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Abstract

Pentamidine (PTM) is an aromatic diamidine administered for infectious diseases, e.g. sleeping sickness, malaria,

and Pneumocystis jirovecii pneumonia. Due to similarities of cellular mechanisms between human cells and such
infections, PTM has also been proposed for repurposing in non-infectious diseases such as cancer. Indeed, by modu-
lating different signaling pathways such as PI3K/AKT, MAPK/ERK, p53, PD-1/PD-L1, etc, PTM has been shown to inhibit
different properties of cancer, including proliferation, invasion, migration, hypoxia, and angiogenesis, while induc-

ing anti-tumor immune responses and apoptosis. Given the promising implications of PTM for cancer treatment,
however, the clinical translation of PTM in cancer is not without certain challenges. In fact, clinical trials have shown
that systemic administration of PTM can be concurrent with serious adverse effects, e.g. hypoglycemia. Therefore,

to reduce the administered doses of PTM, lower the risk of adverse effects, and prevent any potential drug resist-
ance, while maintaining the anti-tumor efficacy, two main strategies have been suggested. One is combination
therapy that employs PTM in conjunction with other anti-cancer modalities, such as chemotherapy and radiotherapy,
and attacks tumor cells with significant additive or synergistic anti-tumor effects. The other is developing PTM-loaded
nanocarrier drug delivery systems e.g. pegylated liposomes, chitosan-coated niosomes, squalene-based nanopar-
ticles, hyaluronated lipid-polymer hybrid nanoparticles, etc,, that offer enhanced pharmacokinetic characteristics,
including increased bioavailability, sit-targeting, and controlled/sustained drug release. This review highlights the anti-
tumor properties of PTM that favor its repurposing for cancer treatment, as well as, PTM-based combination therapies
and nanocarrier delivery systems which can enhance therapeutic efficacy and simultaneously reduce toxicity.

Keywords Pentamidine, Cancer, Cancer therapy, Drug repurposing, Combination therapy, Nanocarrier delivery
systems

*Correspondence:

Nima Rastegar-Pouyani

rastegarp@alumnus.tums.ac.ir

Shokoufeh Hassani

shokoufehasani@gmail.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06293-w&domain=pdf

Rastegar-Pouyani et al. Journal of Translational Medicine (2025) 23:258

Introduction

Being one of the leading causes of death, cancer has per-
sistently been posing a great threat to human health and,
subsequently, inflicting a significant financial burden on
health organizations worldwide [1]. While there is cur-
rently a wide range of procedures and drugs adopted
against this malignancy, including chemotherapy, sur-
gery, radiotherapy, immunotherapy, hormone therapy,
etc., unfortunately, in many cases, none could resolve the
menace of cancer for good which might even claim the
patients’ lives, eventually [2]. On top of that, new findings
are indicative of an alarming increase in cancer preva-
lence as statistics in 2022 show nearly 20 million newly
diagnosed cases, as well as 9.7 million cancer-associated
deaths worldwide [3]. For this reason, many attempts
have been made to find and develop novel approaches
for overcoming cancer with better efficacy and safety.
About 90% of candidate pharmaceuticals fail to reach
clinical trials owing to inadequate safety, efficacy, or both;
therefore, in order to cut back on eye-watering financial
expenses and time-consuming studies, as much as is fea-
sible, one initiative approach that has emerged as a prom-
ising alternative is repurposing non-oncology drugs, such
as diabetes medications, antihypertensives, antibiotics,
antifibrotic agents, etc., for their off-label indications in
the treatment of cancer [4, 5]. Indeed, with well-studied
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safety and side effect profiles and their unique mecha-
nisms of action such medications may undergo a rela-
tively rapid approval process and clear the way for a
potentially successful course of therapy in cancer patients
[6].

Given that humans and many parasite cells share great
similarities in cellular mechanisms, for example, DNA
replication, protein biosynthesis, mitochondrial func-
tion, and cellular metabolism, and that cancer cells heav-
ily rely on these mechanisms for their rapid proliferation,
many FDA-approved anti-parasitics such as niclosamide,
ivermectin, albendazole, and pentamidine, among oth-
ers, have been proposed for repurposing against cancer
[7]. Indeed, due to having overlapping targets with anti-
tumor agents, including microtubules, kinases, folate
pathway, DNA topoisomerases, etc., anti-parasitics have
shown promising anti-tumor properties induction of
apoptosis, immune modulation, reduction of inflamma-
tion, disruption of cancer metabolism, overcoming drug
resistance, and so on, and therefore, secured a place in
the field of cancer research [8].

Aromatic diamidines are a group of compounds
encompassing two amidine (-C(=NH)-NH2) func-
tional groups attached to an aromatic ring, as shown in
Fig. 1. Owing to their ability to bind to AT-rich regions
of DNA, aromatic diamidines have shown significant
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Fig. 1 The chemical structures of aromatic diamidines, a group of compounds with indications in antimicrobial and anti-parasitic treatments
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antimicrobial and anti-parasitic effects, some of which,
including propamidine, hexamidine, furamidine, pafura-
midine, diminazene, phenamidine, and pentamidine are
administered for treatment of some infections [9, 10].
Propamidine and hexamidine are antiseptic agents that
in the form of eye drops are indicated for the treatment
of some eye infections such as Acanthamoeba keratitis
[11]. Pafuramidine is the O-methyl amidoxime prodrug
of furamidine (DB75); it is an experimental compound,
which was primarily granted orphan drug status by the
EDA for the treatment of Pneumocystis jiroveci pneumo-
nia in patients with HIV/AIDS [12]. Later, it also entered
clinical trials for the treatment of first-stage human Afri-
can trypanosomiasis but later failed due to late-onset
toxicity most notably glomerulonephritis and nephropa-
thy [13]. Diminazene and phenamidine are aromatic dia-
midines commonly used in veterinary for the treatment
of infections such as cytauxzoonosis, trypanosomiasis,
and babesiosis [14, 15].

Pentamidine (PTM) is another member of aromatic
diamidines FDA-approved for the treatment of Pneu-
mocystis jiroveci pneumonia in patients with HIV/AIDS
which has not only been used against various other infec-
tions such as leishmaniasis and human African trypano-
somiasis but also holds great promise in other contexts,
especially in cancer [16]. Indeed, emerging evidence
proposes that PTM has considerable anti-tumor effects
on different types of cancer by blocking some signaling
pathways, such as PI3K/AKT, mitochondrial targeting,
DNA damage response inhibition, increasing reactive
oxygen species (ROS) production, calcium homeosta-
sis disruption, and gene expression modulation, which
in turn inhibit cancer proliferation, stemness, invasion,
migration, and angiogenesis while inducing apoptosis
and anti-tumor immune responses [17-20]. In addition,
some studies have reported that PTM displays synergis-
tic effects in combination with other modalities such as
chemotherapy and radiotherapy which might lead to the
establishment of novel drug regimens for cancer therapy
[21-23]. Furthermore, owing to potential side effects
of its conventional administration such as nephrotox-
icity, thrombocytopenia, leucopenia, hypoglycemia,
etc., which could undesirably decrease compliance and
success of therapy in clinical scenarios [16]. Nanocar-
rier-based drug delivery has been offered as a promis-
ing delivery tool that not only reduces the possible side
effects but also improves the pharmacokinetic properties
of PTM, including pharmacological half-life (t%), and
bioavailability, among others [24].

Herein, we initially introduce PTM, its chemical struc-
ture, pharmacology, and both approved and off-lab indi-
cations. Importantly, to better appreciate the gravity of
repurposing PTM in cancer therapy, we discuss the latest
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knowledge on the different anti-tumor properties of PTM
and its combined effects with other anti-tumor agents.
Lastly, we briefly take a peek at the nanomedicine-based
strategies that have so far been employed to administer
PTM against cancer with the goal of better therapeutic
efficacy and lower risks of side effects.

Pentamidine; structure, pharmacology,

and indications

PTM, chemically 4,4’-(Pentane-1,5-diylbis(oxy))diben-
zimidamide, is a symmetric aromatic diamidine with
a molecular formula of C,,H,,N,O, that comprises a
pentane-1,5-diol where both hydroxyl hydrogens are
swapped for 4-amidinophenyl groups. It was first syn-
thesized in the late 1930s by Yorke et al. PTM [25, 26].
Approved by the FDA, aerosolized PTM is used for the
treatment and prevention of Pneumocystis jirovecii pneu-
monia -an opportunistic fungal infection- in high-risk
HIV-infected patients. In addition, infectious diseases,
including leishmaniasis, human African trypanosomiasis,
and malarial infections are some of the well-known non-
FDA-approved indications of PTM [16, 27]. The exact
pharmacology of PTM, from both pharmacodynamic and
pharmacokinetic perspectives, is not fully understood.
Nonetheless, the findings suggest that PTM interferes
with nuclear metabolism; it binds to transfer RNA, inhib-
its polyamine synthesis and RNA polymerase activity,
and prevents the production of proteins, phospholipids,
nucleic acids, and folate [3, 28]. The terminal polar ami-
dine functional groups give PTM a significant topological
polar surface area (TPSA) of 118 A2 which results in its
poor gastrointestinal absorption and blood-brain barrier
(BBB) penetration [24, 29]. PTM has been commercially
available in the form of two salts, mesylate and isethion-
ate. Besides, due to its poor absorption through the gas-
trointestinal tract, PTM is usually administered in the
form of intravenous (IV) and intramuscular (IM) injec-
tions, as well as inhalation [24].

Pentamidine repurposing

With the concept of drug repurposing growing, atten-
tion has also been drawn to redirecting less frequently
used medicines from the treatment of original diseases
to other conditions [5]. Similarly, as illustrated in Fig. 2,
recent studies have introduced PTM as a potential can-
didate for the treatment of non-parasitic diseases [16].
For example, studies have introduced PTM as a promis-
ing agent against Alzheimer’s and Parkinson’s diseases as,
by inhibiting the N-methyl-D-aspartate (NMDA) recep-
tor, PTM could show neuroprotective effects [30]. Recent
findings suggest that PTM could block the SARS-CoV-2
3a channel, which makes it a potential candidate against
COVID-19 [31]. Also, PTM has been found to reverse the
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Fig. 2 Redirecting PTM administration from conventional applications to novel ones. Recent findings suggest that not only can PTM
act as an anti-microbial agent but also exhibit other pharmacological characteristics that may be harnessed in other therapy fields such
as the treatment of Alzheimer’s disease, diabetes, muscular disorders, COVID-19, and cancer

splicing defects correlated with myotonic dystrophy type
1, a genetic disorder of autosomal dominant inheritance,
which stems from the expansion of a CTG trinucleotide
repeats in the noncoding region of the DMPK gene [32].
Due to its hypoglycemic effects, PTM can potentially be
employed for the treatment of diabetes mellitus although
some studies have demonstrated that such initial hypo-
glycemia might even lead to hyperglycemia as a conse-
quence [33]. Moreover, a considerable body of evidence
implies appealing effects of PTM against different types
of cancer both in the form of monotherapy and combi-
nation therapy with other anti-cancer drugs [16, 24]. As

such, PTM emerges as a promising agent that may be
further investigated with the view to being translated
into the clinics for the fulfillment of the aforementioned
purposes.

Implications of PTM for cancer therapy

PTM has long been administered as antibiotic prophy-
laxis against Pneumocystis jirovecii pneumonia in cancer
patients receiving immunosuppressive chemotherapy
and/or radiotherapy [34]. Furthermore, a growing body
of research, as shown in Fig. 3, has recently found PTM
with appealing anti-tumor capacity with or without
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Fig. 3 Implications of PTM for Cancer Therapy. Growing evidence indicates that, by modulation of various pathways, PTM can show its anti-tumor
effects through inhibition of cancer proliferation, invasion, migration, angiogenesis, and hypoxia while inducing apoptosis and restoring anti-tumor

immune responses

other modalities in different types of cancer, including
pancreatic [18], ovarian [35-37], prostate [38—40], lung
[17, 22, 35, 41], breast [17, 19, 21, 38, 40—42], endome-
trial [43], and colon [17, 22, 35, 44, 45] cancers, as well
as melanoma [17] and glioma [20, 40, 46]. Mechanisti-
cally, it inhibits signaling pathways such as PI3K/AKT
[43], JAK/STAT [47], MAPK/ERK [45, 46], NF-xB [45],
HIF-1a [40], Wnt/B-catenin [23], PD-1/PD-L1 [17]

pathways while inducing p53 pathway[19, 20, 39, 42, 45,
46]. Indeed, PTM has been reported to interfere with cel-
lular processes such as DNA and RNA synthesis, protein
translation, mitosis, and calcium homeostasis in cancer
cells which are critical to cancer progression [48]. The
gravity of recent findings is to such an extent that several
clinical trials have resultantly been conducted to inves-
tigate the eligibility of PTM for the treatment of various
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types of cancer such as metastatic colon cancer [49, 50],
stage IV non-small cell lung cancer [51], etc.; however,
the results of them are still undisclosed. In the following,
we scrutinize the latest knowledge regarding the anti-
tumor properties of PTM that have made it a promising
candidate in the field of cancer.

Proliferation and apoptosis

Deregulated cell proliferation and evasion of apoptosis
are some of the well-known characteristics of tumors
[52, 53]. Indeed, cancer cells may embrace specific strat-
egies such as the upregulation of antiapoptotic factors
and inhibition of apoptotic proteins to circumvent the
programmed cell death apoptosis, which grants tumor
cells an irregularly extended lifespan resulting in aug-
mentation of tumorigenic mutations, and, subsequently,
deregulated cell proliferation and perturbed differentia-
tion [54]. For that reason, inhibition of proliferation and/
or induction of apoptotic cell death has long been a chief
goal in the development of anti-cancer therapeutics [55].
Remarkably, PTM has been found to inhibit cancer pro-
liferation and tumor growth in a dose-dependent manner
(mostly in the range of 5-20 uM in vitro) among various
types of cancer [16]. For example, findings by Lin et al.
demonstrated that PTM was able to inhibit the prolif-
eration of endometrial carcinoma HEC-1A and Ishikawa
cells dose-dependently, with the strongest inhibitory
effect at 15 uM [43]. Indeed, PTM causes chromosomal
segregation defects resulting in abnormal or inhibited
mitosis in cancer cells [22]. Additionally, by inhibit-
ing endo-exonucleases, PTM inhibits the DNA double-
stranded break repair in cancer cells [56]. A study by Wu
et al. has reported that 20 uM PTM in ovarian cancer
cells can preserve the stability of the tumor suppressor
PTEN, loss of or mutation in which is substantially cor-
related with cancer progression, through the ubiquitin/
proteasome pathway, hence inhibiting the cancer prolif-
eration [37]. Moreover, blockage of G1/S progression in
cancer cells is another pronounced mechanism whereby
PTM can suppress proliferation [57]. Indeed, by down-
regulating phosphorylation levels of AKT protein, PTM
at concentrations higher than 10 uM may increase the
percentage of G1 phase cells while reducing the number
of cells arrested in the S phase, and, subsequently, inhibit
proliferation and growth in tumors [37, 43]. In vivo and
in vitro (1 uM and 5 uM PTM) findings on glioma have
identified PTM as a promising candidate against pro-
liferation that plays an inhibitory role through a dose-
dependent reduction in the expression of CDK4, STATS3,
SOX-2, and Ki-67, as well as ERK activation [46]. Induc-
tion of apoptosis is another strategy, by which PTM
may offer interesting inhibitory effects on proliferation
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[58]. Indeed, findings show that PTM up-regulates the
expression levels of pro-apoptotic genes, such as BAX,
p53, p21, BBC3, TRIB3 DDIT3, cleaved caspase-9, and
HRK while down-regulating anti-apoptotic genes such
as Bcl-2 and BIRC3 [19, 20, 39, 42, 46]. Katte and col-
leagues found that PTM up-regulated the expression of
p53 protein in ZR-75-1 human breast cancer cells in a
dose-dependent manner with effect at 20 uM [19]. The
results of a study by Capoccia et al. indicated that 5 uM
PTM (5 uM > 0.5 uM >0.05 uM) had the strongest effects
on the proliferation of C6 glioma cells, up-regulation of
p53 and BAX, and down-regulation of Bcl-2 and AQP-
4, highlighting a dose-dependent PTM cytotoxicity [20].
Moreover, PTM inhibits proliferation through the induc-
tion of mitochondrial DNA depletion and dysfunction
[59]. Similarly, in the context of cancer, PTM has been
found to suppress the growth of xenograft tumors of the
prostate following morphological and functional impair-
ment in mitochondria, ATP level reduction, increasing
the expression levels of cytochrome ¢, down-regulation
of the transcription levels of mitochondria-encoded
genes, and, ultimately, inducing ROS production and
apoptosis [39]. Another route, whereby PTM can inhibit
proliferation and induce apoptosis, is targeting the inter-
actions between the S100 family and other proteins
[60, 61]. S100 proteins are a prominent family of widely
expressed calcium-binding proteins, that play a crucial
role in an ample range of cellular processes, including
Ca?* homeostasis, apoptosis, proliferation, differentia-
tion, etc., and overexpression thereof has been reported
in some types of cancer [62]. S100 proteins destabilize
the wild-type p53 and form a complex of S100-p53 thus
maintaining proliferation [63]. Interestingly, a growing
body of evidence suggests that some of the S100 pro-
teins, such as S100A4 [42], S1I00B [20], and S100P [19]
share the same binding site for p53 and PTM. As a result,
PTM can disrupt the interactions between these proteins
and p53 which, in turn, reactivates the p53—p21 path-
way and, ultimately, inhibits cell proliferation in cancer
[64]. Indeed, a study on human colon cancer biopsies has
revealed that not only does PTM disrupt S100B-activated
RAGE/phosphor-p38 MAPK/NF-kB pathway and the
S100B-p53 interaction, thereby restoring the p53-medi-
ated apoptotic pathway, but also reduces the protein
expression levels of PCNA, AQP4, IL-6, and inducible
nitric oxide synthase (iNOS), as well as relative NO accu-
mulation, which, collectively, lead to higher rates of apop-
totic cell death and inhibition of proliferation [45]. Other
findings also suggest that interactions between S100A1
and V domains of RAGE, a member of the immunoglob-
ulin superfamily, can lead to RAGE dimerization, which
has been found to highly contribute to cell proliferation
and tumor growth [44].
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Invasion and migration

Metastasis is reckoned the leading cause of death from
cancer and frequently co-occurs with cancer recur-
rence [65]. Unfortunately, despite recent breakthroughs
in cancer therapy, no efficient approach is yet available
for patients with metastatic cancer. Thus, the research
around this formidable issue has persistently been ongo-
ing to hopefully devise novel anti-metastatic strategies
[66, 67]. Relevantly, growing findings, both in vitro and
in vivo, have introduced PTM as a possible agent against
invasive properties in several types of cancer such as
endometrial [43], ovarian [37], and prostate [39] cancer,
as well as glioma [20]. Indeed, wound-healing assays and
transwell experiments indicate that PTM can exhibit
inhibitory effects on the migration ability of cancer cells
in a dose- and time-dependently manner [43]. Besides,
PTM has been shown to down-regulate the expression
levels of MMP-2 [20, 43] and MMP-9 [43] -two promi-
nent type IV collagenases- that play an important role in
extracellular matrix (ECM) remodeling and facilitate the
migration of cancer cells [68]. In addition, PTM could
inhibit guanidinobenzoatase, a cell surface proteolytic
enzyme, which, by degrading fibronectin throughout
ECM, promotes cancer migration [69].

Glioblastoma (GBM) is the most aggressive and malig-
nant type of glioma. Due to its intense invasiveness,
GBM can diffuse into the healthy brain tissue and as a
result make the surgical removal of tumors a very chal-
lenging task [70, 71]. Thus, the safest course may leave
a portion of tumor cells intact and increase the risk of
cancer recurrence [72]. Therefore, efforts have been
made to develop new strategies to diminish the spread
of these invasive glioma cells across the brain. Interest-
ingly, a study by Capoccia et al. investigated the potential
effect of PTM on fusiform C6 rat glioma cells that mim-
ics human GBM behaviors following injection in brains
of neonatal rats [20, 73]. Interestingly, they showed that
0.05, 0.5, and 5 pM PTM substantially impaired the
migration of C6 rat glioma cells in vitro; in contrast, the
untreated cells were able to invade and grow again in the
scratched region [20]. Besides, PTM was able to down-
regulate the expression levels of MMP-2, the overex-
pression of which is correlated with GBM invasion and
poor prognosis [20, 74, 75]. Likewise, a study by Tamai
et al. reported that PTM was able to reduce pseudopo-
dia formation in both human GBM cell lines and human
patient-derived cells, a morphological change that is cor-
related with cell mobility. In a similar manner, the results
of the scratch assay showed the anti-migration effects of
PTM on these cells [46, 76]. Moreover, they found that
IM injection of PTM (150 ug PTM dissolved in 100 pL
PBS with 5% DMSO every 2 days) was able to reduce the
number of migrated cells and proliferation index in the
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xenograft mouse model of GBM [46]. Taken altogether,
these findings implicate the potential of PTM as a prom-
ising candidate against invasion and migration of GBM
cells which indeed calls for further studies in the future.

Epithelial-mesenchymal transition (EMT) is a cru-
cial step in the initiation of metastasis, which naturally
occurs during early embryogenesis and wound healing;
however, it can also be appropriated by epithelial cancer
cells, which in turn endows cells with invasive and migra-
tory properties, as well as gene expression profile and
morphology similar to mesenchymal cells [77]. Chemo-
therapy- and radiotherapy-mediated EMT has been
recently shown to be a daunting challenge whereby the
mesenchymal-like cells put up significant resistance to
cytotoxic agents and highly correlate to poor prognosis in
patients [78]. Interestingly, PTM has been found to nota-
bly reverse this transition as it modulates the expression
levels of EMT markers. Indeed, gene expression studies
show reduced expression levels of N-cadherin, snail, and
ZEB1, along with increased levels of E-cadherin follow-
ing treatment with PTM in clear cell renal cell carcinoma
and ovarian cancer [23, 37]. Collectively, findings imply
that PTM may be adopted against metastatic cancer cells
in conjunction with other modalities, especially with
those, that potentially induce EMT in malignant cells
such as paclitaxel [79], cisplatin [80], fluorouracil [81],
radiotherapy [82], etc.

Hypoxia and angiogenesis

Hypoxia is one of the hallmarks among many solid
tumors that arises due to the rapid proliferation of cancer
cells and insufficient performance of existing blood capil-
laries for supplying oxygen and nutrients, and it is highly
associated with poor prognosis in patients [83]. Hypoxic
tumors exhibit an extracellular pH significantly lower
compared to their normal counterparts, which mostly
stems from the reshaped metabolism of glucose and
leads to activation of the alpha/beta subunit of a heter-
odimeric transcription factor hypoxia-inducible factor-1
(HIF-1) [84, 85]. Active HIF-1 modulates the expression
levels of an assortment of genes associated with prolifera-
tion, apoptosis, metabolism, pH regulation, angiogenesis,
migration, and metastasis [86]. Thus far, several agents,
such as small molecules (FM19G11, IDF-11774, and
KC7F2), monoclonal antibodies (mAbs) (cetuximab and
trastuzumab), siRNAs, and histone deacetylase inhibitors
(apigenin, trichostatin A, and suberoylanilide hydroxamic
acid), and nanobodies, have been suggested to target this
protein [87-89].

Interestingly, PTM has also been found to inhibit the
expression of HIF-la, an important subunit of HIF-
1, in prostate and breast cancer, as well as glioma [40].
In fact, findings propose that PTM, in a time- and
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dose-dependent manner, has been able to reduce HIF-1«
protein expression, likely through decreasing HIF-la
protein stability and inhibiting protein translation. Such
reduction, mediated by PTM, could reduce hypoxia-
induced promoter activity of iNOS—a calcium-depend-
ent isoform of NOS enzyme- and down-regulate the
expression levels of glucose transporter-1 (GLUT-1),
which plays an important role in glucose metabolism via
facilitating the entry of glucose into tumor cells [40, 45].
Moreover, as mentioned above, angiogenesis has been
described as an indispensable part of cancer progression
proceeding from tumor hypoxia and stimulated by sev-
eral angiogenic factors such as VEGF, PDGEF, FGEF, and
IGF [90]. Having an outstanding contribution to both
cancer growth and metastasis, tumor angiogenesis acts
as a limiting factor and is regarded as a promising target
for cancer therapy, hence the development of angiogen-
esis inhibitors, for example, bevacizumab, cabozantinib,
and sunitinib, among others [91]. Similarly, PTM also
shows anti-angiogenic implications in cancer; indeed,
it has been found that PTM dose-dependently reduced
hypoxia-induced production of VEGF and capillary tube
formation in breast, colon, and prostate cancer [40, 45].
Taken altogether, PTM might be a promising candidate
against different hypoxia-mediated tumorigenic effects,
especially angiogenesis; however, to reach a better under-
stating of underlying mechanisms for this indication of
PTM and possible adverse effects thereof, further inves-
tigations are absolutely necessary in view of any prospec-
tive translation into the clinics.

Immune evasion

The immune system plays an indispensable part in check-
ing tumor progression; once compromised, it will pro-
foundly lead to a highly increased risk of cancer [92].
Several lineages of immune cells contribute to anti-tumor
responses, including natural killer (NK) cells, cytotoxic T
lymphocytes (CTLs; CD8+), B lymphocytes, and mac-
rophages, among others [93, 94]. Despite the elaborate
immune surveillance, there have been found a handful of
escape mechanisms whereby tumors may circumvent the
hostile immune actions including the PD-1/PD-L1 path-
way, down-regulation of MHC class I, overexpression
of anti-apoptotic factors, for example, Bcl-2 proteins,
secretion of cytokines such as IL-10 and TGEF-f, as well
as immunosuppressive exosomes, infiltration of regula-
tory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs) within the tumor microenvironment (TME)
[95, 96]. Clinically, mAbs, checkpoint inhibitors, vac-
cines such as T-VEC, CAR T-cell therapy, and cytokines
such as aldesleukin and interferon are common modali-
ties adopted to restore anti-tumor immunity and elicit
stronger immune responses [97].
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Several non-oncology compounds, including mela-
tonin, metformin, tetracycline, amphotericin B, etc., have
recently been found to aid the immune system in recog-
nizing and attacking cancer cells, which can be co-admin-
istered with well-established immunotherapy drugs to
boost the immune responses against tumor progression
more effectively [98, 99]. Similarly, it has been found that
PTM could manifest interesting immunomodulatory
effects [100]. Indeed, PTM has been able to up-regulate
the protein levels of cytokines IFN-y, TNF-q, perforin,
and Granzyme B, the production of which are vital for
the maintenance of CD8" T cell cytotoxicity against can-
cer cells [17]. Pharmacological findings also suggest that
PTM can restore anti-tumor response from the immune
system via blocking PD-L1 and, subsequently, restricting
PD-1 /PD-L1 interaction, which plays an important role
in tumor-mediated immunosuppression and develop-
ment of self-tolerance via exhausting T-cells, induction of
apoptosis among antigen-specific T cells, and inhibition
of apoptosis in Tregs [101]. Moreover, following intra-
peritoneal (IP) administration of PTM, a PD-L1 human-
ized syngeneic mouse model of breast cancer has been
found with an increased number of tumor-infiltrating
lymphocytes and CD8"/FoxP3* ratio in T cells, which,
indeed, reflects the reinvigoration of tumor-infiltrating
lymphocyte-mediated immune responses [17, 102].
Although limited, these findings provide an uncharted
perspective on the immunomodulatory capacity of PTM
for cancer therapy which undoubtedly calls for further
research to better delineate its impact on tumor progres-
sion most notably in combination with other immuno-
therapy drugs.

Clinical trials investigating PTM repurposing

in cancer therapy

Clinical trials are a crucial step for clinical transla-
tion that certify the safety and efficacy of new treat-
ment options, such as drug repurposing, in human
subjects before being widely used in the clinics. Like
many other repurposed non-oncology drugs, PTM has
entered several clinical trials for evaluation of its eli-
gibility in cancer therapy chiefly for refractory tumors
where available modalities usually fail (Table 1). For
example, a phase I/II clinical study (NCT00809796) in
2008 was conducted to evaluate the safety of PTM in
patients with metastatic colon cancer receiving stand-
ard Folinic Acid, 5-Fluorouracil (5-FU), or capecit-
abine and oxaliplatin Chemotherapy as second-line
and/or third-line treatment [49]. Likewise, a clinical
trial was held among patients with metastatic pan-
creatic cancer to evaluate the safety and potential
efficacy of PTM administration in conjunction with
standard therapy [103]. In 2011, a phase II clinical
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study (NCTO01378143) started to investigate the safety
and efficacy of the PTM administration in combina-
tion with standard chemotherapy regimen, either
folinic acid, fluorouracil, and irinotecan hydrochlo-
ride (FOLFIRI) or 5-FU, leucovorin, and oxaliplatin
(mFOLFOX6) as a second line treatment in patients
diagnosed with unresectable and locally recurrent
or metastatic colorectal cancer [50]. A single-arm,
open-label investigation (NCT01844791), in 2013,
was performed to evaluate the safety and efficacy of
PTM combined with gemcitabine and platinum-based
first-line therapy in patients with the late-stage non-
small cell lung cancer (NSCLC) [51]. A Phase I clini-
cal trial of PTM combined with salvage chemotherapy,
including ifosfamide, carboplatin, and etoposide (ICE),
for recurrent or resistant Hodgkin’s lymphoma [104].
Another phase I study (NCT02210182) investigated
the pharmacokinetic profile of PTM, such as hepatic
uptake and PTM serum levels, as well as the safety and
tolerance of a new oral formulation of PTM in patients
with hepatocellular carcinoma who underwent ther-
mal ablation [105]. Unfortunately, for some reason,
none of the abovementioned clinical trials have so far
disclosed the results thereof. However, a recent clinical
study (NCT00729807) has yielded considerable out-
comes. Indeed, this investigation was to explore the
response rate in individuals diagnosed with relapsed/
refractory melanoma, which is known for the up-regu-
lated levels of the S100B-p53 complex, following slow
infusion of PTM isethionate (4 mg/kg/day) with each
therapy cycle including 2 weeks of treatment (5 days/
week) and, then, 2 weeks of monitoring. The results
clearly showed that PTM can lead to a partial response
and reduction in the sum of the longest diameter of
target lesions and lower serum levels of S100B, which
is reportedly associated with a better prognosis. How-
ever, there were serious adverse effects observed fol-
lowing PTM administration, most notably, infection
and hypoglycemia, for which patients were hospital-
ized and patients’ course of therapy was subsequently
halted. The severity of these events was to such an
extent that resulted in the termination of this study
at the suggestion of the Data and Safety Monitoring
Board (DSMB) prior to obtaining target enrollment
[106].

Altogether, findings indicate that while PTM might
efficiently reduce tumor progression it could also
lead to the emergence of daunting challenges such as
adverse effects, as described above, comprise patient
compliance and, eventually, reduce the likelihood of
PTM clinical translation at the current form, which
indeed calls for further initiatives regarding this matter
as discussed in the following sections.

(2025) 23:258
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Innovative approaches for PTM administration

As discussed earlier, repurposing PTM for cancer ther-
apy may create a remarkable avenue for expanding its
indications beyond infections [16]. However, like many
other clinical translations, certain challenges may emerge
on this path that need to be resolved. As the few clini-
cal trials, using PTM in cancer therapy reflect, conven-
tional PTM administration has de facto been proposed as
salvage therapy in patients with metastatic cancers and,
obviously, very poor prognosis. Indeed, systemic admin-
istration of PTM could be accompanied by some serious
adverse effects, most notably, nephrotoxicity and hypo-
glycemia, and thus, should be administered with extra
caution [24]. Besides, by adopting different strategies,
such as inhibition of apoptosis, enhanced drug efflux
activity, and accelerated DNA repair, among others, there
is always the possibility that tumor cells secure resist-
ance to PTM, which is one of the daunting hurdles in the
course of cancer therapy [107, 108]; as cytotoxic drugs
are usually wanting in a broad therapeutic index, admin-
istration of higher than recommended doses thereof may
inflict unrecoverable damage and even death in indi-
viduals [109]. Besides, although some studies suggest
that GBM can disrupt BBB integrity, due to its poor BBB
penetration and low delivery into the brain, PTM admin-
istration may face considerable challenges in the treat-
ment of different types of brain tumors [24]. Therefore,
in order to reduce the administered doses of PTM, lower
the risk of adverse effects, overcome resistance, maintain
the therapeutic efficacy, improve the BBB penetration (in
case of brain tumors), and, overall, improve the clinical
significance of PTM for cancer therapy, even for patients
with low-grade cancer, several approaches such as com-
bination therapy and nanocarrier drug delivery systems
have been proposed. In the following subsections, we
bring outstanding findings regarding PTM-based combi-
nation therapy and nanocarrier systems, as well as, con-
sideration for improving BBB penetration of PTM which
may be translated into cancer research.

PTM-based combination therapy

Espoused by oncologists, combination therapy is one of
the possible courses of action that involves the concur-
rent adoption of multiple modalities, including chemo-
therapy, hormone therapy, radiation therapy, etc., and
improves efficacy, prevents resistance, and lowers the
risk of toxicity [110]. As its name suggests, by combining
different anti-cancer therapeutics, combination therapy
targets tumor cells with significant additive or synergistic
anti-tumor effects via a wide range of mechanisms [111].
Moreover, combination therapy may adopt a unique
strategy known as synthetic lethality which occurs when
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the concurrent disruption of two or more genes causes
cell death, whereas the deficiency of only one gene is usu-
ally unable to do so [112, 113]. As a case in point, BRCA1
and BRCA?2 are two renowned proteins that play a great
role in homologous recombination (HR) in the repair of
DNA double-stranded breaks (DSBs); once mutated, as
typically observed in ovarian and breast cancers, cancer
cells become highly dependent on the enzyme poly(ADP-
ribose) polymerase (PARP) that can mediate alternative
DNA repair mechanisms in cancer cells [114]. Therefore,
in the case of BRCA-mutant cancers, PARP inhibitors,
such as talazoparib, olaparib, niraparib, etc., can block
these alternative pathways and lead to synthetic lethality,
which can even lead to synergistic effects once combined
with DNA-damaging agents such as cisplatin, doxoru-
bicin, and temozolomide, among others [115, 116].

With the concept of drug repurposing garnering ever-
increasing attention for cancer therapy, many efforts have
also been dedicated to investigating the efficacy of these
medications, such as metformin, sildenafil, chlorproma-
zine, and aspirin, in conjunction with the aforementioned
anti-cancer modalities in preclinical and/or clinical mod-
els [117, 118]. Notably, some studies have indicated the
considerable potential of PTM for combination therapy
against cancer cells (Table 2) [18, 21-23, 43]. It has been
reported that a combination of PTM and PEG-stabilized
gold nanoparticles (PEG-AuNPs) can increase the sen-
sitivity of triple-negative breast cancer (TNBC) cells to
radiotherapy. Interestingly, the adsorption of PTM onto
the surfaces of PEG-AuNPs could enhance the cellular
uptake of gold compared to the nanoparticle alone, which
in turn leads to a significantly greater number of residual
DNA double-strand breaks [21]. PTM also synergizes
with the antipsychotic chlorpromazine against cancer
proliferation; mechanistically, PTM causes chromosomal
segregation defects, and chlorpromazine inhibits mitotic
kinesin KSP/Eg5 and accumulates monopolar spindles,

Page 13 of 20

which collectively leads to dual inhibition of mitosis and,
consequently, synergistic antiproliferative effects against
cancer cells. Of note, this aforementioned combination
has also exhibited considerable synergism with microtu-
bule-binding agents, such as vinorelbine and paclitaxel,
as evidenced by lower tumor volumes in xenograft mod-
els of cancer [22]. Likewise, once combined with non-
oncology drugs such as oligomycin and amitriptyline,
PTM has been found to synergistically induce apoptosis
in renal cell carcinoma [23]. Other findings have dem-
onstrated that PTM can improve the inhibitory effects
of LY294002—a potent chemical inhibitor of PI3Ks—on
cancer proliferation. Indeed, a combination of PTM and
LY294002 led to increased repression of the PI3K/AKT
pathway and, eventually, inhibition of proliferation in
endometrial cancer [43]. Moreover, a recent study on
animal models of pancreatic cancer suggests that phar-
macological inhibition of the polyamine biosynthesis
enzyme SAT1 by PTM can synergize the anti-tumor effi-
cacy of FOLFIRINOX regimen -including folinic acid,
fluorouracil, irinotecan hydrochloride, and oxaliplatin-
which is the current standard of care therapy for patients
with pancreatic cancer [18, 119]. Furthermore, PTM has
found its way into some clinical trials with the intention
of PTM-based combination therapy; however, in most
cases, no study results are still provided by the respon-
sible party. For example, a single-arm, open-label study
investigated both the safety and efficacy of co-adminis-
tering PTM and platinum-gemcitabine-based doublet
chemotherapy in patients with stage IV non-small cell
lung cancer [51]. In addition, a phase I/II clinical trial
was conducted to study the safety of PTM in subjects
with metastatic colon cancer receiving standard leucov-
orin, fluorouracil, or capecitabine and oxaliplatin chem-
otherapy as second- and/or third-line treatment [49].
Although, in the case of PTM, the concept of synthetic
lethality has never been put to the test explicitly, there

Table 2 The list of studies employing PTM with other anti-cancer modalities in the form of combination therapy

Combination Cancer type Subject Advantage Reference
Radiotherapy +gold Triple Negative Breast Cancer MDA-MB-231 and MDA-MB-436 cells Increase in cytotoxicity, radiosensiti- [21]
nanoparticles+PTM zation, and number of residual DNA
double-strand breaks compared
to radiation alone
Chlorpromazine+PTM lung cancer and colon cancer Severe combined immunodeficient Inhibiting tumor growth more effec- [22]
Hsd:ICR mice bearing A549 or HCT116 tively than either PTM or chlorproma-
cells zine alone
LY294002 +PTM Endometrial cancer Ishikawa cells Increased inhibition of cell viability [43]
and the protein expression of p-AKT
FOLFIRINOX +PTM Pancreatic cancer Athymic nude mice bearing S2-013 Improved efficacy of FOLFIRINOX, [18]

and HPAF-II cells

a significant decrease in the tumor
growth kinetics, reduced tumor volume
and weight parameters
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are interesting, yet limited, implications that may sup-
port its potential for this matter. For example, findings
in parasites have shown that PTM can exhibit inhibitory
effects on topoisomerase II [120], an enzyme, that plays
an important role in the HR repair pathway in BRCA-
deficient cells [121], which highlights the hypothetical
synthetic lethality with PTM most notably in combina-
tion with PARP inhibitors and DNA-damaging agents, as
mentioned above. By and large, PTM has come into view
as a compelling candidate for combination therapy, but
any possible clinical translation of PTM for combination
therapy indeed requires further investigation regarding
its safety and efficacy.

Nanocarrier PTM delivery systems

Nanocarrier drug delivery systems such as liposomes,
noisomes, dendrimers, micelles, etc., have gained grow-
ing popularity for cancer treatment. With enhanced
pharmaceutical characteristics over conventional chem-
otherapy, including the capacity to encapsulate both
hydrophobic and hydrophilic agents, increased solubil-
ity and bioavailability, site-targeting, and controlled and/
or sustained release, among others, nanocarrier drug
delivery systems offer lower risks of adverse effects,
higher therapeutic efficacy, reduced dosage frequency,
and, eventually, improves patient compliance [122, 123].
Due to poor oral bioavailability, commercially available
formulations of PTM have been limited to lyophilized
powders for IM and/or IV injection (Pentacarinat® and
Pentam®), as well as, inhalable powders (Nebupent®) and
aerosols (Pneumopent®) [24]. However, following sys-
temic PTM delivery with these approved formulations,
the emergence of adverse effects is mostly inevitable, and,
co-administration of PTM and chemotherapeutic agents
with formidable cytotoxicity in cancer patients may add
insult to injury, worsening the prognosis [124]. To tackle
this alarming issue, nanocarrier drug delivery systems
have been suggested as a promising approach for PTM
administration, using different preparation techniques.
In the following, we discuss the very latest nanotechno-
logical advances for PTM administration against cancer
(Table 3) as Andreana et al. specifically covered this area
in a previous review article [24].

Liposomes are small vesicles widely used for novel
drug delivery systems. They have one or more concentric
phospholipid bilayers surrounding an aqueous solution
core [125]. Findings on tumor-bearing mice demonstrate
that PTM-loaded liposomes, prepared by the thin-film
hydration method, enhance biodistribution and tumor
accumulation, and limit kidney drug levels, hence the
lower risk of nephrotoxicity compared to the free drug
[35]. Noisomes are another type of drug delivery system
that consist of non-ionic surfactant vesicles and have

(2025) 23:258
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several advantages compared to liposomes, for example,
higher physical stability of formulation and pronounced
cost-effectiveness [126]. As a result, they have recently
been adopted in many cancer studies. Seguella et al.
coated PTM-loaded niosomes with chitosan in order to
improve mucoadhesion with mucosal tissues and acceler-
ate interpenetration. These chitosan-coated niosomes of
PTM showed substantially increased drug permeabiliza-
tion in human biopsies of colon cancer [45]. Andreana
and colleagues developed squalene-based nanoparti-
cles of PTM (SQ-COOH/PTM-B) using ion-pairing at
physiological pH (7.4) between the negatively charged
squalene derivative (1,1°,2-tris-norsqualenoic acid) and
the positively charged base free form of PTM, squalene-
based nanoparticles of PTM (SQ-COOH/PTM-B), which
required no surfactant for carrier stabilization. Given
the high affinity of squalene for low-density lipopro-
teins (LDL) and preferential concentration in cells with
LDL receptor (LDLR) overexpression, findings interest-
ingly demonstrated that SQ-nanoparticles could deliver
a higher intracellular amount of PTM-B via an LDLR-
mediated approach. Indeed, the produced nanoparticles
of PTM showed interestingly superior cytotoxicity com-
pared to PTM-B in cancer cells with LDLR overexpres-
sion such as HepG2 (hepatocellular carcinoma), PC-3
(grade IV prostatic adenocarcinoma), MDA-MB-231
(TNBC) cells, whereas such a difference was not found
between the two in cancer cells with undetectable or
low LDLR levels such as MCF7 and LNCap cells [38,
127]. Poly(lactic-co-glycolic acid) (PLGA) nanoparti-
cles are another commonly used type of drug delivery
system. PLGA, a copolymer of lactic acid and glycolic
acid, breaks down into safe by-products, namely lactic
acid and glycolic acid, which are easily metabolized and
removed from the body [128]. Stella et al.,, synthesized
PTM-loaded nanoparticles, following ionic interactions
between PTM and PLGA, which could notably release
PTM in a pH-dependent manner. Remarkably, the PTM-
loaded PLGA nanoparticles showed higher cytotoxicity
against cancer cells compared to liposomal PTM, which
was proposedly caused by the kinetics of matrix degra-
dation that could affect the drug release, considering that
PTM is dispersed within the polymer matrix of PLGA
nanoparticles, as for liposomal PTM, it is located in the
central aqueous core [36]. An in vitro study by Carton
et al. reported that the interaction between the cationic
PTM and the anionic hyaluronic acid (HA) led to the
formation of polyelectrolyte complexes (PECs). Further-
more, to formulate nanoparticles, they applied polyargi-
nine (PArg), a biocompatible cationic poly(aminoacid),
which crosslinked HA, stabilized PTM-HA PECs, aug-
mented the concentration of loaded PTM, and enhanced
intracellular delivery. The produced HA-PArg NPs
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loaded with PTM showed stronger cytotoxicity against
human lung and breast cancer cells compared to that
of the free PTM [41]. Moreover, another recent study
by Andreana et al. took the initiative and synthesized a
hybrid of lipid and polymer-based nanosystems. To this
end, HA-phospholipid conjugate (HA-DPPE) was added
during nanoprecipitation of PLGA nanoparticles where,
by ionic interactions, PTM was encapsulated. With HA
presented at the surface, the hybrid nanosystem, pref-
erentially targeted cancer cells with overexpression of
CD44, an important cell surface receptor of HA. In fact,
the aforementioned nanoparticles showed greater cyto-
toxic effects on C44-overexpressing MDA-MB-231 cells
in comparison to the low-C44-expressing MCF7 cells due
to endocytosis-triggered mechanism by CD44 [129, 130].
Overall, the aforementioned PTM nanoparticles
have exhibited improved tumor targeting, intracellular
delivery, and cytotoxicity in cancer cells and, therefore,
administering them can increase the therapeutic efficacy
of PTM, minimize the toxicity in comparison to its free
form, and, eventually bring interesting aspects to future
clinical trials investigation PTM in cancer therapy.

Considerations for improving BBB penetration

of pentamidine

As mentioned earlier, PTM has shown interesting inhibi-
tory effects on glioma cells both in vitro and in vivo.
Some findings suggest that in both primary and meta-
static brain tumors, BBB integrity may be disrupted and
become more permeable which may further offset poor
and slow BBB penetration of PTM [131, 132]. In sup-
port of this event, a study by Tamai et al. showed that
IM injection of PTM (150 pg PTM dissolved in 100 pL
PBS with 5% DMSO every 2 days) was able to signifi-
cantly reduce the proliferation and migration of glioma
cells in a xenograft mouse model of GBM [46]. On the
other hand, growing evidence indicates that in many
cases of GBM, BBB indeed remains intact [133]. There-
fore, developing novel approaches to increase PTM deliv-
ery towards brain tumors is of great importance. To date,
several approaches have been proposed in this regard
yet none has been evaluated for BBB penetration in the
field of cancer. Implementing these approaches, including
synthesizing lipophilic PTM prodrugs (such as diacetyl-
diamidoximeester derivative [134]) and bioconjugates
(hyaluronic acid-PTM and PLGA-PEG copolymer-PTM
[135]), nanocarriers (e.g. polycaprolactone nanoparticles,
phosphatidylcholine liposomes [136], and chitosan glu-
tamate-coated niosomes [137]), sucrose-corrected dis-
tribution of PTM with or without adenosine perfusion,
coadministration of PTM with the P-glycoprotein and/or
MRP efflux pump inhibitors such as indomethacin [138],
and intranasal delivery [139], might circumvent BBB and
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deliver higher doses of PTM into the brain. Indeed, in the
field of cancer, these are only hypothetical approaches
that warrant future studies in this matter in the hope of
modifying PTM’s pharmacokinetic properties for higher
BBB penetration and attacking brain tumors.

Conclusion and future perspectives

Having the promising anti-tumor capacity, PTM may
be harnessed by innovative approaches, such as combi-
nation therapy and nanodrug delivery systems, to reach
better efficacy and lower toxicity in cancer therapy. Nev-
ertheless, PTM administration for the treatment of can-
cer still harbors uncertainty over some areas that clearly
need to be resolved for any clinical translation in the
future. For example, further research needs to deline-
ate the exact mechanisms whereby PTM manifests the
aforementioned anti-tumor properties, which may even
advance its utility in combination therapies. Moreo-
ver, future investigations focusing on novel PTM-based
combinations with other chemotherapeutic agents and
anti-cancer modalities may lead to the establishment of
treatment approaches with higher therapeutic efficacy.
Developing state-of-the-art nanocarrier systems with
the goal of optimizing PTM’s pharmacokinetic proper-
ties while minimizing systemic toxicity is of the essence.
In addition, PTM repurposing for the treatment of brain
tumors may face pharmacokinetic challenges most nota-
bly poor BBB penetration which needs to be addressed
in future studies. In the end, PTM remains an intriguing
drug with great anti-tumor potential that may open up a
whole new avenue for cancer therapy in the near future.
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