trials, including 116,429 patients
subjected to cardiovascular risk assessments of NSAIDs (naproxen, ibuprofen, diclofenac,
celecoxib, etoricoxib, rofecoxib, and lumiracoxib), it was suggested that rofecoxib was the
most highly associated with cardiovascular risk (rate ratio: 2.12; 95% CI: 1.26-3.56) and
ibuprofen was associated with a higher risk of stroke (rate ratio: 3.36; 95% CI: 1.00-11.6). In
this study, even though all drugs showed an association with cardiovascular risk, diclofenac
had the lowest risk among all selected NSAIDs (rate ratio: 3.98; 95% CI: 1.48-12.7) [69].

In addition, Bally et al. reported that 446,763 patients, including 61,460 individuals
with acute myocardial infarctions, demonstrated that taking any dose of NSAIDs for
up to a week increased the risk of myocardial infarction. In this study, the myocardial
risk was observed in all NSAIDs, and the risk of myocardial infarction in decreasing
order was rofecoxib (OR: 1.58; 95% CI: 1.07-2.17), naproxen (OR: 1.53; 95% CI: 1.07-2.33),
diclofenac (OR: 1.5; 95% CI: 1.06-2.04), ibuprofen (OR: 1.48; 95% CI: 1.00-2.26), and celecoxib
(OR: 1.24; 95% CI: 0.91-1.82) [70]. Moreover, Hamid et al. reported the induction of
upper gastrointestinal complications with NSAIDs. Two years of data on 52 NSAID users
suggested that the percentage of peptic cancer cases in acetylsalicylic acid and diclofenac
users were associated with 30.7% and 32.7% of side effects, respectively. In this patient
group, duodenal ulcers accounted for 65.3% of the cases, and gastric ulcers accounted
for 42.3% [71]. In addition, a meta-analysis suggested that all NSAIDs increase the risk
of upper gastrointestinal complications (rate ratio: 1.81; 95% CI: 1.17-2.81), especially
diclofenac (rate ratio: 1.89; 95% CI: 1.16-3.09), ibuprofen (rate ratio: 3.97; 95% CI: 2.22-7.1),
and naproxen (rate ratio: 4.22; 95% CI: 2.71-6.56) [72]. Moreover, NSAID use was also
linked to acute kidney injury. Balestracci et al. reported in a one-year case study that
ibuprofen was associated with 54% of acute gastroenteritis cases in children, as well as risk
factors for acute kidney injury [73].

6. Combination of NSAIDs with Chemotherapeutic Drugs

Considering the reduced rate of newly available drugs, strategies intended to re-
purpose currently marketed drugs as well as their combinations seem more feasible. Re-
garding the latter, it is possible to observe activity improvement depending on the syner-
gistic effects of drug combinations. Therefore, for cancer therapy, combined chemotherapy
was studied. Compared to monotherapy, combination therapy does not require high con-
centrations of drugs to obtain cytotoxic effects, thus reducing the adverse effects in healthy
cells [74,75].

To date, some NSAIDs have been tested in combination with chemotherapeutic drugs
(CTDs), immunotherapeutic agents, consumable products, other NSAIDs, and radiothera-
pies by undertaking in vitro, in vivo, and clinical studies for cancer therapeutics.

6.1. Combination of NSAIDs with Chemotherapeutic Drugs Studied in Tumoural Cell Lines

Chemotherapeutic drugs (CTDs) have the potential to downregulate the pathways
associated with cancer, but in the case of some cancer cell lines, they are often not effective
because of multidrug resistance (MDR). MDR is connected to complex changes in the cancer
cellular environment, mainly caused by three factors, i.e., changes in hydrophilic drug
transporters, higher energy requirements to influx hydrophobic cytotoxic drugs across the
plasma membrane, and modifications in drug mechanisms of action [76]. Furthermore,
hydrophobic drug resistance is associated with the ATP-binding cassette (ABC) transporter
protein family, which is reported to efflux CTDs and lead to low drug accumulation in cells.
In addition to the above, anti-apoptotic protein Bcl-2 overexpression was identified to be
elevated during MDR [75].
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Different proteins belonging to the ABC protein family restrict CTD transport. Firstly,
p-glycoprotein (P-gp) is known to restrict daunorubicin accumulation [77]. Secondly, mul-
tidrug resistance-associated protein 1 (MRP1/ABCC1) restricts the entry of doxorubicin [78].
In addition, mitoxantrone resistance protein (MXR/ ABCG2) and breast cancer resistance
protein (BCRP) restrict mitoxantrone intake [79,80].

NSAIDs and CTDs were combined to examine the potential of NSAIDs for chemosen-
sitization. The application of CTDs alone in tumoral cell lines initially boosts the downreg-
ulation of cell proliferation. However, after a certain period of continued therapy, the drug
concentration is reduced, and CTDs are expelled out of the cells. This may be caused by the
MDR expression caused by CTDs. In this area, it was proven that doxorubicin treatment for
several days had the potential to cause MDR-1 gene expression, leading to P-gp surface gly-
coproteins in tumoral cells. The application of NSAIDs in combination negatively affected
both P-gp accumulation and MDR-1 gene expression. NSAIDs expressed additive potential
to multiple CTDs, as Duffy and co-workers reported. They found that indomethacin and
sulindac exerted synergic effects with anthracyclines (doxorubicin, daunorubicin, and
epirubicin), vincristine, teniposide, and VP-16 [74].

Additionally, Arunasree and co-workers reported that the combination of celecoxib
with doxorubicin, vincristine, etoposide, and irinotecan provided synergic effects in
two different neuroblastoma cell lines, SH-SY5Y and SK-N-BE [75]. COX-2 selective in-
hibitors provide additive effects in combination with CTDs and are considered to down-
regulate P-gp via COX-2 inhibition [75,81]. The non-cytotoxic concentration of COX-2
selective inhibitors, celecoxib, and NS-398, downregulated both P-gp and COX-2 with a
significant correlation. Even though the inhibition of P-gp is concentration-dependent, the
low cytotoxicity of COX-2 inhibitors has less potency to downregulate COX-2 expression.
In addition to the above, there are two reported pieces of evidence to consider for the COX-2
independent mechanism. Firstly, the non-COX inhibitor sulindac sulphone in combination
with CTDs downregulated tumoral cell proliferation, and secondly, Xia and co-workers
reported that celecoxib at a non-cytotoxic concentration of 50 um inhibited the expression
of P-gp in MCF-7 and JAR/VP16 cell lines [74,82].

As shown in Figure 2, in MDR, P-gp expels CTDs out of the cells, resulting in the low
drug accumulation of doxorubicin, 5-fluorouracil, vincristine, and etoposide. However,
it is possible to assume that NSAIDs, such as celecoxib, sulindac, and indomethacin,
inhibit P-gp expression from facilitating CTD action. A combination of celecoxib and
doxorubicin resulted in cell cycle arrest at the G1 phase of colon tumoral cells (HCT116),
and in combination with ibuprofen and cisplatin in lung adenocarcinoma cells (A549),
ibuprofen demonstrated to translocate the Bax protein to mitochondria by inhibiting
heat shock protein 70 (Hsp70), facilitating cisplatin-mediated Bax activation, leading to
Apaf-1 activation followed by the activation of cytochrome-c and the phosphorylation
of caspase-9, resulting in the apoptotic cell death of A549 cells. In the combination of
cisplatin and ibuprofen, cisplatin and other platinum-based drugs are transported into
tumoral cells by the copper transporter 1 (CTR1) protein. Thus, the antagonistic nature
of ibuprofen in inhibiting the CTR1 transporter pump is unknown. Further findings
elucidated the common potentials of NSAIDs and CTDs individually to interfere with
cancer mechanisms. COX-2 selective inhibitors celecoxib and SC-236, along with CTDs
cisplatin and etoposide, caused DNA adducts and poly (ADP-ribose) polymerase (PARP)
inhibition. Moreover, a common ability to activate caspase-3 and caspase-9 by non-COX
selective inhibitor ibuprofen and CTDs, such as cisplatin and 5-fluorouracil, was also
proven [83-85]. Moreover, doxorubicin metabolites share the potential to activate free
oxygen radicals from ROS during mitochondrial deletion to cause apoptotic cell death.

Despite the chemosensitizing potentials of NSAIDs being independent of COX in-
hibition, NSAIDs, such as indomethacin and sulindac, are less effective when combined
with 5-fluorouracil, methotrexate, cyclophosphamide, cytarabine, and hydroxyurea [74].
Certain NSAIDs, such as celecoxib and SC-236, possess antagonistic effects that combine
with platinum-based compounds. A similar finding demonstrated that administering
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celecoxib in human gastric tumoral cells caused antagonistic effects in combination with
cisplatin. However, the resulting antagonistic behavior of NSAIDs on platinum-based
drugs had no connection to COX and PGE, inhibition [85]. NSAIDs lower the intracellular
accumulation of platinum-based drugs. Platinum-based drugs are polar and transported
via plasma membrane transporter proteins. In this area, Chen and co-workers reported
that a combination of celecoxib and cisplatin reduced cisplatin intracellular accumulation
and both decreased CTR1 protein expression [85].
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Figure 2. In vitro evidence of the combined mechanisms of NSAIDs and chemotherapeutic agents.

A novel strategy to improve drug permeability is the conjugation of CTDs with
NSAIDs. It has several advantages, such as pharmaceutical activity improvement and
the increased lipophilicity of CTD. NSAID-CTD conjugates, such as acetylsalicylic acid-
cisplatin, ketoprofen-cisplatin, and naproxen-cisplatin, improved cisplatin permeability
and were found to enhance cisplatin’s effects [86].

6.2. Combination of NSAIDs with Chemotherapeutic Drugs in In Vivo Models

In in vitro models, combinations of NSAIDs and cytostatics seem more effective in
overcoming MDR than in in vivo models. There is only a little evidence regarding NSAIDs’
potential in combination with CTDs for MDR-1 and P-gp inhibition [87,88].

CTDs, such as doxorubicin, exerted synergic pharmacological actions with celecoxib,
diclofenac, and sulindac and were identified to inhibit pathways relating to MDR. Individu-
ally, a combination of sulindac and doxorubicin delayed the MDR-1 expressing xenograft of
human large-cell lung carcinoma (NCI H460) in mice. It is one of the first pieces of evidence
where sulindac blocks the efflux of doxorubicin by MDR-1-expressing carcinoma cells [89].
Moreover, Awara and co-workers assessed celecoxib and diclofenac in combination with
doxorubicin in Ehrlich carcinoma cells and reported P-gp inhibition by both NSAIDs,
resulting in improved doxorubicin intake [87]. Further, similar to the in vitro evidence,
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the combination of celecoxib and 5-fluorouracil improved the expression of cytochrome-c,
caspase-3, and caspase-9 in xenografts of human colon cancer cells (HT-29) [88].

In the in vivo models, the major endpoints were related to the increased activity of
the combination of NSAIDs with CTDs toward tumoral growth delay, angiogenesis, and
anti-metastasis. In a wide range of in vivo studies, apoptosis was not obtained by free
CTDs, free NSAIDs, or their combinations [88-91]. The combination of NSAIDs and CTDs
only delayed tumoral growth. In contrast, Zhang and co-workers reported an increase in
apoptotic cells using the combination of celecoxib and 5-fluorouracil [88]. Thus, combining
NSAIDs delayed tumoral growth in comparison to monotherapy. Moreover, O’Connor and
co-workers reported that the administration of doxorubicin or sulindac had no significant
tumor delay, but their combination significantly delayed tumor growth in xenografts of
human lung cancer [89]. Tumoral cell proliferation and volume are influenced by angiogen-
esis, which is characterized by the elevation of microvascular density. A study regarding
drug combinations’ influence on microvascular density identified that celecoxib, in com-
bination with doxorubicin, declined microvascular density. However, their combination
with irinotecan had no effect on the microvascular density of the neuroblastoma xenografts
of SH-SY5Y cells [90]. Unlike the in vitro evidence, sulindac and indomethacin possessed
synergic effects with cisplatin and caused tumoral growth delays. However, cisplatin with-
drawal and NSAIDs’ influence on CTR1 is unknown in vivo. Furthermore, the induction
of chemotaxis as a result of chemotherapy ignited the search for the anti-metastasis activity
of NSAIDs. The post-administration of NSAIDs after chemotherapy has proven to prevent
chemotaxis. For instance, Gunjal and co-workers reported the influence of ibuprofen in
preventing the metastasis caused by cisplatin post-chemotherapy in xenografts of human
ovarian cancer (A2780) cells [92].

6.3. Combination of NSAIDs with Chemotherapeutic Drugs Studied in Clinical Trials

Pre-clinical data has suggested that a combination of CTDs and NSAIDs significantly
impacts the progression of cancer. Currently, several clinical trials combining NSAIDs and
CTDs are being undertaken. Most of the clinical trials are in phase one or two and are
subject to evaluations for safety and clinical significance [93-96]. The mixture of rofecoxib
with cyclophosphamide and vinblastine in a phase two trial among advanced solid tumor
patients exhibited a 30% clinical benefit [93]. However, rofecoxib was withdrawn in 2004
after its use was associated with an instance of myocardial infarction [97].

The immunohistochemical elevation of COX-2 was considered in a wide range of clini-
cal studies to target a combination of CTDs with selective COX-2 inhibitors in chemotherapy.
Despite COX-2 selective inhibition, celecoxib in a phase two randomized clinical trial on
peritoneal carcinoma showed no significant COX-2 inhibition [94]. In several studies, cele-
coxib administration had a low impact on anti-angiogenic and anti-metastatic features in
combination with carboplatin, and no changes were observed in the VEGF and endostatin
serum levels [94,96]. In contrast, celecoxib with cyclophosphamide caused a decreased
serum VEGEF level that demonstrated anti-angiogenesis potential in metastatic breast can-
cer [95]. Similar to the pre-clinical evidence, the oral administration of celecoxib improved
a greater number of responses in patients with platinum-based drug resistance [96] and
was recently reported to lower doxorubicin-induced MDR by decreasing P-gp expression
in patients’ biopsy samples of canine lymphoma [98].

Celecoxib, in combination with cisplatin, irinotecan, and carboplatin, was adminis-
tered via an oral dose of 400 mg per day, and several side effects were reported [96,99].
The chemotherapeutic side effects included diarrhea, rectal bleeding, and abdominal pain.
Even though the addition of NSAIDs along with CTDs is beneficial to extend the aver-
age patient survival rate, it is crucial to also consider the side effects. Among the phase
one and two clinical trials, celecoxib expressed mild cases of febrile neutropenia, sepsis, se-
vere dehydration, nausea, and diarrhea in the case of patients with esophagus cancer [100],
whereas in ovarian cancer, patients expressed side effects such as gastroduodenal perfo-
rations and intestinal bleeding [96]. In the case of epithelial ovarian cancer, mild skin
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reactions and cardiovascular morbidity were observed [94]. Combination chemotherapy is
still used and exhibits results, although the number of patients that stop the treatment due
to side effects is also high.

7. Combination of NSAIDs with Phosphatidylcholine

Phospholipids form the bilayer of all cell membranes. In cells, the most abundant
phospholipids are phosphatidylcholine (PC) and phosphatidylethanolamine (PE) at ap-
proximately 50% and 30%, respectively. PC is the main class of phospholipids in the cell
membrane of eukaryotic cells, and cellular organelles, such as the endoplasmic reticulum,
Golgi body, mitochondria, lysosome, and nucleus, contain PC [101]. PC is a glycerophos-
pholipid containing a head group, choline linked to a phosphate group, an apolar group,
and two fatty acid chains at the sn-1 and sn-2 positions of the glycerol skeleton.

Since the 1980s, the Lichtenberger research group has been a pioneer in the studies
of the influence and importance of PC on gastric protection after the administration of
NSAIDs [102]. The evaluation trials of NSAIDs” influence on gastric PC were initiated in
1983 [102] and showed that the intraluminal administration of surface-active phospholipids
effectively protected the gastric mucosa from acid-induced necrosis and bleeding. They
also demonstrated that the concentration of surface-active phospholipids in the gastric
mucosa is markedly increased via treatment with prostaglandins [102]. It was proven that
a reduction in the surface hydrophobicity of the stomach caused by the administration
of aspirin could be completely reversed by the addition of 16,16-dimethyl prostaglandin
E; [103].

The gastric epithelium produces bicarbonate ions which are entrapped by glycopro-
teins in the mucosal barrier, which generates a gradient pH range across the mucosal
layer. The negatively charged and hydrophilic gastric mucus barriers are attached to a
positively charged head group of PC, forming a hydrophobic coating that protects the
gastric epithelium against acidic pH conditions [104].

NSAIDs are acidic and attach to the head group of PC via an ionic bond. For instance,
dipalmitoylphosphatidylcholine, a zwitterionic PC in the gastric mucus, interacts with
NSAIDs, such as acetylsalicylic acid, indomethacin, diclofenac, and naproxen, in an acidic
medium [105].

Concerns regarding the application of NSAIDs and gastrointestinal toxicity started to
be reduced after the first attempts to combine NSAIDs and PC. One of the first successful
clinical demonstrations of the reduction in gastrointestinal toxicity was achieved via the
application of equal rations of neutralized acetylsalicylic acid and PC [106]. In further
clinical studies, it was also proven that a mixture of ibuprofen and PC did not result
in the side effects associated with gastrointestinal toxicity, and the drug had the same
bioavailability after application in the free form as in the mixture [107].

A homogenized mixture of indomethacin and PC was also evaluated in a mice model
for gastrointestinal safety, where side effects caused by indomethacin monotherapy were
reduced in a combined treatment [108]. A similar observation was reported in a clinical
trial for the combination of acetylsalicylic acid and PC, which reduced acetylsalicylic
acid-induced gastroduodenal erosion and ulceration in human subjects [109]. Thus, a
mouse model expressed equal inhibition of synovial fluid PGE, expression in the treatment
of indomethacin monotherapy and combination with PC and ensured gastrointestinal
safety [108].

More interestingly, in a recent report, the NSAID and PC combination was identified
to have anti-tumoral activity in cancer cell lines and mice models, and, in mice, combi-
nations of indomethacin and acetylsalicylic acid with PC proved gastrointestinal safety
and prevented the metastatic spread of cancer cells [110]. Comparatively, the anti-tumoral
efficacy of the combination improved from NSAID monotherapy. In several in vivo studies,
acetylsalicylic acid, indomethacin, and sulindac combined with PC expressed anti-tumoral
activity against colon cancer in mice models [110,111].
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A novel strategy for the delivery of NSAIDs and phospholipids is based on their
direct attachment via covalent bonds between the drug and the skeleton of phospholipids.
This type of conjugate was obtained for indomethacin. Hybrid DP-155 (Figure 3) was a
mixture of phosphatidylcholines 1a and 1b, which contained palmitic and stearic acids in
the sn-1 position and a drug attached to the sn-2 position of PC through a 5-carbon linker.
DP-155 was also synthesized by D-Pharm LTD as a potential agent active in Alzheimer’s dis-
ease. DP-155 lowered gastrointestinal and renal toxicity by 10 and 5-fold, respectively, than
free indomethacin [112]. Moreover, it was confirmed that the conjugates of indomethacin
with PC had lower concentrations in plasma in comparison with the free drug but had a
much higher relative concentration in the brain.

1aR= Cq5H31
1bR= C17H35

Cl

DP-155
Figure 3. Chemical structure of conjugates of phosphatidylcholine with indomethacin (DP-155).

During cancer, cell proliferation, the cell cycle, and survival cellular metabolism are
reprogrammed to increase biomass [113]. PC synthesis plays a crucial role in the biomass
extension of tumoral cells [113,114]. In 1950, Kennedy and co-workers established the
PC synthesis pathway, named the Kennedy pathway or cytidine-choline (CDP-choline)
pathway [115]. As shown in Figure 4, in the CDP-choline pathway, PC and its interme-
diates are governed by secondary signals in the oncogenic mechanism. PC synthesis in
the CDP-choline pathway is ATP-dependent and initiated by the intake of choline with
sodium-dependent choline transporter-1 (CHT1), sodium-dependent choline transporter-
like protein (CTL), and organic cation transporters [116]. Further, it is phosphorylated to
phosphocholine by ATP-dependent choline kinase (ChoK), and the nucleotide cytidine
is attached to phosphocholine to form cytidine-diphosphocholine via the catalyzation of
cytidylyltransferase (CCT). Finally, PC is synthesized from the transformation of the phos-
phocholine moiety to diacylglycerol (DAG) via the catalyzation of choline/ethanolamine
phosphotransferase (CPT/CEPT) [114]. In addition, as shown in Figure 4, PC is catabolized
by phospholipase A; (PLA;) to glycerophosphocholine and fatty acids and catabolized by
phospholipase C (PLC) to phosphocholine and DAG and also catabolized by phospholipase
D (PLD) to choline and phosphatidic acid. Considering the transformation of the tumoral
cellular mechanism, several studies reported evidence of accelerated PC synthesis and
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the improved activity of phospholipases. Tumoral intracellular metabolism promotes the
intake of choline by enhancing the expression of CHT1 and CTL3 in esophageal, colon,
breast, prostate, and ovarian tumoral cells [117-119]. In addition, ChoK is not the key
limiting step in the CDP-choline pathway, although ChoK plays a comprehensive step in
activating PC synthesis from oncogenic signaling pathways. In addition, c-MYC regulates
the CDP-choline pathway by regulating CCT expression [120]. In several studies, the inhibi-
tion of ChoK significantly induced PC production and was considered a suitable strategy to
inhibit the tumoral cell cycle [121,122]. In addition, Garcia-Molina and co-workers reported
that in mammary and liver tumoral cell lines, the inhibition of ChoK expression suppresses
tumoral cell proliferation [123]. In comparison to normal cells, tumoral cell PC metabolism
enhances choline product transport and PC-specific phospholipases [124].

Oncogenic signaling
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Figure 4. Targets of oncogenic signaling in the CDP-pathway.

In the face of the above-mentioned facts, the synthesized conjugates of phosphatidyl-
choline with naproxen (NAP) and ibuprofen (IBU) (Figure 5) were also evaluated in human
promyelocytic leukemia cells (HL-60), human colon cancer cells (Caco-2), and human
non-tumorigenic intestinal epithelial cells (IPEC-]2) [125]. Therapeutic concentrations of
IBU and NAP in HL-60 and Caco-2 were in a range from 78.63 to 140.51 pM. However, the
incorporation of these drugs in the sn-1 position of lysophosphatidylcholine (LPC) (2a, 2b)
did not produce derivatives with higher activities. Despite this, the conjugation of PC with
drugs in both or only one position produced active biomolecules. Phospholipids containing
palmitic acid (PA) in the sn-2 position and IBU or NAP in the sn-1 position exhibited higher
cytotoxic effects and expressed no activity in the normal cell line, IPEC-J2. The most active
derivative in this group was compound 3b, with an ICsy value of 27.13 uM. In contrast,
disubstituted PC 5a and 5b expressed almost two times higher activity in comparison to
the free drugs.
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Figure 5. Chemical structures of the conjugates of phosphatidylcholine with ibuprofen and naproxen
tested for anti-cancer activity against cancer cell lines.

8. Combination of NSAIDs with Terpenoids

Terpenoids are secondary metabolites in plants and animals. This large class of
naturally occurring substances has been extensively studied for decades for their anti-
inflammatory, anti-cancer, anti-bacterial, anti-fungal, anti-viral, and anti-parasitic capac-
ity [126]. A vast number of unmodified terpenoids were tested for their anti-cancer activity.
Despite this, due to their rapid metabolism and low bioavailability, terpenoids have not
been clinically applied for cancer [127].

The high potential of terpenoids and the mentioned obstacles for their industrial
applications as anti-cancer agents were the basis for studying a new concept based on the
molecular hybridization (MH) of terpenoids with well-known anti-inflammatory drugs
indicated in the literature as useful in anti-cancer therapy. Combinations of NSAIDs and
terpenoids provide several beneficial effects, such as bioavailability, solubility, protection
from toxicity, and permeation. The effectiveness of novel codrugs containing terpenoids
and NSAIDs as pharmacophoric units was tested using three different strategies. An initial
approximation was carried out by preparing physical mixtures of NSAIDs and terpenoids;
a second strategy consisted of using terpenoids as deep eutectic solvents (DESs) to carrier
NSAIDs, and the third methodology was the conjugation of terpenoids and NSAIDs. Each
preparation enhanced the application of both groups of compounds.

In physical mixtures, terpenoids improved the skin permeation of NSAIDs. In particu-
lar, the transdermal permeation of indomethacin and tiaprofenic acid was enhanced during
formulation with menthol [128,129]. Several terpenes, such as limonene, menthol, and
nerolidol, are known to disrupt the intracellular lipids of the stratum corneum, which even-
tually enhances the transdermal delivery of NSAIDs and reduces direct gastrointestinal
contact [129].

The application of terpenes in therapeutic deep eutectic systems (THEDESs) is based
on the preparation of a binary mixture of terpenes and drugs in different molar ratios. As
a result, it is possible to improve the bioavailability and solubility of NSAIDs. In recent
decades, several monoterpenes, namely limonene (LIM), menthol (ME), perillyl alcohol
(POH), and thymol (THY), were used for the preparation of THEDESs with NSAIDs. On the
contrary, due to the well-assessed anti-cancer activity and low solubility, the only studied
NSAID for this type of formulation with anti-cancer activity was IBU [127,130,131]. As
provided in Table 2, the formulated THEDESs, compared to their individual compounds,
showed higher selectivity in cancer cells than in normal cells. The LIM: IBU (4:1) for-
mulation inhibited the proliferation of HT29 cells without disrupting cell viability. In
addition, the mechanism of action was different from the individual compounds used
in the preparation of THEDESs [127]. The first strategy of the preparation of terpenes
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and NSAIDs enhanced skin permeation. In contrast, a physical mixture of terpenes and
NSAIDs was less effective in cancer cell lines. Thus, the same ratio of compounds in a
THEDES was twice effective in improving the antiproliferative activity. The ECsy value
of the POH: IBU (3:1) hybrid was much lower than the ECsj of the mixture of POH and
IBU (3:1) (Table 2) [130]. In addition to the anti-cancer activity, the THEDES demonstrated
improved solubility in a PBS buffer. Among the similar molar ratios of the THY: IBU (3:1)
and ME: IBU (3:1) formulations and their physical mixtures, comparatively, ME: IBU (3:1)
had higher solubility in phosphate saline buffer, but THY: IBU (3:1) was more cytotoxic in
Caco-2 cells (Table 2) [131].

Table 2. ECs values of the cytotoxicity and antiproliferative assays of the THEDESs and com-
pounds. Cytotoxicity assays were carried out on the human epithelial colorectal adenocarcinoma
cell line (Caco-2). The antiproliferative activity was assessed using the human Caucasian colon
adenocarcinoma cell line (HT29).

ECsp Values (mM)

Compound/THEDES Molar Ratio Colon Selectivity
Adenocarcinoma Cell Cytotoxicity Assay Index
Line (HT29)
1BU - 2.346 £ 0.09 2.89 £ 0.06 1.23
LIM - 0.67 £ 0.03 2.64 £0.11 -
POH - 2.37 £0.20 4.86 £ 1.58 2.06
THY - 522+1.16 6.73 £1.69 1.29
ME - 431 £0.63 5.09 £0.73 1.18
POH + IBU 3:1 4.51+£0.26 - -
LIM:IBU 4:1 2.390 £ 2.919 10.5 + 0.883 -
POH:IBU 3:1 1.316 £+ 0.07 8.46 £1.13 5.89
THY:IBU 3:1 0.30 + 0.04 1.07 £ 0.37 35
ME:IBU 3:1 43+0.71 8.92 £1.39 2.07

6aR=1BU
6b R = NAP

The preparation of the hybrid molecules of the NSAIDs and natural terpenes is a new
approach focused on improving anti-inflammatory activity. In this aspect, diterpenes and
triterpenes were conjugated with ibuprofen (IBU) or naproxen (NAP) (Figure 6). Ferruginol,
imbricatolic acid, and oleanolic acid, via their free hydroxy groups, were esterified with
the carboxylic group of the selected drugs. The topical anti-inflammatory effects of the
synthesized hybrids (6a-b, 7a-d, 8a-d) were evaluated in mice, lung fibroblasts (MTC-5),
gastric epithelial AGS cells, and hepatocytes (HepG2) [132]. The studied conjugates showed
a remarkable increase in activity in comparison with the free terpenes and free drugs.

<" YCOOR;

7aR=IBU, R, = H 8aR = IBU, R,=H
7b R = IBU, Ry = CH, 8b R = IBU, Ry=CHj
7¢R=NAP, Ry = H 8¢ R = NAP, Ry=H
7d R = NAP, R, = CHs 8d R = NAP, R;=CHj

Figure 6. Chemical structures of terpenes conjugated with ibuprofen and naproxen, assessed for their
anti-cancer activity.

Ferruginyl ibuprofenate (6a) and ferruginyl naproxenate (6b) showed less cytotoxic ac-
tivity against the three studied cell lines and better anti-inflammatory effects than their par-
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ent diterpene. Among the imbricatolic acid derivatives, hybrid 7a and 7c were more active
as cytotoxic agents than their starting molecules before conjugation. It also turned out that
the small difference in the presence of the methyl ester of the carboxylic group changed the
hybrid compound’s anti-inflammatory and cytotoxic activities. After the methylation of the
free COOH groups, the ICsg values of 7b and 7d were higher and ranged from 601 to more
than 1000 uM [132]. However, methylation provided better anti-inflammatory activity and
lower cytotoxicity to this type of derivate [133]. Oleanolic acid was selected for conjugation
with multiple NSAIDs due to its selectivity in anti-inflammatory action [132,134]. Among
their hybrids with NSAIDs, molecules 8a—d exhibited less cytotoxicity in the studied cell
lines. Due to their larger molecular size, rather than binding to COX-2 enzymes, they
block their substrates and provide better anti-inflammatory activity. In in vivo models, 8a,
8b, and 8d showed especially higher anti-inflammatory activities than other synthesized
hybrid compounds [132].

Rolim and co-workers synthesized CVIB, a codrug developed via the association
of carvacrol (a phenolic terpene) and IBU (Figure 7). The chemical bond between the
two active pharmacophores provided a new molecule with suitable enzymatic stability,
promoting improvements in the anti-inflammatory properties in the in vitro and in vivo
models. CVIB was able to reduce inflammation and leukocyte migration as well as the
production of inflammatory medjiators. Its anti-inflammatory potential and bioavailability
in human plasma highlighted that this type of conjugation constitutes a better approach
than the physical mixture of the parent compounds [134].

9R=1BU
Figure 7. Chemical structure of CVIB.

9. Conclusions

This review highlights the anti-tumoral potential of NSAIDs. Evidence of the mech-
anisms of NSAIDs in monotherapies and in combination with CTDs was discussed at
different levels, including in tumoral cell culture, animal models, and clinical trials. In brief,
experiments carried out in this area mainly consider exploring COX-dependent and COX-
independent targets of NSAIDs involved in the inhibition of cell proliferation, metastasis,
neoplasia, and angiogenesis. Even though the combinations of NSAIDs and CTDs were
reported, many side effects were also described. Among them, gastrointestinal toxicity was
the most relevant.

Therefore, the literature’s data indicates that an effective method to overcome the
toxicity of NSAIDs to use them as anti-cancer and anti-inflammatory compounds is their
mixing or hybridization with natural compounds, such as phospholipids and terpenoids.
In particular, hybrid compounds present superior therapeutic efficacies than physical mix-
tures. Current evidence shows that mixtures of NSAIDs and PC and their hybrids not
only decrease side effects but also improve therapeutic anti-cancer activities. Therefore,
it could be assumed that, in the future, this research line needs to be better further inves-
tigated. Special attention should be paid to the design and development of methods for
obtaining highly active conjugates whose anti-cancer effects could be then enhanced using
nanotechnology, which is known as a promising tool for the safe and effective delivery
of NSAIDs.
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Abbreviations

PLA, Phospholipase A,

Tr-NSAID  Traditional NSAIDs

TX Thromboxane

EGFR Epidermal growth factor receptor

Caspase Cysteine-aspartic proteases-

DR5 Death receptor 5

CHOPS CCAAT/enhancer binding protein homologous protein
TRAIL Tumor necrosis factor related apoptosis inducing ligand
GLUT1 Glucose transporter-1

STAT-3 Signal Transducer and Activator of Transcription 3

ER Endoplasmic reticulum

pEIF2x Phosphorylated eukaryotic initiation factor 2 «
VEGFR-2  Vascular endothelial growth factor receptor-2

IL Interleukin
PARP Poly (ADP-ribose) polymerase
HSP70 Heat shock protein 70
Cyt-c Cytochrome-c
Apaf-1 Apoptotic protease activator 1
CXB Celecoxib
CIS Cisplatin
IBU Ibuprofen
SULIN Sulindac
IND Indomethacin
DOX Doxorubicin
5-FU 5-Florouracil
VIN Vincristine
ETOP Etoposide
PLC Phospholipase C
References
1.  Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Virchow, R. Cellular pathology. As based upon physiological and pathological histology. Lecture XVI-Atheromatous affection of
arteries. 1858. Nutr. Rev. 1989, 47, 23-25. [CrossRef] [PubMed]

Dvorak, H.F. Tumors: Wounds that do not heal. Similarities between tumor stroma generation and wound healing. N. Engl. ].
Med. 1986, 315, 1650-1659. [CrossRef]

Montinari, M.R.; Minelli, S.; De Caterina, R. The first 3500 years of aspirin history from its roots—A concise summary. Vascul.
Pharmacol. 2019, 113, 1-8. [CrossRef] [PubMed]

Thun, M.].; Jane Henley, S.; Patrono, C. Nonsteroidal anti-inflammatory drugs as anticancer agents: Mechanistic, pharmacologic,
and clinical issues. J. Natl. Cancer Inst. 2002, 94, 252-266. [CrossRef] [PubMed]

Pollard, M.; Luckert, PH.; Schmidt, M.A. The suppressive effect of piroxicam on autochthonous intestinal tumors in the rat.
Cancer Lett. 1983, 21, 57-61. [CrossRef] [PubMed]

Rao, C.V,; Desai, D.; Rivenson, A.; Simi, B.; Amin, S.; Reddy, B.S. Chemoprevention of Colon Carcinogenesis by Phenylethyl-3-
methylcaffeate. Cancer Res. 1995, 55, 2310-2315.

Craven, P.A.; Derubertis, ER. Effects of aspirin on 1,2-dimethylhydrazine-induced colonic carcinogenesis. Carcinogenesis 1992,
13, 541-546. [CrossRef]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1111/j.1753-4887.1989.tb02747.x
http://www.ncbi.nlm.nih.gov/pubmed/2649802
http://doi.org/10.1056/NEJM198612253152606
http://doi.org/10.1016/j.vph.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30391545
http://doi.org/10.1093/jnci/94.4.252
http://www.ncbi.nlm.nih.gov/pubmed/11854387
http://doi.org/10.1016/0304-3835(83)90082-4
http://www.ncbi.nlm.nih.gov/pubmed/6640513
http://doi.org/10.1093/carcin/13.4.541

Cancers 2023, 15, 475 19 of 24

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Moorghen, M.; Ince, P.; Finney, K.J.; Sunter, J.P.; Appleton, D.R.; Watson, A.J. A protective effect of sulindac against chemically-
induced primary colonic tumours in mice. J. Pathol. 1988, 156, 341-347. [CrossRef]

Reddy, B.S.; Maruyama, H.; Kelloff, G. Dose-related Inhibition of Colon Carcinogenesis by Dietary Piroxicam, a Nonsteroidal
Antiinflammatory Drug, during Different Stages of Rat Colon Tumor Development. Cancer Res. 1987, 47, 5401-5406.

New Drugs at FDA: CDER’s New Molecular Entities and New Therapeutic Biological Products | FDA. Available online:
https:/ /www.fda.gov/drugs/development-approval-process-drugs /new-drugs-fda-cders-new-molecular-entities-and-new-
therapeutic-biological-products (accessed on 9 September 2021).

Human Medicines: Highlights of 2019 | European Medicines Agency. Available online: https:/ /www.ema.europa.eu/en/news/
human-medicines-highlights-2019 (accessed on 9 September 2021).

Human Medicines: Highlights of 2020 | European Medicines Agency. Available online: https://www.ema.europa.eu/en/news/
human-medicines-highlights-2020 (accessed on 9 September 2021).

Warner, T.D.; Mitchell, ].A. Cyclooxygenase-3 (COX-3): Filling in the gaps toward a COX continuum? Proc. Natl. Acad. Sci. USA
2002, 99, 13371-13373. [CrossRef] [PubMed]

Wang, D.; Dubois, R.N. Prostaglandins and cancer. Gut 2006, 55, 115-122. [CrossRef] [PubMed]

Faki, Y,; Er, A. Different Chemical Structures and Physiological /Pathological Roles of Cyclooxygenases. Rambam Maimonides Med.
J. 2021, 12, e0003. [CrossRef] [PubMed]

Kirkby, N.S.; Sampaio, W.; Etelvino, G.; Alves, D.T.; Anders, K.L.; Temponi, R.; Shala, F; Nair, A.S.; Ahmetaj-Shala, B.; Jiao, J.; et al.
Cyclooxygenase-2 selectively controls renal blood flow through a novel PPAR /6-dependent vasodilator pathway. Hypertension
2018, 71, 297-305. [CrossRef] [PubMed]

Vara-Messler, M.; Buccellati, C.; Pustina, L.; Folco, G.; Rovati, G.E.; Hoxha, M. A potential role of PUFAs and COXIBs in cancer
chemoprevention. Prostaglandins Other Lipid Mediat. 2015, 120, 97-102. [CrossRef] [PubMed]

Herschman, H.R. Regulation and Function of Prostaglandin Synthase 2/Cyclooxygenase II. In The Eicosanoids; Wiley:
Hoboken, NJ, USA, 2004; pp. 43-52. [CrossRef]

Mohale, D.S.; Tripathi, A.S.; Wahane, ].B.; Chandewar, A. V A Pharmacological Review on Cyclooxygenase Enzyme. Indian J.
Pharm. Pharmacol. 2014, 1, 46-58.

Smith, W.L.; Garavito, R.M.; Dewitt, D.L. Prostaglandin Endoperoxidase H Synthases (Cyclooxygenases)-1 and -2. J. Biol. Chem.
1991, 33157-33161.

Bonnesen, K.; Schmidt, M. Recategorization of Non-Aspirin Nonsteroidal Anti-inflammatory Drugs According to Clinical
Relevance: Abandoning the Traditional NSAID Terminology. Can. J. Cardiol. 2021, 37, 1705-1707. [CrossRef]

Sun, L.; Chen, K,; Jiang, Z.; Chen, X.; Ma, |J.; Ma, Q.; Duan, W. Indometacin inhibits the proliferation and activation of human
pancreatic stellate cells through the downregulation of COX-2. Oncol. Rep. 2018, 39, 2243-2251. [CrossRef]

Tai, Y.; Zhang, L.-H.; Gao, ]J.-H.; Zhao, C.; Tong, H.; Ye, C.; Huang, Z.-Y.; Liu, R.; Tang, C.-W. Suppressing growth and
invasion of human hepatocellular carcinoma cells by celecoxib through inhibition of cyclooxygenase-2. Cancer Manag. Res. 2019,
11, 2831-2848. [CrossRef]

Lampiasi, N.; Fodera, D.; D’Alessandro, N.; Cusimano, A.; Azzolina, A.; Tripodo, C.; Florena, A.M.; Minervini, M.L;
Notarbartolo, M.; Montalto, G.; et al. The selective cyclooxygenase-1 inhibitor SC-560 suppresses cell proliferation and induces
apoptosis in human hepatocellular carcinoma cells. Int. . Mol. Med. 2006, 17, 245-252. [CrossRef] [PubMed]

Hurst, E.A; Pang, L.Y.; Argyle, D.]. The selective cyclooxygenase-2 inhibitor mavacoxib (Trocoxil) exerts anti-tumour effects
in vitro independent of cyclooxygenase-2 expression levels. Vet. Comp. Oncol. 2019, 17, 194-207. [CrossRef] [PubMed]

Li, Q.; Peng, J.; Liu, T.; Zhang, G. Effects of celecoxib on cell apoptosis and Fas, FasL and Bcl-2 expression in a BGC-823 human
gastric cancer cell line. Exp. Ther. Med. 2017, 14, 1935-1940. [CrossRef] [PubMed]

Akrami, H.; Aminzadeh, S.; Fallahi, H. Inhibitory effect of ibuprofen on tumor survival and angiogenesis in gastric cancer cell.
Tumor Biol. 2015, 36, 3237-3243. [CrossRef]

Liu, P;; Begley, M.; Michowski, W.; Inuzuka, H.; Ginzberg, M.; Gao, D.; Tsou, P.; Gan, W,; Papa, A.; Kim, B.M.; et al. Cell-cycle-
regulated activation of Akt kinase by phosphorylation at its carboxyl terminus. Nature 2014, 508, 541-545. [CrossRef]

Kim, M.S; Kim, J.E.; Lim, D.Y.; Huang, Z.; Chen, H.; Langfald, A.; Lubet, R.A.; Grubbs, C.J.; Dong, Z.; Bode, A.M. Naproxen
induces cell-cycle arrest and apoptosis in human urinary bladder cancer cell lines and chemically induced cancers by targeting
PI3K. Cancer Prev. Res. 2014, 7, 236-245. [CrossRef]

Abrahao, A.C.; Giudice, ES.; Sperandio, EF.; Pinto Junior, D. dos S. Effects of celecoxib treatment over the AKT pathway in head
and neck squamous cell carcinoma. J. Oral Pathol. Med. 2013, 42, 793-798. [CrossRef]

Arisan, E.D.; Ergiil, Z.; Bozdag, G.; Renctizogullari, O.; Coker-Giirkan, A.; Obakan-Yerlikaya, P.; Coskun, D.; Palavan-Unsal, N.
Diclofenac induced apoptosis via altering PI3K/Akt/MAPK signaling axis in HCT 116 more efficiently compared to SW480 colon
cancer cells. Mol. Biol. Rep. 2018, 45, 2175-2184. [CrossRef]

Zhang, Y.; Wang, X. Targeting the Wnt/ 3-catenin signaling pathway in cancer. J. Hematol. Oncol. 2020, 13, 165. [CrossRef]

Jin, S.; Wu, X. Aspirin inhibits colon cancer cell line migration through regulating epithelial-mesenchymal transition via wnt
signaling. Oncol. Lett. 2019, 17, 4675-4682. [CrossRef]

Gottfried, E.; Lang, S.A.; Renner, K,; Bosserhoff, A.; Gronwald, W.; Rehli, M; Einhell, S.; Gedig, I; Singer, K; Seilbeck, A.; et al.
New Aspects of an Old Drug—Diclofenac Targets MYC and Glucose Metabolism in Tumor Cells. PLoS ONE 2013, 8, e66987.
[CrossRef] [PubMed]


http://doi.org/10.1002/PATH.1711560411
https://www.fda.gov/drugs/development-approval-process-drugs/new-drugs-fda-cders-new-molecular-entities-and-new-therapeutic-biological-products
https://www.fda.gov/drugs/development-approval-process-drugs/new-drugs-fda-cders-new-molecular-entities-and-new-therapeutic-biological-products
https://www.ema.europa.eu/en/news/human-medicines-highlights-2019
https://www.ema.europa.eu/en/news/human-medicines-highlights-2019
https://www.ema.europa.eu/en/news/human-medicines-highlights-2020
https://www.ema.europa.eu/en/news/human-medicines-highlights-2020
http://doi.org/10.1073/pnas.222543099
http://www.ncbi.nlm.nih.gov/pubmed/12374850
http://doi.org/10.1136/gut.2004.047100
http://www.ncbi.nlm.nih.gov/pubmed/16118353
http://doi.org/10.5041/RMMJ.10426
http://www.ncbi.nlm.nih.gov/pubmed/33245277
http://doi.org/10.1161/HYPERTENSIONAHA.117.09906
http://www.ncbi.nlm.nih.gov/pubmed/29295852
http://doi.org/10.1016/j.prostaglandins.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25908304
http://doi.org/10.1002/0470020628.CH4
http://doi.org/10.1016/j.cjca.2021.06.014
http://doi.org/10.3892/or.2018.6321
http://doi.org/10.2147/CMAR.S183376
http://doi.org/10.3892/ijmm.17.2.245
http://www.ncbi.nlm.nih.gov/pubmed/16391822
http://doi.org/10.1111/vco.12470
http://www.ncbi.nlm.nih.gov/pubmed/30767381
http://doi.org/10.3892/etm.2017.4769
http://www.ncbi.nlm.nih.gov/pubmed/28962106
http://doi.org/10.1007/s13277-014-2952-3
http://doi.org/10.1038/nature13079
http://doi.org/10.1158/1940-6207.CAPR-13-0288
http://doi.org/10.1111/jop.12081
http://doi.org/10.1007/s11033-018-4378-2
http://doi.org/10.1186/s13045-020-00990-3
http://doi.org/10.3892/ol.2019.10089
http://doi.org/10.1371/journal.pone.0066987
http://www.ncbi.nlm.nih.gov/pubmed/23874405

Cancers 2023, 15, 475 20 of 24

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Yang, G.; Wang, Y.; Feng, ].; Liu, Y.; Wang, T.; Zhao, M.; Ye, L.; Zhang, X. Aspirin suppresses the abnormal lipid metabolism
in liver cancer cells via disrupting an NF«kB-ACSL1 signaling. Biochem. Biophys. Res. Commun. 2017, 486, 827-832. [CrossRef]
[PubMed]

Pritchard, R.; Rodriguez-Enriquez, S.; Pacheco-Veldzquez, S.C.; Bortnik, V.; Moreno-Sanchez, R.; Ralph, S. Celecoxib inhibits
mitochondrial O, consumption, promoting ROS dependent death of murine and human metastatic cancer cells via the apoptotic
signalling pathway. Biochem. Pharmacol. 2018, 154, 318-334. [CrossRef]

Dai, X.; Yan, J.; Fu, X,; Pan, Q.; Sun, D.; Xu, Y.; Wang, J.; Nie, L.; Tong, L.; Shen, A; et al. Aspirin inhibits cancer metastasis and
angiogenesis via targeting heparanase. Clin. Cancer Res. 2017, 23, 6267-6279. [CrossRef] [PubMed]

Bashir, A.L].; Kankipati, C.S.; Jones, S.; Newman, R.M.; Safrany, S.T.; Perry, C.J.; Nicholl, I.D. A novel mechanism for the anticancer
activity of aspirin and salicylates. Int. ]. Oncol. 2019, 54, 1256-1270. [CrossRef]

Qin, S.; Xu, C; Li, S.; Yang, C.; Sun, X.; Wang, X.; Tang, S.C.; Ren, H. Indomethacin induces apoptosis in the EC109 esophageal
cancer cell line by releasing second mitochondria-derived activator of caspase and activating caspase-3. Mol. Med. Rep. 2015,
11, 4694-4700. [CrossRef] [PubMed]

Tse, AK.W.; Cao, H.-H.; Cheng, C.Y.,; Kwan, H.Y;; Yu, H.; Fong, W.F; Yu, Z.L. Indomethacin sensitizes TRAIL-resistant melanoma
cells to TRAIL-induced apoptosis through ROS-mediated upregulation of death receptor 5 and downregulation of survivin. J.
Investig. Dermatol. 2014, 134, 1397-1407. [CrossRef]

Renner, K; Bruss, C.; Schnell, A.; Koehl, G.; Becker, HM.; Fante, M.; Menevse, A.N.; Kauer, N.; Blazquez, R.; Hacker, L.; et al.
Restricting Glycolysis Preserves T Cell Effector Functions and Augments Checkpoint Therapy. Cell Rep. 2019, 29, 135-150.
[CrossRef]

Yang, L.; Li, J.; Li, Y.; Zhou, Y.; Wang, Z.; Zhang, D.; Liu, J.; Zhang, X. Diclofenac impairs the proliferation and glucose metabolism
of triple-negative breast cancer cells by targeting the c-Myc pathway. Exp. Ther. Med. 2021, 21, 584. [CrossRef]

Leidgens, V.; Seliger, C.; Jachnik, B.; Welz, T.; Leukel, P; Vollmann-Zwerenz, A.; Bogdahn, U.; Kreutz, M.; Grauer, O.M.; Hau, P.
Ibuprofen and diclofenac restrict migration and proliferation of human glioma cells by distinct molecular mechanisms. PLoS ONE
2015, 10, e0140613. [CrossRef]

Deb, J.; Majumder, ]J.; Bhattacharyya, S.; Jana, S.S. A novel naproxen derivative capable of displaying anti-cancer and anti-
migratory properties against human breast cancer cells. BMC Cancer 2014, 14, 567. [CrossRef] [PubMed]

Fletcher, R.; Tong, J.; Risnik, D.; Leibowitz, B.J.; Wang, Y.J.; Concha-Benavente, F.; DeLiberty, ].M.; Stolz, D.B.; Pai, RK,;
Ferris, R.L.; et al. Non-steroidal anti-inflammatory drugs induce immunogenic cell death in suppressing colorectal tumorigenesis.
Oncogene 2021, 40, 2035-2050. [CrossRef] [PubMed]

Agdas, F; Eryilmaz, A.; Gokmen Yilmaz, E.; Ergin, K. the Effects of Sulindac on Cell Viability, Cell Cycle and Anjiogenezis in
Pharyngeal Cancer Cell. ENT Updat. 2020, 10, 373-380. [CrossRef]

Thabet, N.A.; El-Guendy, N.; Mohamed, M.M.; Shouman, S.A. Suppression of macrophages- Induced inflammation via targeting
RAS and PAR-4 signaling in breast cancer cell lines. Toxicol. Appl. Pharmacol. 2019, 385, 114773. [CrossRef]

Rai, N.; Sarkar, M.; Raha, S. Piroxicam, a traditional non-steroidal anti-inflammatory drug (NSAID) causes apoptosis by ROS
mediated Akt activation. Pharmacol. Rep. 2015, 67, 1215-1223. [CrossRef] [PubMed]

Kumar, D.; Rahman, H.; Tyagi, E.; Liu, T.; Li, C,; Lu, R,; Lum, D.; Holmen, S.L.; Maschek, J.A.; Cox, J.E.; et al. Aspirin suppresses
PGE2 and activates AMP kinase to inhibit melanoma cell motility, pigmentation, and selective tumor growth in vivo. Cancer Prev.
Res. 2018, 11, 629-641. [CrossRef] [PubMed]

Wang, G.; Li, J.; Zhang, L.; Huang, S.; Zhao, X.; Zhao, X. Celecoxib induced apoptosis against different breast cancer cell lines by
down-regulated NF-«B pathway. Biochem. Biophys. Res. Commun. 2017, 490, 969-976. [CrossRef] [PubMed]

Eli, Y.; Przedecki, F; Levin, G.; Kariv, N.; Raz, A. Comparative effects of indomethacin on cell proliferation and cell cycle
progression in tumor cells grown in vitro and in vivo. Biochem. Pharmacol. 2001, 61, 565-571. [CrossRef]

Johnson, S.D.; Young, M.R.I. Indomethacin treatment of mice with premalignant oral lesions sustains cytokine production and
slows progression to cancer. Front. Immunol. 2016, 7, 379. [CrossRef]

Quidville, V;; Segond, N.; Pidoux, E.; Cohen, R.; Jullienne, A.; Lausson, S. Tumor growth inhibition by indomethacin in a
mouse model of human medullary thyroid cancer: Implication of cyclooxygenases and 15-hydroxyprostaglandin dehydrogenase.
Endocrinology 2004, 145, 2561-2571. [CrossRef]

Will, O.M.; Purcz, N.; Chalaris, A.; Heneweer, C.; Boretius, S.; Purcz, L.; Nikkola, L.; Ashammakhi, N.; Kalthoff, H.;
Gliier, C.C,; et al. Increased survival rate by local release of diclofenac in a murine model of recurrent oral carcinoma. Int. J.
Nanomed. 2016, 11, 5311-5321. [CrossRef] [PubMed]

Suri, A.; Sheng, X.; Schuler, K.M.; Zhong, Y.; Han, X.; Jones, H.M.; Gehrig, P.A.; Zhou, C.; Bae-Jump, V.L. The effect of celecoxib
on tumor growth in ovarian cancer cells and a genetically engineered mouse model of serous ovarian cancer. Oncotarget 2016,
7,39582-39594. [CrossRef] [PubMed]

Esbona, K.; Inman, D.; Saha, S.; Jeffery, ].; Schedin, P.; Wilke, L.; Keely, P. COX-2 modulates mammary tumor progression in
response to collagen density. Breast Cancer Res. 2016, 18, 35. [CrossRef] [PubMed]

Brown, W.A.; Skinner, S.A.; Malcontenti-Wilson, C.; Misajon, A.; Dejong, T.; Vogiagis, D.; O’Brien, P.E. Non-steroidal anti-
inflammatory drugs with different cyclooxygenase inhibitory profiles that prevent aberrant crypt foci formation but vary in acute
gastrotoxicity in a rat model. J. Gastroenterol. Hepatol. 2000, 15, 1386-1392. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbrc.2017.03.139
http://www.ncbi.nlm.nih.gov/pubmed/28359761
http://doi.org/10.1016/j.bcp.2018.05.013
http://doi.org/10.1158/1078-0432.CCR-17-0242
http://www.ncbi.nlm.nih.gov/pubmed/28710312
http://doi.org/10.3892/ijo.2019.4701
http://doi.org/10.3892/mmr.2015.3331
http://www.ncbi.nlm.nih.gov/pubmed/25673090
http://doi.org/10.1038/jid.2013.471
http://doi.org/10.1016/j.celrep.2019.08.068
http://doi.org/10.3892/etm.2021.10016
http://doi.org/10.1371/journal.pone.0140613
http://doi.org/10.1186/1471-2407-14-567
http://www.ncbi.nlm.nih.gov/pubmed/25098498
http://doi.org/10.1038/s41388-021-01687-8
http://www.ncbi.nlm.nih.gov/pubmed/33603166
http://doi.org/10.32448/entupdates.750434
http://doi.org/10.1016/j.taap.2019.114773
http://doi.org/10.1016/j.pharep.2015.05.012
http://www.ncbi.nlm.nih.gov/pubmed/26481545
http://doi.org/10.1158/1940-6207.CAPR-18-0087
http://www.ncbi.nlm.nih.gov/pubmed/30021726
http://doi.org/10.1016/j.bbrc.2017.06.148
http://www.ncbi.nlm.nih.gov/pubmed/28666869
http://doi.org/10.1016/S0006-2952(00)00578-5
http://doi.org/10.3389/fimmu.2016.00379
http://doi.org/10.1210/en.2003-0915
http://doi.org/10.2147/IJN.S109199
http://www.ncbi.nlm.nih.gov/pubmed/27789944
http://doi.org/10.18632/oncotarget.8659
http://www.ncbi.nlm.nih.gov/pubmed/27074576
http://doi.org/10.1186/s13058-016-0695-3
http://www.ncbi.nlm.nih.gov/pubmed/27000374
http://doi.org/10.1046/j.1440-1746.2000.02370.x
http://www.ncbi.nlm.nih.gov/pubmed/11197048

Cancers 2023, 15, 475 21 of 24

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Abdeen, A.; Aboubakr, M.; Elgazzar, D.; Abdo, M.; Abdelkader, A.; Ibrahim, S.; Elkomy, A. Rosuvastatin attenuates piroxicam-
mediated gastric ulceration and hepato-renal toxicity in rats. Biomed. Pharmacother. 2019, 110, 895-905. [CrossRef]

Sukmawan, Y.P. Comparison and Impact of The Short-Term Use of Some Non-Aspirin NSAIDs on Bleeding Time of Mice.
Cardiovasc. Hematol. Agents Med. Chem. 2018, 16, 120-122. [CrossRef]

Paunescu, A.; Ponepal, C.M.; Zagardan, M.C.; Plesa, C.F; Nemes, R.M.; Nicolae, C.; Bisoc, A.; Diaconu, M.; Fierascu, I;
Fierascu, R.C.; et al. Evaluation of histophysiological alterations associated with ketoprofen administration in albino NMRI mice.
Naunyn. Schmiedebergs. Arch. Pharmacol. 2020, 393, 1033-1039. [CrossRef]

Niranjan, R.; Manik, P; Sivastav, A.K,; Palit, G.; Natu, S.M. Comparative Adverse Effects Of Cox-1 and Cox-2 Inhibitors in Rat
Liver: An Experimental Study. ]. Anat. Soc. India 2010, 59, 182-186. [CrossRef]

Rosenberg, L.; Palmer, ].R.; Zauber, A.G.; Warshauer, M.E,; Stolley, P.D.; Shapiro, S. A hypothesis: Nonsteroidal anti-inflammatory
drugs reduce the incidence of large-bowel cancer. J. Natl. Cancer Inst. 1991, 83, 355-358. [CrossRef]

Coogan, PF,; Rosenberg, L.; Palmer, ].R.; Strom, B.L.; Zauber, A.G.; Stolley, P.D.; Shapiro, S. Nonsteroidal anti-inflammatory drugs
and risk of digestive cancers at sites other than the large bowel. Cancer Epidemiol. Biomarkers Prev. 2000, 9, 119-123.

Wu, C.Y,; Wu, M.S,; Kuo, K.N.; Wang, C.B.; Chen, Y].; Lin, ].T. Effective reduction of gastric cancer risk with regular use of
nonsteroidal anti-inflammatory drugs in Helicobacter pylori-infected patients. J. Clin. Oncol. 2010, 28, 2952-2957. [CrossRef]
[PubMed]

Din, FEV.N.; Theodoratou, E.; Farrington, S.M.; Tenesa, A.; Barnetson, R.A.; Cetnarskyj, R.; Stark, L.; Porteous, M.E.; Campbell, H.;
Dunlop, M.G. Effect of aspirin and NSAIDs on risk and survival from colorectal cancer. Gut 2010, 59, 1670-1679. [CrossRef]
[PubMed]

Friis, S.; Riis, A.H.; Erichsen, R.; Baron, J.A.; Serensen, H.T. Low-Dose Aspirin or Nonsteroidal Anti-inflammatory Drug Use and
Colorectal Cancer Risk. Ann. Intern. Med. 2015, 163, 347-355. [CrossRef]

Zhao, X.; Xu, Z.; Li, H. NSAIDs Use and Reduced Metastasis in Cancer Patients: Results from a meta-analysis. Sci. Rep.
2017, 7, 1875. [CrossRef] [PubMed]

Trelle, S.; Reichenbach, S.; Wandel, S.; Hildebrand, P.; Tschannen, B.; Villiger, PM.; Egger, M.; Jiini, P. Cardiovascular safety of
non-steroidal anti-inflammatory drugs: Network meta-analysis. BMJ 2011, 342, 154. [CrossRef] [PubMed]

Bally, M.; Dendukuri, N.; Rich, B.; Nadeau, L.; Helin-Salmivaara, A.; Garbe, E.; Brophy, ].M. Risk of acute myocardial infarction
with NSAIDs in real world use: Bayesian meta-analysis of individual patient data. BMJ 2017, 357, 1909. [CrossRef] [PubMed]
Hamid, S.; Yakoob, J.; Jafri, W.; Islam, S.; Abid, S.; Islam, M. Frequency of NSAID induced peptic ulcer disease. ]. Pakistan Med.
Assoc. 2006, 56, 218.

Bhala, N.; Emberson, J.; Merhi, A.; Abramson, S.; Arber, N.; Baron, J.A.; Bombardier, C.; Cannon, C.; Farkouh, M.E.;
FitzGerald, G.A ; et al. Vascular and upper gastrointestinal effects of non-steroidal anti-inflammatory drugs: Meta-analyses of
individual participant data from randomised trials. Lancet 2013, 382, 769-779. [CrossRef]

Balestracci, A.; Ezquer, M.; Elmo, M.E.; Molini, A.; Thorel, C.; Torrents, M.; Toledo, I. Ibuprofen-associated acute kidney injury in
dehydrated children with acute gastroenteritis. Pediatr. Nephrol. 2015, 30, 1873-1878. [CrossRef]

Duffy, C.P; Elliott, C.J.; O’Connor, R.A.; Heenan, M.M.; Coyle, S.; Cleary, LM.; Kavanagh, K.; Verhaegen, S.; O’Loughlin, C.M.;
NicAmbhlaoibh, R.; et al. Enhancement of chemotherapeutic drug toxicity to human tumour cells in vitro by a subset of non-
steroidal anti-inflammatory drugs (NSAIDS). Eur. J. Cancer 1998, 34, 1250-1259. [CrossRef]

Arunasree, KM.; Roy, K.R.; Anilkumar, K.; Aparna, A.; Reddy, G.V.; Reddanna, P. Imatinib-resistant K562 cells are more sensitive
to celecoxib, a selective COX-2 inhibitor: Role of COX-2 and MDR-1. Leuk. Res. 2008, 32, 855-864. [CrossRef]

Szakacs, G.; Paterson, ] K.; Ludwig, ]J.A.; Booth-Genthe, C.; Gottesman, M.M. Targeting multidrug resistance in cancer. Nat. Rev.
Drug Discov. 2006, 5, 219-234. [CrossRef]

Dang, K. Active outward transport of daunomyecin in resistant ehrlich ascites tumor cells. Biochim. Biophys. Acta-Biomembr. 1973,
323, 466-483. [CrossRef] [PubMed]

Kang, H.-K,; Lee, E.; Pyo, H.; Lim, S.-]. Cyclooxygenase-independent down-regulation of multidrug resistance—associated
protein-1 expression by celecoxib in human lung cancer cells. Mol. Cancer Ther. 2005, 4, 1358-1363. [CrossRef] [PubMed]
Ozvegy, C.; Varadi, A.; Sarkadi, B. Characterization of Drug Transport, ATP Hydrolysis, and Nucleotide Trapping by the Human
ABCG2 Multidrug Transporter: Modulation of Substrate Specificity by a Point Mutation. |. Biol. Chem. 2002, 277, 47980-47990.
[CrossRef] [PubMed]

Elahian, F.; Kalalinia, F.; Behravan, J. Evaluation of indomethacin and dexamethasone effects on BCRP-mediated drug resistance
in MCF-7 parental and resistant cell lines. Drug Chem. Toxicol. 2010, 33, 113-119. [CrossRef] [PubMed]

Zatelli, M.C.; Luchin, A.; Tagliati, F.; Leoni, S.; Piccin, D.; Bondanelli, M.; Rossi, R.; Degli Uberti, E.C. Cyclooxygenase-2 inhibitors
prevent the development of chemoresistance phenotype in a breast cancer cell line by inhibiting glycoprotein p-170 expression.
Endocr. Relat. Cancer 2007, 14, 1029-1038. [CrossRef]

Xia, W.; Zhao, T,; Lv, J.; Xu, S.; Shi, ].; Wang, S.; Han, X.; Sun, Y. Celecoxib enhanced the sensitivity of cancer cells to anticancer
drugs by inhibition of the expression of P-glycoprotein through a COX-2-independent manner. J. Cell. Biochem. 2009, 108, 181-194.
[CrossRef] [PubMed]

El-Awady, R.A; Saleh, EM.; Ezz, M,; Elsayed, A.M. Interaction of celecoxib with different anti-cancer drugs is antagonistic in
breast but not in other cancer cells. Toxicol. Appl. Pharmacol. 2011, 255, 271-286. [CrossRef]


http://doi.org/10.1016/j.biopha.2018.11.004
http://doi.org/10.2174/1871525716666180913113040
http://doi.org/10.1007/s00210-019-01806-z
http://doi.org/10.1016/S0003-2778(10)80022-X
http://doi.org/10.1093/jnci/83.5.355
http://doi.org/10.1200/JCO.2009.26.0695
http://www.ncbi.nlm.nih.gov/pubmed/20479409
http://doi.org/10.1136/gut.2009.203000
http://www.ncbi.nlm.nih.gov/pubmed/20844293
http://doi.org/10.7326/M15-0039
http://doi.org/10.1038/s41598-017-01644-0
http://www.ncbi.nlm.nih.gov/pubmed/28500305
http://doi.org/10.1136/bmj.c7086
http://www.ncbi.nlm.nih.gov/pubmed/21224324
http://doi.org/10.1136/bmj.j1909
http://www.ncbi.nlm.nih.gov/pubmed/28487435
http://doi.org/10.1016/S0140-6736(13)60900-9
http://doi.org/10.1007/s00467-015-3105-7
http://doi.org/10.1016/S0959-8049(98)00045-8
http://doi.org/10.1016/j.leukres.2007.11.007
http://doi.org/10.1038/nrd1984
http://doi.org/10.1016/0005-2736(73)90191-0
http://www.ncbi.nlm.nih.gov/pubmed/4796512
http://doi.org/10.1158/1535-7163.MCT-05-0139
http://www.ncbi.nlm.nih.gov/pubmed/16170027
http://doi.org/10.1074/jbc.M207857200
http://www.ncbi.nlm.nih.gov/pubmed/12374800
http://doi.org/10.3109/01480540903390000
http://www.ncbi.nlm.nih.gov/pubmed/20307139
http://doi.org/10.1677/ERC-07-0114
http://doi.org/10.1002/jcb.22239
http://www.ncbi.nlm.nih.gov/pubmed/19562670
http://doi.org/10.1016/j.taap.2011.06.019

Cancers 2023, 15, 475 22 of 24

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Endo, H.; Yano, M.; Okumura, Y.; Kido, H. Ibuprofen enhances the anticancer activity of cisplatin in lung cancer cells by inhibiting
the heat shock protein 70. Cell Death Dis. 2014, 5, €1027. [CrossRef]

Chen, M; Yu, L,; Gu, C; Zhong, D.; Wu, S; Liu, S. Celecoxib antagonizes the cytotoxic effect of cisplatin in human gastric cancer
cells by decreasing intracellular cisplatin accumulation. Cancer Lett. 2013, 329, 189-196. [CrossRef] [PubMed]

Ravera, M.; Zanellato, I.; Gabano, E.; Perin, E.; Rangone, B.; Coppola, M.; Osella, D. Antiproliferative activity of Pt(IV) conjugates
containing the non-steroidal anti-inflammatory drugs (NSAIDs) Ketoprofen and Naproxen. Int. . Mol. Sci. 2019, 20, 3074.
[CrossRef]

Awara, WM.,; El-Sisi, A.E.; El-Sayad, M.E.; Goda, A.E. The potential role of cyclooxygenase-2 inhibitors in the treatment of
experimentally-induced mammary tumour: Does celecoxib enhance the anti-tumour activity of doxorubicin? Pharmacol. Res.
2004, 50, 487-498. [CrossRef] [PubMed]

Zhang, D.Q.; Guo, Q.; Zhu, ]. H.; Chen, W.C. Increase of cyclooxygenase-2 inhibition with celecoxib combined with 5-FU enhances
tumor cell apoptosis and antitumor efficacy in a subcutaneous implantation tumor model of human colon cancer. World . Surg.
Oncol. 2013, 11, 16. [CrossRef] [PubMed]

O’Connor, R.; Heenan, M.; Connolly, L.; Larkin, A.; Clynes, M. Increased Anti-tumour Efficacy of Doxorubicin when Combined
with Sulindac in a Xenograft Model of an MRP-1-positive Human Lung Cancer. Anticancer Res. 2004, 24, 457-464.

Ponthan, E; Wickstrom, M.; Gleissman, H.; Fuskevag, O.M.; Segerstrom, L.; Sveinbjornsson, B.; Redfern, C.P.E; Eksborg, S.;
Kogner, P; Johnsen, J.I. Celecoxib prevents neuroblastoma tumor development and potentiates the effect of chemotherapeutic
drugs in vitro and in vivo. Clin. Cancer Res. 2007, 13, 1036-1044. [CrossRef]

Ong, S.M.; Saeki, K.; Kok, M.K.; Tanaka, Y.; Choisunirachon, N.; Yoshitake, R.; Nishimura, R.; Nakagawa, T. Anti-tumour efficacy
of etoposide alone and in combination with piroxicam against canine osteosarcoma in a xenograft model. Res. Vet. Sci. 2017,
113, 130-135. [CrossRef]

Gunjal, PM,; Schneider, G.; Ismail, A.A ; Kakar, S.S.; Kucia, M.; Ratajczak, M.Z. Evidence for induction of a tumor metastasis-
receptive microenvironment for ovarian cancer cells in bone marrow and other organs as an unwanted and underestimated side
effect of chemotherapy/radiotherapy. J. Ovarian Res. 2015, 8, 20. [CrossRef]

Young, S.D.; Whissell, M.; Noble, ].C.S.; Cano, P.O.; Lopez, P.G.; Germond, C.J. Phase II clinical trial results involving treatment
with low-dose daily oral cyclophosphamide, weekly vinblastine, and rofecoxib in patients with advanced solid tumors. Clin.
Cancer Res. 2006, 12, 3092-3098. [CrossRef]

Reyners, AK.L.; de Munck, L.; Erdkamp, EL.G.; Smit, WM.; Hoekman, K.; Lalisang, R.I.; de Graaf, H.; Wymenga, A.N.M,;
Polee, M.; Hollema, H.; et al. A randomized phase ii study investigating the addition of the specific COX-2 inhibitor celecoxib
to docetaxel plus carboplatin as first-line chemotherapy for stage IC to IV epithelial ovarian cancer, fallopian tube or primary
peritoneal carcinomas: The Do. Ann. Oncol. 2012, 23, 2896-2902. [CrossRef]

Perroud, H.A.; Alasino, C.M.; Rico, M.].; Mainetti, L.E.; Queralt, F; Pezzotto, S.M.; Rozados, V.R.; Graciela Scharovsky, O.
Metastatic breast cancer patients treated with low-dose metronomic chemotherapy with cyclophosphamide and celecoxib:
Clinical outcomes and biomarkers of response. Cancer Chemother. Pharmacol. 2016, 77, 365-374. [CrossRef] [PubMed]

Legge, F,; Paglia, A.; D’Asta, M.; Fuoco, G.; Scambia, G.; Ferrandina, G. Phase II study of the combination carboplatin plus
celecoxib in heavily pre-treated recurrent ovarian cancer patients. BMC Cancer 2011, 11, 214. [CrossRef] [PubMed]

Juni, P; Nartey, L.; Reichenbach, S.; Sterchi, R.; Dieppe, P.A.; Egger, PM. Risk of cardiovascular events and rofecoxib: Cumulative
meta-analysis. Lancet 2004, 364, 2021-2029. [CrossRef]

Karai, E.; Szebényi, K.; Windt, T.; Fehér, S.; Szendi, E.; Dékay, V.; Vajdovich, P.; Szakécs, G.; Fiiredi, A. Celecoxib Prevents
Doxorubicin-Induced Multidrug Resistance in Canine and Mouse Lymphoma Cell Lines. Cancers 2020, 12, 1117. [CrossRef]
Komaki, R.; Wei, X.; Allen, PK; Liao, Z.; Milas, L.; Cox, ].D.; O'Reilly, M.S.; Chang, ].Y.; McAleer, M.E,; Jeter, M.; et al. Phase I
study of celecoxib with concurrent irinotecan, cisplatin, and radiation therapy for patients with unresectable locally advanced
non-small cell lung cancer. Front. Oncol. 2011, 1, 52. [CrossRef] [PubMed]

Cleary, ].M.; Mamon, H.J.; Szymonifka, J.; Bueno, R.; Choi, N.; Donahue, D.M.; Fidias, PM.; Gaissert, H.A.; Jaklitsch, M.T,;
Kulke, M.H.; et al. Neoadjuvant irinotecan, cisplatin, and concurrent radiation therapy with celecoxib for patients with locally
advanced esophageal cancer. BMC Cancer 2016, 16, 468. [CrossRef] [PubMed]

Vance, J.E. Phospholipid Synthesis and Transport in Mammalian Cells. Traffic 2015, 16, 1-18. [CrossRef] [PubMed]

Hills, B.A.; Butler, B.D.; Lichtenberger, L.M. Gastric mucosal barrier: Hydrophobic lining to the lumen of the stomach. Am. J.
Physiol. Gastrointest. Liver Physiol. 1983, 244, G561-G568. [CrossRef]

Goddard, PJ.; Hills, B.A.; Lichtenberger, L.M. Does aspirin damage canine gastric mucosa by reducing its surface hydrophobicity?
Am. ]. Physiol.-Gastrointest. Liver Physiol. 1987, 252, G421-G430. [CrossRef]

Lichtenberger, L.M. The hydrophobic barrier properties of gastrointestinal mucus. Annu. Rev. Physiol. 1995, 57, 565-583.
[CrossRef]

Giraud, M.N.; Motta, C.; Romero, ].J.; Bommelaer, G.; Lichtenberger, L.M. Interaction of indomethacin and naproxen with gastric
surface-active phospholipids: A possible mechanism for the gastric toxicity of nonsteroidal anti-inflammatory drugs (NSAIDs).
Biochem. Pharmacol. 1999, 57, 247-254. [CrossRef] [PubMed]

Anand, B.S,; Jim, ].J.; Sanduja, S.K.; Lichtenberger, L.M. Phospholipid association reduces the gastric mucosal toxicity of aspirin
in human subjects. Am. . Gastroenterol. 1999, 94, 1818-1822. [CrossRef] [PubMed]


http://doi.org/10.1038/cddis.2013.550
http://doi.org/10.1016/j.canlet.2012.10.030
http://www.ncbi.nlm.nih.gov/pubmed/23142285
http://doi.org/10.3390/ijms20123074
http://doi.org/10.1016/j.phrs.2004.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15458769
http://doi.org/10.1186/1477-7819-11-16
http://www.ncbi.nlm.nih.gov/pubmed/23347845
http://doi.org/10.1158/1078-0432.CCR-06-1908
http://doi.org/10.1016/j.rvsc.2017.09.019
http://doi.org/10.1186/s13048-015-0141-7
http://doi.org/10.1158/1078-0432.CCR-05-2255
http://doi.org/10.1093/annonc/mds107
http://doi.org/10.1007/s00280-015-2947-9
http://www.ncbi.nlm.nih.gov/pubmed/26721701
http://doi.org/10.1186/1471-2407-11-214
http://www.ncbi.nlm.nih.gov/pubmed/21627839
http://doi.org/10.1016/S0140-6736(04)17514-4
http://doi.org/10.3390/cancers12051117
http://doi.org/10.3389/fonc.2011.00052
http://www.ncbi.nlm.nih.gov/pubmed/22649768
http://doi.org/10.1186/s12885-016-2485-9
http://www.ncbi.nlm.nih.gov/pubmed/27412386
http://doi.org/10.1111/tra.12230
http://www.ncbi.nlm.nih.gov/pubmed/25243850
http://doi.org/10.1152/ajpgi.1983.244.5.G561
http://doi.org/10.1152/ajpgi.1987.252.3.G421
http://doi.org/10.1146/annurev.ph.57.030195.003025
http://doi.org/10.1016/S0006-2952(98)00303-7
http://www.ncbi.nlm.nih.gov/pubmed/9890551
http://doi.org/10.1111/j.1572-0241.1999.01211.x
http://www.ncbi.nlm.nih.gov/pubmed/10406241

Cancers 2023, 15, 475 23 of 24

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Lanza, FL.; Marathi, U.K,; Anand, B.S.; Lichtenberger, L.M. Clinical trial: Comparison of ibuprofen-phosphatidylcholine and
ibuprofen on the gastrointestinal safety and analgesic efficacy in osteoarthritic patients. Aliment. Pharmacol. Ther. 2008, 28, 431-442.
[CrossRef]

Lichtenberger, L.M.; Romero, J.J.; Dial, E.J. Gastrointestinal safety and therapeutic efficacy of parenterally administered
phosphatidylcholine-associated indomethacin in rodent model systems. Br. ]. Pharmacol. 2009, 157, 252-257. [CrossRef]
[PubMed]

Cryer, B.; Bhatt, D.L.; Lanza, FL.; Dong, ].E; Lichtenberger, L.M.; Marathi, U.K. Low-dose aspirin-induced ulceration is attenuated
by aspirin-phosphatidylcholine: A randomized clinical trial. Am. ]. Gastroenterol. 2011, 106, 272-277. [CrossRef]

Lichtenberger, L.M.; Phan, T.; Fang, D.; Dial, E.]. Chemoprevention with phosphatidylcholine non-steroidal anti-inflammatory
drugs in vivo and in vitro. Oncol. Lett. 2018, 15, 6688—-6694. [CrossRef]

Davis, ].S.; Kanikarla-Marie, P.; Gagea, M.; Yu, PL.; Fang, D.; Sebastian, M.; Yang, P, Hawk, E.,; Dashwood, R,
Lichtenberger, L.M.; et al. Sulindac plus a phospholipid is effective for polyp reduction and safer than sulindac alone in
a mouse model of colorectal cancer development. BMC Cancer 2020, 20, 871. [CrossRef]

Dvir, E.; Friedman, ].E.; Lee, ].Y.; Koh, ].Y; Younis, F; Raz, S.; Shapiro, I.; Hoffman, A.; Dahan, A.; Rosenberg, G.; et al. Erratum:
A novel phospholipid derivative of indomethacin, DP-155 [mixture of 1-steroyl and 1-palmitoyl-2-{4-[1-(p-chlorobenzoyl)-5-
methoxy-2-methyl-3- indolyl acetamido]butanoyl}-sn-glycero-3-phosophatidyl choline], shows superior safety and similar effic. J.
Pharmacol. Exp. Ther. 2006, 319, 1492. [CrossRef]

Faubert, B.; Solmonson, A.; DeBerardinis, R.J. Metabolic reprogramming and cancer progression. Science 2020, 368, eaaw5473.
[CrossRef]

Ridgway, N.D. The role of phosphatidylcholine and choline metabolites to cell proliferation and survival. Crit. Rev. Biochem. Mol.
Biol. 2013, 48, 20-38. [CrossRef]

Kennedy, E.P.; Weiss, S.B. The function of cytidine coenzymes in the biosynthesis of phospholipides. J. Biol. Chem. 1956,
222,193-214. [CrossRef] [PubMed]

Michel, V.; Yuan, Z.; Ramsubir, S.; Bakovic, M. Choline transport for phospholipid synthesis. Exp. Biol. Med. 2006, 231, 490-504.
[CrossRef] [PubMed]

Nagashima, E.; Nishiyama, R.; Iwao, B.; Kawai, Y.; Ishii, C.; Yamanaka, T.; Uchino, H.; Inazu, M. Molecular and Functional
Characterization of Choline Transporter-Like Proteins in Esophageal Cancer Cells and Potential Therapeutic Targets. Biomol. Ther.
2018, 26, 399. [CrossRef] [PubMed]

Kouji, H,; Inazu, M.; Yamada, T.; Tajima, H.; Aoki, T.; Matsumiya, T. Molecular and functional characterization of choline
transporter in human colon carcinoma HT-29 cells. Arch. Biochem. Biophys. 2009, 483, 90-98. [CrossRef]

Yuan, Z.; Tie, A.; Tarnopolsky, M.; Bakovic, M. Genomic organization, promoter activity, and expression of the human choline
transporter-like protein 1. Physiol. Genom. 2006, 26, 76-90. [CrossRef]

Xiong, J.; Wang, L.; Fei, X.C,; Jiang, X.F.; Zheng, Z.; Zhao, Y.; Wang, C.E; Li, B.; Chen, S.J.; Janin, A.; et al. MYC is a positive
regulator of choline metabolism and impedes mitophagy-dependent necroptosis in diffuse large B-cell lymphoma. Blood Cancer J.
2017, 7, e582. [CrossRef]

Hernandez-Alcoceba, R.; Saniger, L.; Campos, J.; Nufiez, M.C.; Khaless, F.; Gallo, M.A.; Espinosa, A.; Lacal, ].C. Choline kinase
inhibitors as a novel approach for antiproliferative drug design. Oncogene 1997, 15, 2289-2301. [CrossRef]

Rodriguez-Gonzélez, A.; de Molina, A.R.; Fernandez, F; Ramos, M.A.; del Carmen Nuifiez, M.; Campos, J.; Lacal, ].C. Inhibition
of choline kinase as a specific cytotoxic strategy in oncogene-transformed cells. Oncogene 2003, 22, 8803-8812. [CrossRef]
Garcia-Molina, P.; Sola-Leyva, A.; Luque-Navarro, PM.; Laso, A.; Rios-Marco, P; Rios, A.; Lanari, D.; Torretta, A.; Parisini, E.;
Lopez-Cara, L.C.; et al. Anticancer Activity of the Choline Kinase Inhibitor PL48 Is Due to Selective Disruption of Choline
Metabolism and Transport Systems in Cancer Cell Lines. Pharmaceutics 2022, 14, 426. [CrossRef]

Iorio, E.; Ricci, A.; Bagnoli, M.; Pisanu, M.E.; Castellano, G.; Di Vito, M.; Venturini, E.; Glunde, K.; Bhujwalla, Z.M,;
Mezzanzanica, D.; et al. Activation of phosphatidylcholine cycle enzymes in human epithelial ovarian cancer cells. Cancer Res.
2010, 70, 2126-2135. [CrossRef]

Klobucki, M.; Urbaniak, A.; Grudniewska, A.; Kocbach, B.; Maciejewska, G.; Kietbowicz, G.; Ugorski, M.; Wawrzenczyk, C.
Syntheses and cytotoxicity of phosphatidylcholines containing ibuprofen or naproxen moieties. Sci. Rep. 2019, 9, 220. [CrossRef]
[PubMed]

Lima, P.S.S.; Lucchese, A.M.; Aratdjo-Filho, H.G.; Menezes, P.P; Aratjo, A.A.S.; Quintans-Junior, L.J.; Quintans, ].S.S. Inclusion of
terpenes in cyclodextrins: Preparation, characterization and pharmacological approaches. Carbohydr. Polym. 2016, 151, 965-987.
[CrossRef] [PubMed]

Pereira, C.V,; Silva, ].M.; Rodrigues, L.; Reis, R.L.; Paiva, A.; Duarte, A.R.C.; Matias, A. Unveil the Anticancer Potential of
Limomene Based Therapeutic Deep Eutectic Solvents. Sci. Rep. 2019, 9, 14926. [CrossRef]

Fujii, M.; Takeda, Y.; Yoshida, M.; Utoguchi, N.; Matsumoto, M.; Watanabe, Y. Comparison of skin permeation enhancement by
3-I-menthoxypropane-1,2-diol and l-menthol: The permeation of indomethacin and antipyrine through Yucatan micropig skin
and changes in infrared spectra and X-ray diffraction patterns of stratum corneum. Int. J. Pharm. 2003, 258, 217-223. [CrossRef]
[PubMed]

Okyar, A.; Nuriyev, M.; Yildiz, A.; Pala-Kara, Z.; Ozturk, N.; Kaptan, E. The effect of terpenes on percutaneous absorption of
tiaprofenic acid gel. Arch. Pharmacal Res. 2010, 33, 1781-1788. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1365-2036.2008.03765.x
http://doi.org/10.1111/j.1476-5381.2009.00159.x
http://www.ncbi.nlm.nih.gov/pubmed/19366347
http://doi.org/10.1038/ajg.2010.436
http://doi.org/10.3892/ol.2018.8098
http://doi.org/10.1186/s12885-020-07311-4
http://doi.org/10.1124/jpet.106.103184.acterized
http://doi.org/10.1126/science.aaw5473
http://doi.org/10.3109/10409238.2012.735643
http://doi.org/10.1016/S0021-9258(19)50785-2
http://www.ncbi.nlm.nih.gov/pubmed/13366993
http://doi.org/10.1177/153537020623100503
http://www.ncbi.nlm.nih.gov/pubmed/16636297
http://doi.org/10.4062/biomolther.2017.113
http://www.ncbi.nlm.nih.gov/pubmed/29223141
http://doi.org/10.1016/j.abb.2008.12.008
http://doi.org/10.1152/physiolgenomics.00107.2005
http://doi.org/10.1038/bcj.2017.61
http://doi.org/10.1038/sj.onc.1201414
http://doi.org/10.1038/sj.onc.1207062
http://doi.org/10.3390/pharmaceutics14020426
http://doi.org/10.1158/0008-5472.CAN-09-3833
http://doi.org/10.1038/s41598-018-36571-1
http://www.ncbi.nlm.nih.gov/pubmed/30659229
http://doi.org/10.1016/j.carbpol.2016.06.040
http://www.ncbi.nlm.nih.gov/pubmed/27474645
http://doi.org/10.1038/s41598-019-51472-7
http://doi.org/10.1016/S0378-5173(03)00205-9
http://www.ncbi.nlm.nih.gov/pubmed/12753768
http://doi.org/10.1007/s12272-010-1110-8
http://www.ncbi.nlm.nih.gov/pubmed/21116781

Cancers 2023, 15, 475 24 of 24

130.

131.

132.

133.

134.

Silva, E.; Oliveira, E; Silva, ].M.; Matias, A.; Reis, R.L.; Duarte, A.R.C. Optimal Design of THEDES Based on Perillyl Alcohol and
Ibuprofen. Pharmaceutics 2020, 12, 1121. [CrossRef]

Silva, E.; Oliveira, F.; Silva, ].M.; Reis, R.L.; Duarte, A.R.C. Untangling the bioactive properties of therapeutic deep eutectic
solvents based on natural terpenes. Curr. Res. Chem. Biol. 2021, 1, 100003. [CrossRef]

Theoduloz, C.; Delporte, C.; Valenzuela-Barra, G.; Silva, X.; Cadiz, S.; Bustamante, F; Pertino, M.W.; Schmeda-Hirschmann, G.
Topical Anti-inflammatory Activity of New Hybrid Molecules of Terpenes and Synthetic Drugs. Molecules 2015, 20, 11219-11235.
[CrossRef]

Theoduloz, C.; Alzate-Morales, J.; Jiménez-Aspee, F; Isla, M.I.; Alberto, M.R.; Pertino, M.W.; Schmeda-Hirschmann, G. Inhibition
of key enzymes in the inflammatory pathway by hybrid molecules of terpenes and synthetic drugs: In vitro and in silico studies.
Chem. Biol. Drug Des. 2019, 93, 290-299. [CrossRef]

de Oliveira Pedrosa Rolim, M.; de Almeida, A.R.; da Rocha Pitta, M.G.; de Melo Régo, M.].B.; Quintans-Junior, L.J.;
de Souza Siqueira Quintans, J.; Heimfarth, L.; Scotti, L.; Scotti, M.T.; da Cruz, RM.D.; et al. Design, synthesis and pharmacologi-
cal evaluation of CVIB, a codrug of carvacrol and ibuprofen as a novel anti-inflammatory agent. Int. Immunopharmacol. 2019,
76, 105856. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/pharmaceutics12111121
http://doi.org/10.1016/j.crchbi.2021.100003
http://doi.org/10.3390/molecules200611219
http://doi.org/10.1111/cbdd.13415
http://doi.org/10.1016/j.intimp.2019.105856

	Introduction 
	Anti-Inflammatory Activity of Non-Steroidal Anti-Inflammatory Drugs 
	Evidence of the Anti-Cancer Mechanism of Action of NSAIDs toward Tumoral Cell Lines 
	Evidence of the Anti-Cancer Mechanisms of NSAIDs in In Vivo Models 
	Evidence of the Anti-Cancer Mechanisms of Action of NSAIDs in Epidemiologic Studies 
	Combination of NSAIDs with Chemotherapeutic Drugs 
	Combination of NSAIDs with Chemotherapeutic Drugs Studied in Tumoural Cell Lines 
	Combination of NSAIDs with Chemotherapeutic Drugs in In Vivo Models 
	Combination of NSAIDs with Chemotherapeutic Drugs Studied in Clinical Trials 

	Combination of NSAIDs with Phosphatidylcholine 
	Combination of NSAIDs with Terpenoids 
	Conclusions 
	References

