uture !
{:harmacology ml\l)\lw

Review

Xanthotoxin (8-Methoxypsoralen): A Review of Biological
Activity and Potential Antitumor Properties

Anastasia A. Deryabina 12, Matvey M. Tsyganov 12*, Marina K. Ibragimova 123, Irina A. Tsydenova ’,
Olga Y. Rybalkina ¢, Arina K. Shagabudinova !, Pavel E. Nikiforov ¢, Maria V. Filonova 3¢ and Alexey A. Churin 34

1 Cancer Research Institute, Tomsk National Research Medical Center, Russian Academy of Sciences,
Tomsk 634050, Russia; anastasdryabina@yandex.ru (A.A.D.); imk1805@yandex.ru (M.K.L);
tsydenova422@gmail.com (I.A.T.); arisha.shagabudinova@mail.ru (A.K.S.)

2 Biochemistry and Molecular Biology Division, Siberian State Medical University, Tomsk 634050, Russia

3 Biological Institute, National Research Tomsk State University, Tomsk 634050, Russia;
maria-caurus7@yandex.ru (M.V.F.); churin_aa@pharmso.ru (A.A.C.)

¢ Goldberg’s Research Institute of Pharmacology and Regenerative Medicine, Tomsk National Research

Medical Center, Russian Academy of Sciences, Tomsk 634050, Russia; olgatomsk87@gmail.com (O.Y.R.);

npe24@mail.ru (P.E.N.)

Correspondence: tsyganovmm®@yandex.ru

Abstract

Xanthotoxin (8-methoxypsoralen) belongs to the group of naturally occurring furano-
coumarin (furocoumarin) compounds and is a product of plant secondary metabolism.
Analysis of the available literature indicates that xanthotoxin exhibits a broad spectrum
of pharmacological activities, including anti-inflammatory, antioxidant, immunomodu-
latory, and antibacterial effects. Xanthotoxin has been shown to stimulate autophagy via
inhibition of the AKT/mTOR pathway, as well as to block cell migration by modulating
RIG-1 and NF-kB signaling. Moreover, its effects on JNK/MAPK, PI3K/AKT, Calci-
um-CaMYK/PYK?2, and other signaling cascades have been confirmed. Among its most
promising properties is the ability to inhibit ABC transporters, thereby preventing the
reduction of chemotherapeutic agent concentrations within tumor cells and enhancing
their intracellular accumulation. Thus, the aim of this study was to evaluate xanthotoxin
as a potential anticancer agent. The literature review was based on publications indexed
in Google Scholar, Scopus, Web of Science, and PubMed and published between 2010
and 2026. Studies describing the biological properties of xanthotoxin, its toxicity, anti-
cancer mechanisms of action, and modulation of ABC transporters were included. This
literature review summarizes the pharmacological profile of xanthotoxin, and its biolog-
ical activities and therapeutic potential, as well as its antitumor effects in various cancer
cell lines. The available evidence may provide a foundation for the future development of
xanthotoxin as a lead compound for anticancer drug discovery.
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This article is an open access article . . . . . . . .
Despite advances in early diagnosis, disease progression remains the primary cause
distributed under the terms and

conditions of the Creative Commons ©f high mortality rates in various cancers. This progression often occurs alongside inef-

Attribution (CC BY) license. fective or insufficiently potent therapeutic strategies [1]. A major factor contributing to
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this therapeutic failure is the development of chemoresistance [2]. The acquisition of re-
sistance to anti-cancer drugs by tumor cells is a critical obstacle, leading to poor chemo-
therapy outcomes and, consequently, reduced patient survival rates [2].

A key mechanism driving this resistance involves ATP-binding cassette (ABC)
transporters. These transmembrane proteins can actively pump chemotherapeutic agents
out of cancer cells, thereby reducing their intracellular concentration and efficacy [3].
Additionally, enhanced DNA repair systems within tumors can mitigate the damage in-
flicted by these drugs, further contributing to a resistant phenotype [4]. The selective
pressure exerted by chemotherapy agents inevitably fosters the emergence of resistant
cell populations [5]. This dynamic underscores the critical need for research into combi-
nation therapies, specifically those that pair conventional chemotherapeutics with po-
tential inhibitors of resistance mechanisms, such as ABC transporters.

In this context, compounds from the furanocoumarin (FC) group have emerged as
promising candidates. Current data, derived from various in vitro and in vivo models,
suggest that FCs possess a range of pharmacological effects, including spasmolytic, an-
algesic, and, notably, anticancer activities [6]. For instance, the FC xanthotoxin (also
known as methoxsalen) has demonstrated pro-apoptotic properties, which can prevent
the accumulation of genetically altered cells and inhibit their transformation [7]. Simi-
larly, bergapten, another furanocoumarin, has been shown to initiate metabolic repro-
gramming in human breast cancer cells, leading to both anti-proliferative effects and the
induction of apoptosis [8]. These findings suggest that bergapten may serve as a poten-
tially valuable adjunct to targeted chemotherapy regimens [9]. The therapeutic potential
of FCs may be significantly enhanced through their synergistic interaction with existing
anticancer drugs [6]. Specifically, both bergapten and xanthotoxin have been reported to
inhibit ABC transporters encoded by multidrug resistance (MDR) genes [10]. Research
has shown that treating resistant cancer cells with xanthotoxin markedly increases the
cytotoxicity of co-administered drugs like cisplatin, daunorubicin, and mitoxantrone [10].
Beyond direct effects on drug efflux, FCs also exhibit anti-inflammatory activity. This is
achieved, in part, by inhibiting the NF-«B signaling pathway, which regulates genes in-
volved in inflammation, cell proliferation, and apoptosis [11,12].

Given the often severe side effects associated with conventional chemotherapy,
there is a growing focus on identifying effective anticancer agents from natural sources
that may offer a better safety profile [13]. Xanthotoxin is emerging as a particularly
compelling candidate in this regard, with demonstrated anti-tumor activity against a va-
riety of cancers, including colorectal [7], hepatocellular [14], skin [15], T-cell lymphoma
[16], prostate, and glioma [17]. The anticancer mechanisms of xanthotoxin appear to in-
volve two major mechanisms: the induction of programmed cell death and the inhibition
of uncontrolled cell proliferation [18]. In vitro studies have revealed that xanthotoxin can
arrest the cell cycle, suppress proliferation, and direct cells toward apoptosis or autoph-
agy [19]. Furthermore, it reduces cell viability and impedes division by triggering the
mitochondrial apoptotic pathway, generating reactive oxygen species (ROS), and inhib-
iting the ERK1/2 signaling cascade, ultimately disrupting cellular metabolism [20]. This
multifaceted activity highlights the potential of xanthotoxin to interfere with key pro-
cesses of tumor cell division, differentiation, and proliferation [21].

Our previous research has contributed to this body of evidence. We found that
course-based intragastric administration of a furanocoumarin-containing extract (com-
prising 42.97% isopimpinelline, 35.18% bergapten, and 15.41% xanthotoxin) to mice
bearing Lewis lung carcinoma, alongside cisplatin treatment, resulted in a significant
reduction in both the number and area of metastases. Furthermore, this combination
therapy exerted a corrective effect on the hemostasis system, an effect similar to that of
the anticoagulant warfarin [22]. In light of these findings and the supporting literature,
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xanthotoxin, as a key representative of the furanocoumarin group, warrants further de-
tailed investigation as a promising agent with multi-faceted anticancer activity. Thus, the
primary aim of this review was to evaluate the potential of xanthotoxin as an anticancer
agent, with particular emphasis on its ability to overcome tumor cell drug resistance
through modulation of ABC transporter activity.

2. Chemical Structure of Xanthotoxin

Furanocoumarins (FCs) are a class of naturally occurring chemical compounds,
primarily known for the phototoxicity of several of their members, including bergapten,
psoralen, and xanthotoxin. These compounds can cause skin burns upon exposure to ul-
traviolet radiation [23]. Chemically, FCs consist of a coumarin two-ring core fused with a
furan ring. Currently, FCs are being investigated as potential therapeutic agents, particularly
for their antiseptic, neuroprotective, osteoprotective, and antioxidant properties [24]. In
plants, FCs are synthesized in response to stress or as a defense mechanism against biological
threats such as fungal or bacterial infections and insect attacks [25]. Their biosynthesis in-
volves the fusion of coumarin with a furan ring, yielding either linear or angular isomers
depending on the position of the furan ring attachment [26] (Figure 1).

B X

Figure 1. Chemical structures of linear (A) and angular (B) furanocoumarins.

Linear (psoralens) furanocoumarins are characterized by a furan ring attached to the
coumarin core at the 6-7 or 7-8 positions (Figure 1A), resulting in an elongated, linear
molecular shape. This group includes xanthotoxin (8-methoxypsoralen), as well as pso-
ralen and bergapten.

Angular (angelicins) furanocoumarins feature a furan ring attached at the 5-6 or 8-9
positions, giving the molecule a bent, angular configuration (e.g., angelicin; Figure 1B).

Among FCs, psoralen and its derivative 8-methoxypsoralen (xanthotoxin, 8-MOP)
are the most prevalent compounds [27]. Xanthotoxin exhibits a broad spectrum of
pharmacological  activities, including neuroprotective, =~ wound-healing, an-
ti-inflammatory, antibacterial, antioxidant, and insecticidal effects [24]. Due to its lipo-
philic nature, xanthotoxin can cross the blood-brain barrier (BBB), facilitating its distri-
bution into the central nervous system [18]. In addition, xanthotoxin regulates key cel-
lular processes such as apoptosis and proliferation in both normal and malignant tissues.
For instance, it has been shown to induce apoptosis in neuroblastoma and colorectal
cancer cells by inactivating the PI3K/Akt signaling pathway [7], with similar effects ob-
served in prostate cancer cells [28]. Furthermore, xanthotoxin isolated from plants has
been reported to suppress the release of interleukin-6 (IL-6) and tumor necrosis fac-
tor-alpha (TNF-a) in RAW 264.7 cells through inhibition of the IKK/IxB/NF-kB pathway
[29].

Research into furanocoumarins dates back to the 1930s. By the 1970s and 1980s,
Canadian and Italian researchers had proposed a biosynthetic paradigm centered on
umbelliferone. However, a complete biosynthetic pathway accounting for the full struc-
tural diversity of FCs remains elusive [30]. Contemporary studies on these compounds
have shifted focus from discovering novel structures toward investigating their biologi-
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cal activity using in silico approaches. Attempts to produce FCs biotechnologically in
microorganisms remain limited due to an incomplete understanding of the enzymatic
pathways involved [30]. Nevertheless, a biosynthetic system for their precursor, umbel-
liferone, has been successfully established [31]. Umbelliferone is synthesized via the shi-
kimate pathway from the amino acid phenylalanine. Phenylalanine ammonia lyase
(PAL) deaminates phenylalanine to cinnamic acid (Figure 2). Cinnamic acid is then oxi-
dized by cinnamate 4-hydroxylase (C4H) to yield p-coumaric acid, which contains a hy-
droxyl group at the C4 para-position. Subsequently, 4-coumarate-CoA ligase (4CL) at-
taches coenzyme A to the acid group. In the final enzymatic step, p-coumaroyl-CoA
2'-hydroxylase (C2'H) introduces a second hydroxyl group at the 2-position of the aro-
matic ring. A spontaneous rearrangement then closes the pyrone ring, forming umbel-
liferone [32,33]. In its glycosylated form, umbelliferone is transported within leaves to
sites of furanocoumarin synthesis, where it undergoes deglycosylation [34]. A key step
determining linear structure formation is prenylation at the C-6 position, catalyzed by
umbelliferone 6-prenyltransferase (U6DT), which produces demethylsuberosin. Subse-
quent cyclization yields marmesin, which is oxidized to psoralen [35]—the immediate
precursor of xanthotoxin. The critical step in xanthotoxin formation is hydroxylation of
psoralen at the 5-position by psoralen 5-monooxygenase (P5M), generating xanthotoxol
[36] (Figure 2).
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Figure 2. Schematic representation of xanthotoxin biosynthesis.

The final reaction involves methylation of the xanthotoxol hydroxyl group by xan-
thotoxol O-methyltransferase (XMT), producing the target compound, xanthotoxin [37].
Demethoxylation reactions can also occur, converting xanthotoxin or bergapten back to
psoralen [38].

Currently, the largest number of plant species containing furanocoumarins belong
to the Apiaceae family, although these compounds are also found in other families
[19,23]. Natural coumarins are widely distributed across at least 13 plant families, in-
cluding Rutaceae, Apiaceae, Asteraceae, and Fabaceae. Xanthotoxin is most abundant in
the fruits of Zanthoxylum bungeanum, as well as in the roots of Scholtzia umbellifera,
Angelica sinensis, Apium graveolens (celery), and Vicia lens (lentil) [39]. Trace amounts
of xanthotoxin have also been detected in certain food plants such as grapefruit, lime, and
lemon, although these typically contain higher levels of other furanocoumarins, particu-
larly bergapten [9]. Additionally, small quantities of xanthotoxin have been identified in
animal and microbial metabolites [40]. Current methods for coumarin extraction include:
matrix solid-phase dispersion (MSPD) [41]; supercritical fluid chromatography (SFC);
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and pressurized fluid extraction (PLE) [42]. However, coumarin components in plants often
exist as mixtures of structurally similar compounds with comparable polarities, making their
separation by traditional extraction and crystallization methods challenging. Chromato-
graphic techniques are therefore commonly employed for their purification.

Due to the complex composition and low abundance of coumarins in plant material, the
overall yield of xanthotoxin extracted from plant sources remains very low. Although the
biosynthetic pathway to xanthotoxin was first described in 1936, the structural complex-
ity, multi-step nature, low efficiency of chemical synthesis, and stability of intermediates
render chemical synthesis impractical [43,44]. Currently, the most promising approaches
to overcoming this challenge involve the use of biocatalysts, microbiological synthesis, or
semi-synthetic strategies [45,46].

3. Biological Activity of Xanthotoxin

Xanthotoxin is a multifunctional compound that exerts a wide range of biological
effects through its interactions with various organs, cellular structures, and metabolic
pathways.

3.1. Neuroprotective Properties

Xanthotoxin has demonstrated promising therapeutic potential in animal models of
several neurodegenerative conditions, including neurotoxicity, cognitive impairment
induced by hypoxia-ischemia, Alzheimer’s disease, and Parkinson’s disease [47]. In ad-
dition to its neuroprotective effects, xanthotoxin exhibits anticonvulsant activity. In a
mouse model of maximal electroshock (MES)-induced seizures, intraperitoneal admin-
istration of xanthotoxin was most effective when given 60 min prior to seizure induction
(ED50 = 219.1 + 4.7 mg/kg), an effect comparable to that of conventional antiepileptic
drugs [48]. Furthermore, even at lower doses (50-100 mg/kg), xanthotoxin displayed an-
ticonvulsant activity and potentiated the effects of standard antiepileptic agents such as
levetiracetam and valproate [49]. Studies have also revealed the antidepressant potential
of xanthotoxin. In experimental models, the compound alleviated depressive-like be-
havior and improved mood by enhancing serotonergic neurotransmission, primarily
through inhibition of monoamine oxidase activity [50,51].

3.2. Dermatological Applications

Activated by UVA radiation, xanthotoxin is used clinically to treat proliferative skin
disorders. The combination of xanthotoxin and UVA radiation, known as PUVA therapy
(psoralen + UVA), remains an established therapeutic option for psoriasis [52]. The un-
derlying mechanism involves intercalation of xanthotoxin into DNA; upon UVA expo-
sure, it selectively forms photoadducts with the DNA of hyperproliferative cells, leading
to cell damage and apoptosis. PUVA therapy also modulates microRNA expression,
upregulating has-miR-4516, which in turn increases levels of the apoptotic proteins p53
and BAX. Apoptosis is closely linked to p53 activity, and miR-4516-mediated suppres-
sion of ubiquitin-conjugating enzyme E2N (UBE2N) promotes nuclear translocation of
p53 [53]. PUVA-induced apoptosis has also been shown to block cell migration through
multiple signaling pathways, including RIG-1 and NF-«B [54], as well as through inhibi-
tion of the AKT/mTOR pathway, which triggers autophagy [55]. Beyond its effects on
DNA synthesis and fibroblast activity [56], PUVA therapy neutralizes reactive oxygen
species (ROS) via malate dehydrogenase, succinate dehydrogenase, and ubiquinone ox-
idoreductase, potentially protecting surrounding tissues from oxidative damage [18]. The
clinical efficacy of this approach has been demonstrated in the treatment of resistant al-
opecia areata. Topical application of 0.1% xanthotoxin followed by phototoxic UVA
doses resulted in significant improvement in 57% of patients, with better responses ob-
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served in those with shorter disease duration [57]. Overall, PUVA photochemotherapy
remains a well-established treatment modality for selected dermatological disorders for
treating skin diseases [58].

3.3. Bone Tissue

Inhibiting the hypertrophy and aberrant proliferation of resting chondrocytes is a
key strategy in the treatment of osteoporosis. Xanthotoxin exerts protective effects on
bone tissue through two primary mechanisms: first, by suppressing the activation of
pro-inflammatory signaling pathways, thereby limiting inflammation; and second, by
increasing calcium ion (Ca?") levels in bone tissue, leading to enhanced bone density [18].
Xanthotoxin has been shown to inhibit the expression of RUNX2, a transcription factor
that serves as a marker of chondrocyte hypertrophy [59], as well as matrix metallopro-
teinase 13, via the p38-MAPK/HDAC4 pathway. Mechanistically, xanthotoxin reduces
activation of p38 mitogen-activated protein kinase, which in turn upregulates histone
deacetylase 4 (HDAC4), thereby suppressing RUNX2 production. In an ethanol-induced
osteoporosis model, xanthotoxin increased serum levels of estradiol and osteocalcin, as
well as bone alkaline phosphatase activity. Concurrently, it downregulated RANKL and
inhibited activation of the PI3K/AKT, JNK/MAPK, and NF-«B signaling pathways. Col-
lectively, these effects promote osteoblast differentiation and preserve bone structure
[60].

3.4. Kidney

The nephroprotective effects of xanthotoxin are mediated primarily through two
mechanisms: suppression of NF-kB pathway activation, which alleviates inflammation,
and restoration of renal excretory function [18]. Xanthotoxin has been shown to inhibit
the production of various pro-inflammatory cytokines by activated macrophages, in-
cluding tumor necrosis factor-alpha (TNF-a), and interleukins (ILs), as well as inflam-
matory mediators such as nitric oxide (NO) and prostaglandins (PGs). This broad an-
ti-inflammatory activity results from inhibition of the NF-kB signaling pathway. NF-kB is
a eukaryotic transcription factor that regulates numerous genes involved in innate im-
munity and acute inflammatory responses [61]. As a potential nephroprotective agent,
xanthotoxin inhibits NF-«xB activation at multiple steps, including activation of IKKa/[3,
phosphorylation and degradation of IkBa, and phosphorylation and nuclear transloca-
tion of the p65 NF-«B subunit [61].

3.5. Lungs

In a mouse model of lipopolysaccharide (LPS)-induced acute lung injury, oral ad-
ministration of xanthotoxin at a dose of 25 pM reduced the number of macrophages and
neutrophils in lung tissue and attenuated pathological changes. This effect was attributed
to the ability of xanthotoxin to significantly suppress the JAK/STAT signaling pathway,
leading to reduced levels of interleukin-6 (IL-6) and nitric oxide (NO) [61]. Among the
components of tobacco smoke, particular attention has been given to NNK
(4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone), a tobacco-specific N-nitrosamine with
potent carcinogenic activity in the lung, as demonstrated by its ability to induce lung
tumors in rats and hamsters. Notably, xanthotoxin at a dose of 12.5 mg/kg protected
YG7108 cells from the damaging effects of NNK present in tobacco smoke, primarily by
inhibiting cytochrome CYP2A activity [62].
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3.6. Liver

The transcription factors DEC1 and DEC2 are known to regulate apoptosis, cell
proliferation, circadian rhythms, and the progression of various malignancies, including
hepatocellular carcinoma [63]. Treatment of human hepatocellular carcinoma (HepG2) cells
with xanthotoxin (30 pM) for 48 h reduced cell viability to approximately 55% of control lev-
els, as assessed by the MTT assay [64]. Quantitative real-time PCR (qRT-PCR) analysis re-
vealed a significant decrease in DEC1 mRNA transcript levels following xanthotoxin treat-
ment, implicating DEC1 in the apoptotic response induced by this compound in HepG2 cells
[65]. These findings suggest that the hepatoprotective effects of xanthotoxin are mediated, at
least in part, through the modulation of apoptotic pathways.

3.7. Cardiovascular System

In the early stages of atherosclerosis, cytokines and other activate endothelial cells,
prompting them to secrete intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1). This promotes monocyte migration into the vascular
wall and initiates an inflammatory cascade. Xanthotoxin has demonstrated therapeutic
potential in cardiovascular disease by reducing the expression of these adhesion mole-
cules, thereby protecting against endothelial damage and exerting anti-atherosclerotic
effects [18]. Nitric oxide (NO) plays a key regulatory role in the vascular system, exhib-
iting anti-inflammatory, anti-tumor, and anti-proliferative activities [66]. Studies on hu-
man umbilical vein endothelial cells (HUVECs) have shown that xanthotoxin (20 pM)
activates voltage-gated potassium (Kv) channels, inhibits L-type calcium channels, and
induces vasodilation via the Akt-eNOS-cGMP signaling pathway [67]. Moreover, en-
dothelial nitric oxide synthase (eNOS) levels are inversely correlated with systemic blood
pressure. By upregulating eNOS expression, xanthotoxin may contribute to blood pres-
sure normalization in hypertensive patients. Thus, xanthotoxin promotes vasodilation
and supports vascular repair, conferring cardioprotective effects [67].

3.8. Anti-Inflammatory Activity

Recent years have seen a growing body of evidence supporting the use of xantho-
toxin in the treatment of inflammatory conditions [68]. The anti-inflammatory activity of
xanthotoxin was evaluated in LPS-stimulated (50 pg/mL) brain microvascular endothe-
lial cells (BMECs) and RAW 264.7 macrophages [69]. Optimal anti-inflammatory effects
were observed at an xanthotoxin concentration of 25 pg/mL. Western blot analysis re-
vealed that xanthotoxin suppressed activation of the NF-«kB transcription factor and the
JNK/STAT signaling pathway. Additional in vivo studies demonstrated that xanthotoxin
also inhibits the release of pro-inflammatory cytokines including IL-1f, IL-6, IL-8, and
TNF-a from immune cells such as neutrophils, macrophages, and lymphocytes, thereby
protecting cells from inflammatory damage [61].

3.9. Antibacterial Activity

Xanthotoxin exhibits not only enzyme inhibitory activity but also pronounced anti-
bacterial effects. Its antibacterial activity was evaluated against the Gram-positive bacterium
Staphylococcus aureus and the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa using the microdilution method, with ampicillin serving as a positive control.
Xanthotoxin potently inhibited acetylcholinesterase activity (ICso = 39.64 uM) and displayed
strong antibacterial activity (MIC = 7.5 mg/mL) against Gram-positive bacteria, particularly S.
aureus [70]. The antibacterial mechanism is thought to involve penetration of the bacterial
cell membrane, leading to DNA damage and impaired replication [71].
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3.10. Toxicity Profile

Phototoxicity. Exposure to light potentiates the toxicity of xanthotoxin, as it indi-
rectly affects DNA replication [9]. Recent in vivo studies, ROS assays, and pharmacoki-
netic analyses have confirmed that xanthotoxin (50 pg/mL) functions as a phototoxin
[72]. Xanthotoxin exhibited maximal phototoxicity in Jurkat and HaCaT cells (ICso = 18
uM). It is important to note that xanthotoxin itself is not inherently harmful; however,
upon UVA exposure, it reacts with skin proteins, leading to pigment accumulation and
lesion formation [73].

Organ-Specific Toxicity. Despite its therapeutic efficacy, xanthotoxin is associated
with several dose-dependent toxic effects affecting various organ systems. Long-term
PUVA therapy correlates with an increased risk of cataract development [74]. Prolonged
UVA exposure in the presence of xanthotoxin can damage ocular epithelial cells, result-
ing in inflammatory infiltration, edema, and subsequent macular degeneration [75].

Reproductive Toxicity. Xanthotoxin has been shown to adversely affect the female
reproductive system. In mouse studies, ovariotoxicity was observed, characterized by a
significant reduction in the number and diameter of corpora lutea, thinning of the gran-
ulosa cell layer, and decreased follicle counts. These morphological changes were ac-
companied by reduced plasma levels of luteinizing hormone (LH), follicle-stimulating
hormone (FSH), estrogen, and progesterone [76].

Hepatotoxicity. Hepatotoxicity manifests at high doses of xanthotoxin (40 mg/kg),
potentially inducing liver injury characterized by jaundice and a marked elevation in
total bilirubin levels [77].

Mutagenicity and Carcinogenicity. The mutagenic activity of xanthotoxin is primar-
ily attributable to its photochemical properties. Upon UVA activation, it intercalates into
DNA, forming monoadducts and interstrand crosslinks, which underpin its potent cy-
totoxic effects. However, PUVA therapy has been associated with an increased risk of
skin malignancies. Specifically, treatment is linked to the development of basal cell car-
cinoma and, to a moderate degree, squamous cell carcinoma [78]. Long-term follow-up
studies have demonstrated that more than half of patients receiving at least 400 PUVA
treatments developed at least one squamous cell carcinoma within 25 years, and nearly
one-third of those undergoing 200 treatments developed basal cell carcinoma [79,80].
Furthermore, the risk of malignant melanoma increases more than fivefold approxi-
mately 15 years after the first PUVA session, with the highest risk observed in patients
receiving 250 or more treatments [78].

Thus, despite the promising therapeutic potential of xanthotoxin, its toxicity profile
remains one of the key factors determining its future clinical applicability. The high risk
of phototoxicity associated with light-induced activation may limit its therapeutic use,
necessitating careful dose optimization and appropriate clinical precautions. In addition,
the potential for organ toxicity underscores the need for rigorous safety measures and
close patient monitoring. Particular attention should be paid to its reproductive and
hepatotoxic effects, which require further large-scale preclinical and clinical studies to
establish safe dosing regimens and fully characterize the associated risks. Overall, the
safety and toxicity profile of xanthotoxin will play a critical role in its translation from an
experimental compound to a clinically applicable anticancer agent. Further studies aimed
at minimizing adverse effects and improving its therapeutic index are essential to expand
its potential clinical use.
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4. Potential Anti-Cancer Properties

Despite the potential toxicity observed in certain contexts, xanthotoxin demonstrates
a clear ability to inhibit tumor cell growth, activate apoptotic mechanisms, and modulate
immune responses. Its anticancer effects can be broadly categorized into photoactivated
and non-photoactivated mechanisms.

Photoactivated Mechanism: DNA Damage. In its simplest form, the anticancer effect
of xanthotoxin under photoactivation involves direct interaction with DNA. Upon UVA
irradiation, xanthotoxin acts as a classic photosensitizer: it intercalates into DNA and
forms monoadducts and interstrand crosslinks with pyrimidine bases, primarily thy-
mine. This blocks replication and transcription, leading to cell cycle arrest and activation
of apoptosis, which directly underpins its anti-proliferative effect (Figure 3) [81,82].

Non-Photoactivated Mechanisms: Multiple Signaling Pathways. Critically, from a
therapeutic perspective, xanthotoxin exhibits pronounced cytotoxic and pro-apoptotic
activity even in the absence of photoactivation, through several distinct mechanisms.

1. Inhibition of the PI3K/AKT Survival Pathway. Xanthotoxin dose-dependently re-
duces phosphorylation of AKT at Thr®8 (pAKT?%) without affecting total AKT pro-
tein levels. Given that the PI3K/AKT pathway is hyperactive in many cancers and is
critical for cell survival, proliferation, and apoptosis resistance, its suppression rep-
resents a potent anticancer effect. Inhibiting AKT directly promotes apoptosis by re-
leasing its inhibitory effect on pro-apoptotic proteins such as BAD, caspase-9, and
Bax [65,83] (Figure 3).

2. Induction of Apoptosis via the Bax/Bcl-2 Ratio. In human hepatocellular carcinoma
(HepG2) cells, xanthotoxin (25-100 uM) exhibited dose-dependent pro-apoptotic ac-
tivity. The mechanism involved downregulation of the anti-apoptotic protein Bcl-2
and upregulation of the pro-apoptotic protein Bax. This markedly increased the
Bax/Bcl-2 ratio, destabilizing the mitochondrial membrane, promoting cytochrome c
release, and activating caspase-9. Consequently, xanthotoxin induced
dose-dependent increases in the active forms of caspases-8, -9, and -3, indicating
simultaneous activation of both the extrinsic (receptor-mediated) and intrinsic (mi-
tochondrial) apoptotic pathways [7,84] (Figure 3).

3. ROS-Mediated Oxidative Stress. Another mechanism involves the ability of xantho-
toxin to induce reactive oxygen species (ROS) generation, leading to oxidative stress
and apoptosis. Accumulation of ROS damages cellular structures and serves as an
additional trigger for mitochondrial apoptosis while inhibiting survival pathways
[7].

4. Inhibition of Proliferative Signaling and Cell Cycle Arrest. Xanthotoxin suppresses
tumor cell growth by inducing programmed cell death, which is also linked to sup-
pression of survival signals via the Ras—-Raf-MEK-ERK pathway. Moreover, xan-
thotoxin can directly bind to DNA, thereby inhibiting the cell cycle. This is accom-
panied by increased levels of active p53 protein, which induces transcription of the
p21 gene. The p21 protein (also known as WAF1 or CIP1) is a key effector of the p53
tumor suppressor and a potent inhibitor of cyclin-dependent kinases (Cdks). p21
binds to and inhibits fully formed cyclin-Cdk complexes:

Cyclin D-Cdk4/Cdké: Responsible for progression through the G1 phase.

Cyclin E-CdKk2: Critical for the G1/S transition.

Cyclin A-Cdk2: Involved in S phase progression.

Cyclin B-Cdc2: Required for G2 phase progression and entry into mitosis [85].

Thus, p2l-mediated cell cycle arrest at the G2/M phase contributes to the an-
ti-proliferative effects of xanthotoxin [84] (Figure 3). In response to DNA damage, cellular
signaling events include upregulation of the p21WAF1/CIP1 complex and p53 activation,
which together induce cytochrome c release from mitochondria and subsequent cell death.
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Figure 3. General mechanisms of the anticancer effect of xanthotoxin.

5.  Inhibition of Migration and Epithelial-Mesenchymal Transition. Studies have
shown that psoralen can inhibit the cell cycle and suppress proliferation by inducing
programmed cell death via apoptosis or autophagy. Furthermore, psoralen exhibits an-
ti-migratory properties by suppressing NF-kB activation, thereby blocking epitheli-
al-mesenchymal transition (EMT). Additional mechanisms include inhibition of an-
ti-apoptotic proteins (c-FLIP, IAP) and activation of pro-apoptotic factors (Bax, JNK) [86].

The presence of a methoxy group enhances the anticancer properties of psoralen, in-
dependent of its position, as evidenced by the similar activity of 5-MOP and xanthotoxin. In
HL-60 leukemia cells, both compounds (100 pM) exhibited pro-apoptotic and an-
ti-proliferative effects and arrested the cell cycle at G1 phase with equal potency. Notably,
replacing the methoxy group with an isopentenyloxy moiety at the C5 position reduced the
pro-apoptotic properties of the compound [87]. Similar results were observed in HeLa S3
(human cervical cancer) and MK-1 (gastric adenocarcinoma) cell lines [88].

Current research has revealed that xanthotoxin exhibits cytotoxic activity against sever-
al tumor cell lines, although sensitivity varies depending on the cell type (Supplementary
Materials Table S1 [89]). This suggests a cell-specific action of xanthotoxin, likely related
to the distinct oncogenic pathways operating in different tumor cell lines [84]. As sum-
marized in Table S1, xanthotoxin has been shown to suppress the viability of a broad
range of tumor cell lines [7]. Among the most sensitive were SK-N-AS neuroblastoma
cells (ICs = 56.3 uM) and SW620 metastatic colorectal adenocarcinoma cells (ICs = 88.5
puM). In contrast, RPMI 8226 and U266 multiple myeloma cells exhibited pronounced re-
sistance, with an ICso of 309.3 pM reported for U266 [7]. The mechanisms of cell death
induced by xanthotoxin also appear to be cell-type dependent. Apoptosis was the pre-
dominant mode of death in sensitive lines, reaching 59.6% in SK-N-AS cells treated with
200 uM xanthotoxin, whereas necrosis levels remained low and concentra-
tion-independent. By comparison, doxorubicin, used as a positive control, induced sub-
stantial necrosis (31%), suggesting that xanthotoxin may trigger a more controlled, and
potentially less pro-inflammatory, mechanism of cell death [7].

https://doi.org/10.3390/futurepharmacol6030036


https://doi.org/10.3390/futurepharmacol6030036

Future Pharmacol. 2026, 6, 36

11 of 21

A critical finding is the selective toxicity of xanthotoxin toward malignant cells. At
concentrations up to 100 uM —which already exert significant anti-proliferative effects on
tumor cells—xanthotoxin was completely non-toxic to normal CCD 841 CoTr colonic ep-
ithelial cells and normal human skin fibroblasts (HSF). Even at a high concentration of
400 uM, viability of these normal cells was reduced by only ~40%, whereas the same
concentration reduced viability by 90% in most tumor lines tested [7]. This selectivity was
further supported by studies on glioblastoma: de Oliveira et al. (2016) demonstrated sig-
nificantly higher cytotoxic activity of xanthotoxin against human GL-15 glioblastoma
cells compared to non-mutant rat astrocytes [90].

Interestingly, while xanthotoxin clearly affected proliferation in some models, cell
death was not always observed under the conditions used for proliferation assays, nor
did treatment consistently induce cell cycle arrest. One plausible explanation is that the
compound may slow cell division by modulating genes involved in cell cycle regulation,
a phenomenon supported by observed changes in cell cycle-related protein levels in pa-
tients undergoing PUVA therapy [91]. Additionally, xanthotoxin induced morphological
changes in tumor cells, such as the formation of filopodia-like structures, suggesting possi-
ble involvement of the actin cytoskeleton in its mechanism of action [92]. Particularly potent
activity was observed in HepG2 human hepatocellular carcinoma cells, with an ICs of 6.9 +
1.07 pug/mL [93]. Treatment of HepG2 cells with this concentration induced marked cell cycle
alterations, including an increase in the pre-G1 and G2/M apoptotic phases and a corre-
sponding decrease in S-phase cells, while maintaining good biocompatibility with normal
human cells [93]. This differential effect may be explained by the high expression of topoi-
somerase Il in tumors, an enzyme involved in DNA recombination, replication, transcription,
and repair [94,95]. Molecular docking analysis revealed that xanthotoxin interacts with the
crystal structure of topoisomerase II with a binding energy of —5.72 kcal/mol, slightly higher
than that of the known topoisomerase II inhibitor etoposide (-7.31 kcal/mol) [93]. Im-
portantly, xanthotoxin interacts with the key amino acid Asp479 in a manner similar to
etoposide, suggesting potential as a topoisomerase II inhibitor.

According to the available literature (Table S1), the antitumor activity of xanthotoxin
varies considerably depending on the cancer cell line. Xanthotoxin exhibits high efficacy
against neuroblastoma (SK-N-AS), colorectal cancer (SW620), multiple myeloma (RPMI 8226
and U266), and glioblastoma (T98G), reducing tumor cell viability by up to 90% at relatively
low ICs0 values. In contrast, its activity is substantially lower in melanoma (A375, FM55P and
FM55M2) and lung cancer (A549 and NCI-H322) cell lines. These findings suggest that tumor
cell sensitivity to xanthotoxin differs markedly among cancer types and is likely influenced
by their molecular characteristics and underlying mechanisms of drug resistance. The rela-
tive resistance of normal CCD 841 CoTr and HSF cells (only 40% viability reduction at high
concentrations) supports the notion of selective anticancer activity. However, it should be
noted that the available evidence is derived primarily from in vitro studies and should
therefore be regarded as preliminary until validated in more physiologically relevant ex-
perimental models. It is also important to emphasize that relatively high concentrations of
xanthotoxin were required to achieve antitumor activity in several cancer cell lines, which
may limit the clinical translatability of these findings. Consequently, further in vivo studies
and well-designed clinical investigations are needed to establish the therapeutic efficacy,
safety, and optimal dosing of xanthotoxin.

The effects of combining xanthotoxin with conventional chemotherapeutics are
context-dependent. Synergistic effects were observed with cisplatin in melanoma cells, as
well as in gastric (EPG85.257) and ovarian (A2780) adenocarcinoma. Similar synergy was
noted with daunorubicin and mitoxantrone (Table S1). It is also noteworthy that, in
melanoma models (FM55P and FM55M2), the combination of xanthotoxin with cisplatin
produced a substantially greater reduction in tumor cell viability than either agent alone,
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suggesting a potential synergistic interaction. In contrast, although xanthotoxin has also
been investigated in combination with mitoxantrone in acute promyelocytic leukemia
cell lines, the magnitude of the combined effect was not quantitatively assessed. There-
fore, the clinical implications of these findings remain uncertain, as the currently availa-
ble evidence is limited and, in some cases, inconsistent. If synergistic interactions be-
tween xanthotoxin and conventional chemotherapeutic agents are confirmed, such com-
bination strategies could improve antitumor efficacy while allowing dose reduction of
individual drugs, thereby minimizing treatment-related toxicity and expanding the
therapeutic potential of existing anticancer regimens. Conversely, if antagonistic interac-
tions occur, the opposite outcome may be observed, including reduced therapeutic effi-
cacy or an increased risk of adverse effects. Consistent with these findings, other
furanocoumarins have also demonstrated anti-proliferative activity. Xanthotoxin (10
ug/mL) showed activity against MCF-7 breast cancer cells [96]. Reported ICso values for
xanthotoxin vary considerably: >50 uM for lung and colon cancer lines, 46.8 uM for
prostate cancer, 44 uM for A375 melanoma, and 37.8 pM for A431 squamous cell carci-
noma. Xanthotoxol, a related compound, exhibited cytotoxicity against MCF-7 cells with
an ICso of 11.92 mg/mL [97], with ICso values of approximately 25 uM in lung cancer cells,
37.3 uM in prostate cancer, and >50 puM in A431 and A375 lines [97]. Imperatorin shows
even lower ICs values, ranging from 12.3 pg/mL in CNS tumors (XF498) to 19.4 ug/mL in
colon cancer (HCT-15) [98].

It is important to note the dual nature of the combined action of xanthotoxin with
other drugs. Both types of interaction —synergism and antagonism—can be explained from
the perspective of the molecular mechanisms of anti-proliferative action affecting the cell cy-
cle. As a general rule, if two drugs synergistically inhibit proliferation, they likely act on dif-
ferent phases or sites of the cell cycle, ultimately promoting a more rapid apoptotic response.
Conversely, an antagonistic interaction between two anticancer drugs can be explained by
the fact that one drug may affect different phases of the cell cycle. In such a case, one of the
drugs blocks the cell cycle, rendering the second drug ineffective. That is, if the first drug ar-
rests the cell cycle, the second cannot exert its anti-tumor effect, particularly if its molecular
mechanisms are linked to the transition of cells into another phase of the cell cycle. For ex-
ample, the combination of xanthotoxin and imperatorin has been shown to exert an antago-
nistic effect in melanoma cell lines [99].

Furthermore, it is important to note that the reported xanthotoxin concentrations in
most studies (up to 400 uM, Table S1) appear relatively high. This can primarily be justi-
fied by assessing the potency and cytotoxicity of xanthotoxin. Furthermore, according to
literature data, the ICso value for some tumor cell lines reaches high values, which may
indicate higher therapeutic doses of xanthotoxin for specific tumor cells (Table S1). Thus,
the reported concentration ranges in the reviewed literature reflect possible therapeuti-
cally relevant levels. This approach allows us to understand how closely the selected
concentrations (from the lowest to the highest) approximate potential clinical application
and underscores the significance of the obtained data for drug development.

5. Impact on ABC-Transporters

Multidrug resistance (MDR) remains one of the primary causes of anticancer ther-
apy failure. A key mechanism underlying MDR development is the active efflux of
chemotherapeutic agents by transmembrane ABC transporters against their concentra-
tion gradient [100]. Most frequently, resistance arises from increased expression of ABC
transporter genes, with certain family members capable of extruding a broad spectrum of
amphiphilic compounds [101]. Importantly, clinical studies indicate that ABC transport-
ers may influence not only MDR development but also tumor progression, invasion, and
metastasis [102]. Our previous research has demonstrated that chemotherapy-induced
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changes in the expression of specific ABC transporter genes including ABCB1, ABCC]1,
ABCC2, ABCC5, ABCG1, and ABCG2 are associated with treatment response in breast
cancer and non-small cell lung cancer patients [103,104]. Specifically, decreased expres-
sion correlated with objective response to treatment, whereas increased expression was
associated with lack of response. Further studies revealed that these expression changes
may be regulated by various aberrant states of the genes themselves or their chromoso-
mal loci. For instance, deletions in MDR gene loci were shown to reduce expression in
response to chemotherapy and were associated with favorable outcomes following neo-
adjuvant treatment [103]. Despite considerable progress in identifying molecular-genetic
markers within ABC genes, these findings remain largely associative and may be con-
founded by interpatient variability. One approach to overcoming MDR involves identi-
fying or developing effective agents that are not transport substrates [100]. A minority of
currently used chemotherapeutics—including certain alkylating agents, antimetabolites,
and anthracycline derivatives—fall into this category. An alternative strategy is the
combined use of ABC transporter inhibitors—compounds that are not themselves tox-
ins—alongside conventional chemotherapeutics. Ideally, such an inhibitor would be
non-toxic, highly potent and specific for its target transporter, and devoid of adverse ef-
fects on the pharmacokinetics of the co-administered therapeutic agent [101]. In this
context, xanthotoxin has been shown to act as an inhibitor of ABC transporters [10]. In
LLC-PK1/BCRP cells—which overexpress the BCRP (ABCG2) gene—xanthotoxin treat-
ment increased sensitivity to mitoxantrone [105]. Furthermore, xanthotoxin has been
shown to inhibit ABC transporter-mediated efflux of daunorubicin, mitoxantrone, and
cisplatin, thereby increasing their intracellular accumulation.

A comprehensive investigation by Mirzaei et al. (2017) examined the effects of xan-
thotoxin on ABC transporter activity using several cell line models, A2780RCIS (human
ovarian epithelial carcinoma cells overexpressing MRP2), EPG85.257RDB (human gastric
adenocarcinoma cells overexpressing MDR1), and MCF7MX (human breast epithelial
carcinoma cells overexpressing BCRP), alongside their respective parental lines lacking
ABC gene overexpression [10]. Xanthotoxin treatment did not significantly affect
daunorubicin accumulation in parental A2780 and EPG85.257 cells, nor mitoxantrone
accumulation in parental MCF7 cells. However, in A2780RCIS and EPG85.257RDB cells,
xanthotoxin significantly enhanced daunorubicin accumulation within the first 72 h
post-treatment (p < 0.01), with maximal accumulation observed at 24 and 48 h (p < 0.001).
Although MRP-dependent daunorubicin efflux returned to control levels after 72 h in
A2780RCIS cells, intracellular drug accumulation remained elevated. In MCE7MX cells,
xanthotoxin treatment immediately reduced BCRP expression and increased mitoxantrone
accumulation at 24, 48, and 72 h (p <0.001) [10]. The inhibitory mechanisms of furanocouma-
rins, including xanthotoxin, on ABC transporters may vary. Studies suggest that the inhibi-
tory effects of bergapten and xanthotoxin involve direct interaction with ABC transporters,
preventing drug efflux and increasing intracellular accumulation [106]. Psoralen has been
shown to increase the bioavailability and accumulation of MDRI substrates, partially
through transporter inhibition [107,108]. This may result from competitive blockade of
MDR proteins, wherein furanocoumarins occupy drug-binding sites or interfere with
ATP hydrolysis within the transmembrane transporter structure [109,110].

Kubrak et al. (2017) reported that furanocoumarin monotherapy induced upregula-
tion of certain ABC genes: BCRP increased 2.850-fold (MX1/HL-60), LRP 1.358-fold
(MX1/HL-60), MDR1 2.513-fold (MX2/HL-60), and MRP1 0.841-fold (CCRF/CEM) [111].
This may reflect protective cellular responses recognizing furanocoumarins as xenobiot-
ics [112]. Notably, when combined with mitoxantrone, BCRP expression was suppressed
to -1.657-fold (MX1/HL-60), LRP to -1.176-fold (CEM/C1), and MRP1 to -1.213-fold
(CEM/C1), while MDR1 expression increased up to 2.325-fold (CEM/C1). Regarding

https://doi.org/10.3390/futurepharmacol6030036


https://doi.org/10.3390/futurepharmacol6030036

Future Pharmacol. 2026, 6, 36

14 of 21

other furanocoumarin derivatives, a phenylfuranocoumarin compound increased sensi-
tivity of HCT-116/BCRP cells (human colorectal carcinoma cells overexpressing BCRP) to
SN-38 [113]. Importantly, this derivative did not affect ABCG2 expression levels, sug-
gesting functional inhibition of the transporter rather than transcriptional regulation
[113]. Additionally, oxypeucedanin has been identified as a P-glycoprotein (ABCB1)
substrate and significantly increased daunorubicin accumulation in Caco-2 human colo-
rectal adenocarcinoma cells, likely through competitive binding to P-glycoprotein [114].
Imperatorin, another furanocoumarin, did not substantially affect cytotoxicity of colchi-
cine, paclitaxel, or vincristine in ABCBI-overexpressing lines but significantly enhanced
sensitivity of ABCG2-overexpressing lines to mitoxantrone, SN-38, and topotecan [115].

In summary, the available literature supports the role of xanthotoxin as a natural in-
hibitor of ABC transporters, including ABCB1, ABCG2, ABCC1, ABCC2 and others. Its pri-
mary mechanism appears to involve direct binding to these transporters, thereby reducing
their functional activity and preventing chemotherapeutic agent efflux from tumor cells.
However, several questions remain unresolved. Data on xanthotoxin’s effects on ABC gene
expression patterns in tumor cells are limited. In addition, the molecular interactions be-
tween xanthotoxin and ABC transporter proteins remain largely unexplored. Research has
largely focused on a few major ABC genes associated with specific cell lines, potentially
overlooking indirect mechanisms of drug resistance mediated by other family members,
such as ABCAI1 [6]. Furthermore, tissue-specific activity of individual ABC genes has not
been adequately considered. These knowledge gaps underscore the need for further inves-
tigation to fully elucidate the mechanistic profile, spectrum of activity, and therapeutic
potential of xanthotoxin as an ABC transporter inhibitor in oncology.

6. Conclusions

Xanthotoxin is a naturally occurring furanocoumarin compound. Furanocoumarins
represent plant secondary metabolites whose biosynthesis is triggered in response to
environmental stressors as a defense mechanism. Alongside psoralen, xanthotoxin is
considered the most widespread representative of linear (psoralen-type) furanocouma-
rins, classified according to the mode of furan ring attachment to the coumarin core. Re-
search on furanocoumarins, initiated in the 1930s, has successfully elucidated the bio-
synthetic pathways leading to xanthotoxin. However, challenges remain regarding the
efficiency of chemical synthesis and the stability of intermediate products. Currently, the
most promising approach for obtaining pure xanthotoxin in substantial quantities in-
volves a combination of semi-synthetic and biocatalytic strategies. Xanthotoxin, together
with psoralen, is employed clinically in the treatment of proliferative skin disorders
through PUVA therapy (psoralen + UVA). The clinical efficacy of this modality relies on
the photochemical activity of xanthotoxin, which intercalates into DNA and triggers a
pronounced cytotoxic effect. Additionally, by modulating the RIG-1 and NF-«B signaling
pathways, xanthotoxin blocks cell migration, while inhibition of the AKT/mTOR path-
way stimulates autophagy. Further studies have demonstrated the ability of xanthotoxin
to influence additional signaling cascades, including JNK/MAPK, PI3K/AKT, and Cal-
cium-CaMK/PYK2. These properties underpin the broad spectrum of pharmacological
activities exhibited by xanthotoxin, encompassing anti-inflammatory, antioxidant, im-
munomodulatory, and antibacterial effects. Of particular interest among the biological
activities of xanthotoxin are its potential anticancer properties. Xanthotoxin effectively
inhibits tumor cell growth through mechanisms involving apoptosis induction and
modulation of immune responses. Efficacy has been demonstrated across a range of tu-
mor cell lines (Table S1), although considerable variability in sensitivity has been ob-
served. This differential responsiveness may reflect the ability of xanthotoxin to target
specific oncogenic pathways. One notable effect of xanthotoxin deserving particular at-
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tention is its capacity to inhibit ABC transporters, including ABCB1 and ABCG2. These
transporters are known to contribute not only to multidrug resistance in tumors but also
to disease progression, invasion, and metastasis. Xanthotoxin has been shown to reduce
the functional activity of these transmembrane transporters, thereby preventing chemo-
therapeutic agent efflux from tumor cells and increasing intracellular drug accumulation.
However, the existing evidence is derived from limited experimental models in vitro and
does not yet provide a comprehensive understanding of the precise molecular targets
and mechanisms underlying this activity. At present, this approach does not allow a
comprehensive assessment of the clinical efficacy and safety of xanthotoxin, nor does it
adequately characterize its pharmacokinetic and pharmacodynamic properties. Fur-
thermore, the available literature demonstrates considerable variability in the sensitivity
of different cancer cell lines to xanthotoxin, making it difficult to predict its therapeutic
efficacy in clinical settings. Another important limitation is the limited understanding of
the molecular mechanisms of action of xanthotoxin and its specific molecular targets,
highlighting a critical gap in current knowledge.

Despite these limitations, the therapeutic potential of xanthotoxin remains highly
promising. A growing body of experimental evidence indicates that xanthotoxin exhibits
a broad spectrum of pharmacological activities in both in vitro and in vivo models,
demonstrating significant biological and antitumor activity. These properties make xan-
thotoxin a promising lead compound for drug development, particularly in oncology.
Moreover, its ability to inhibit ABC transporter activity and modulate multiple oncogenic
signaling pathways provides new opportunities to enhance the efficacy of both conven-
tional chemotherapy and combination therapeutic strategies.

Overall, elucidating the precise molecular targets and mechanisms of action of
xanthotoxin remains a key priority for future research and will be essential for translating
its promising preclinical activity into clinical applications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/futurepharmacol6030036/s1: Table Sl1: Effects of xantho-

toxin on various tumor cell lines in mono- and combination therapy regimens.
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