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Abstract

Poor water-solubility of emerging new chemotherapeutic drugs lead to low absorption and tissue bioavailability.
Improved drug delivery has therefore recently been achieved through the versatile physico-chemical properties of
nanocrystals (NCs) in targeted cancer therapies. Here, nanocrystalization was used with xanthatin, a not highly water-
soluble natural sesquiterpene lactone compound that possesses anti-tumour properties and which was recently investi-
gated for potential use in the treatment of cancer and autoimmune diseases. Given that tumour-promoting inflammation
is a hallmark of colorectal cancer (CRC), and that epidemiological studies associated inflammatory biomarkers to CRC
poor prognosis and therapy resistance, the anti-inflammatory properties of xanthatin NCs were assessed in 2D monolay-
ers and in 3D spheroids of a human HT29 CRC cell model. The 3D spheroids being a model recapitulating a cancer stem
cells and chemoresistant phenotype. HT29 2D monolayer cell response was first tested against four pro-inflammatory
inducers including phorbol-12-myristate-13-acetate, tumour necrosis factor alpha (TNFa), transforming growth factor
beta, and Concanavalin A. Of these inducers, HT29 cell response to TNFa resulted in the most elevated expression of
cyclooxygenase (COX)-2 which was prevented by commercial xanthatin along with the phosphorylation of the extracel-
lular signal-regulated kinase 1/2 and of IkappaB (IkB). Alteration of 3D spheroids formation and of the inflammatory/
immunity transcriptomic signature was also found better altered by xanthatin NCs in comparison to commercial xanthatin
and the isolated molecule. Collectively, our data indicate that xanthatin nanocrystallization did not alter the potential
in vitro anti-inflammatory and anticancer properties of xanthatin against a 3D CRC chemoresistance cellular model.
These properties make NCs a significant advancement in the field of cancer theranostics to improve patient outcomes.
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cAMP  Cyclicadenosine monophosphate
ConA Concanavalin A

CRC Colorectal cancer

Csc Cancer stem cell

COX-2  Cyclooxygenase 2

DMSO  Dimethylsulfoxide

DP Dual plate
ECM Extracellular matrix
EMT Epithelial-to-mesenchymal transition

FasL FAS ligand

Glut1 Glucose transporter 1

HIF1 Hypoxia-inducible factor 1

IL Interleukins

NFkB Nuclear Factor kappa B

PBS Phosphate buffered saline

PGE2 Prostaglandin E2

PI3K Phosphoinositide 3-kinase

PMA Phorbol-12-myristate-13-acetate
RQV Relative quantified value

RTCA Real-time cell analyser

SCF Stem cell factors

SEM Standard error of the mean

TEAD  Transcriptional enhanced associate domain
TGFB  Transforming growth factor beta
TME Tumor microenvironment

TNFa Tumour necrosis factor alpha
VEGF Vascular endothelial growth factor
XRD X-ray diffraction

YAP1 Yes-associated protein 1

1 Introduction

Tumors are not merely a simple aggregation of cells as they are composed of heterogeneous cancer cells and stromal cells
that collectively create a complex tumor microenvironment (TME) [1]. In that context, inflammation plays a pivotal role in
shaping the tumor’s behavior, promoting pro-survival and pro-invasive factors, thereby facilitating tumour growth, metas-
tasis, and resistance to therapy. The tumor-promoting inflammation represents a novel targeted therapeutic approach
that aims to treat cancer from an immunological perspective [2, 3]. By harnessing this process, researchers are currently
developing strategies to modulate inflammatory pathways, effectively activating the immune cellular responses against
tumor development [4-6].

Phytochemicals are bioactive compounds produced by plants for their protection. They are classified according to their
chemical structure and function in carbohydrates, phenols, lipids, alkaloids, terpenoids and other nitrogen-containing
compounds [7]. Over the past few decades, phytochemicals have gained considerable interest as potential treatments for
cancer due to their capacity to influence crucial biological pathways associated with tumor initiation, progression, and
metastasis [8]. These compounds can selectively target cancer cells while minimizing harm to healthy tissues, positioning
them as promising candidates for both preventive and therapeutic strategies [9]. These findings have resulted in numer-
ous studies focusing on isolating these compounds from their natural sources or developing complete or semi-synthetic
methods for obtaining them [10, 11].

Xanthatin is a natural sesquiterpene lactone isolated in the 1960s from Xanthium strumarium L., a native herb used
in China that possesses a wide range of bioactivities, including anticancer, anti-inflammatory, anti-bacterial and anti-
malarial activity [12]. Xanthatin was also reported to suppress proliferation and to induce apoptosis in a variety of tumor
cell types, including A549 non-small cell lung cancer cells, human gastric carcinoma MKN-45 cells and human breast

@ Discover



Discover Nano (2025) 20:83 | https://doi.org/10.1186/511671-025-04257-z
Research

cancer MDA-MB-231 cells [13, 14]. However, this type of phytochemical has shown limited pharmacokinetic properties,
primarily due to their low bioavailability, which is a consequence of their poor solubility in water, resulting in suboptimal
drug delivery [15-17]. Structural modifications and the chemical synthesis through complex routes of this compound
have improved its physicochemical and pharmacological properties, thus enhancing its biological effects [18, 19].

Water insoluble or hydrophobic cancer drugs, represent a challenge in terms of achieving optimal bioavailability
and thereby, adequate efficacy. It is estimated that around 75% of new drug candidates have poor water solubility, and
many of these are anticancer drugs [20]. Nanocrystals (NCs) are a class of solid dosage forms that utilize the concept of
nanoscience together with crystal nature of drugs to achieve advantages in terms of solubility, dissolution, and phys-
icochemical properties. The reduction of the particle size to a nanometer range provides an enhanced surface area and
gives enhanced dissolution rate, saturation solubility, increased cell membranes/surface adhesiveness, and oral bioavail-
ability. Thus, NCs show the fast onset of action, minimum adverse effects, high drug load, multiple administration routes,
minimized drug concentration, and an overall enhancement in the safety and efficiency of the drug molecule [21, 22].

Our prior research has substantiated the efficacy of the metabolite xanthatin as an anti-tumour agent [23-25]. As we
previously reported, the molecule has been shown to play a role in triggering apoptotic mechanisms, inhibiting cell
proliferation and effectively targeting the invasive phenotype in several cell models, including ovarian and colorectal
[23-25]. In this study, we aimed to ascertain the differences in antitumour efficacy between xanthatin, isolated from
the Cuban plant species Xanthium strumarium L., presented as crystals and NCs by targeting specific tumor promoting
inflammation biomarkers in two-dimensional (2D) monolayers and three-dimensional (3D) spheroids of a human HT29
colorectal cancer (CRC) cell model. The nanocrystallization process significantly enhances the physicochemical properties
of active pharmaceutical ingredients by effectively reducing their particle size. Considering the aforementioned points,
an improvement in efficacy and a more pronounced biological effect of our target metabolite is expected.

2 Materials and methods
2.1 Reagents

Isolated xanthatin (MW =246.30 g/mol; 98,4% purity; particle size 300 um) and xanthatin nanocrystals (NCs) (particle size
669 nm) were obtained from the Department of Experimental Oncology and Toxicology at the Center for Pharmaceutical
Research and Development (PCT/CU2024/050007, CIDEM; Havana, Cuba). Briefly, xanthatin NCs were obtained using the
antisolvent precipitation technique. For this, xanthatin isolated from Xanthium strumarium was dissolved in ethanol and
added surfactant. The resulting suspension was centrifuged, the precipitate was resuspended and finally lyophilized.
The obtained NCs were characterized through residual moisture analysis, melting point determination, particle size
measurement, X-ray diffraction (XRD), scanning electron microscopy, and Fourier transform infrared (FTIR) spectroscopy,
confirming that all the evaluated physicochemical parameters were adequate. Commercial xanthatin was purchased
from APExBIO (Houston, TX, USA). Dimethylsulfoxide (DMSO), Bovine serum albumin (BSA), transforming growth factor
beta (TGF), Concanavalin A (ConA), tumor necrosis factor alpha (TNFa) and protease inhibitor cocktail were from Sigma-
Aldrich (Oakville, ON, Canada). Trypan Blue reagent was from Bio-Rad (CAT: 14,550,013, The Junction Station Road, WAT,
UK). Micro bicinchoninic acid protein assay reagents were from Pierce (Rockford, IL, USA). Electrophoresis reagents were
from Bio Basic (Markham, ON, Canada). The Clarity™ Western ECL Substrate for horseradish peroxidase (HRP)-conjugated
antibody detection reagents were from Bio-Rad (Hercules, CA, USA). The polyclonal antibodies against IkBa (48145S),
phospho-lkBa Ser32/36 (9246S) and p44/42 MAPK (ERK1/2), and the monoclonal antibody against GAPDH (D4C6R),
phospho-p44/42 MAPK (ERK1/2) were from Cell Signaling Technology (Danvers, MA, USA).

2.2 2D monolayer cell culture

Human HT29 colorectal adenocarcinoma cell line was purchased from the American Type Culture Collection (ATCG;
Manassas, VA, USA). HT29 cells were cultured in McCoy’s 5a 1X Modified Medium (Wisent, CAT: 317-010-CL, St-Jean-
Baptiste, QC, Canada) supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories, SH30541.03) and 100 U/
ml penicillin, 100 pg/ ml streptomycin antibiotics (Wisent, CAT: 450-201-EL). Cells were maintained under standard cell
culture conditions at 37 °C and 5% CO, in a humidified incubator and passaged when reached 70-90% confluency 2-3
times per week.
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2.3 3D spheroid cellular model

HT29 3D spheroids were generated by the hanging drop technique on petri dishes [26]. Cells were first cultured in growth
media until 70-80% confluency was reached, then detached with 0.05% trypsin/EDTA (Wisent, CAT: 325-042-CL). After
trypsin inactivation, the resulting single cells were washed twice in pre-warmed complete media. Dissociated single
cells were re-suspended in McCoy’s 5a 1X complete Modified Medium as 10° cells/mL and 40 uL of the cell suspension
was taken for a final concentration of 4 x 10* cells. About 40 x 40 pL cellular drops were dispensed on the inverted lids
of 100 mm petri dishes and the lids were carefully set on the dishes, which had been pre-filled with 5 mL of sterilized
water to assure high humidity. Spheroids were treated with either vehicle or 0.3, 1, 3 uM of commercial xanthatin, iso-
lated xanthatin or xanthatin NCs and allowed to aggregate and self-organize for a period of 4 days. The spheroids were
maintained at 37 °C, in a humid atmosphere with 5% CO,. Following the 4 days incubation period, the morphology of the
treated spheroids was analyzed, and the resulting micrographs were acquired and processed with NIS Element (Nikon,
Japan) and ImageJ (U.S. National Institutes of Health, Bethesda, MD, USA) software packages. Reduction in spheroid size
after xanthatin treatment was considered based on the difference in sizes between untreated control spheroids and
xanthatin-treated spheroids.

2.4 Cytotoxicity assay

Trypan Blue dye exclusion assay was used to determinate the cytotoxic effect of xanthatin on HT29 cell viability. Cells
were plated in a 24-wells plate for 24 h to allow cell adherence. After this period, control, commercial xanthatin, isolated
xanthatin and xanthatin NCs were added to serum-free cell culture media at different concentrations (0.1, 0.3, 1 and 3 uM)
for 24 h. Upon xanthatin treatment, cells were detached with 0.05% trypsin/EDTA (Gibco, Germany) and after trypsin
inactivation, the resulting cell suspension was obtained in a fixed volume of cells (1 ml). Ten pl of cell suspension was
taken and mixed with an equivalent volume of trypan blue dye. The mixture was transferred to a hemocytometer to count
the number of viable cells for each treatment per concentration. Total number of cells, live cells and percent of live cells
were registered in each case. The assay was performed in triplicate for each test group. The viability was expressed as the
percent of viable cells against control (untreated) cells by using formula: % viability = (live cell count/total cell count) *100.

2.5 Total RNA isolation, cDNA synthesis, and real-time quantitative PCR

Total RNA was extracted from cell monolayers or spheroids using 1 mL of TriZol reagent (Life Technologies, Gaithersburg,
MD, USA). Two ug of total RNA was reverse-transcribed for cDNA synthesis using a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems, Foster City, CA) or, in the case of the gene array, the R? First Strand kit (QIAGEN, Valencia,
CA, USA). Prior to PCR, the cDNA was kept at —80 °C. Real-time quantitative PCR was used to measure gene expression
using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The Icycler iQ5 (Bio-Rad) was used for DNA amplification,
and product identification was assessed by detecting the binding of the fluorescent dye SYBR Green | to double-stranded
DNA. The following primer sets were from QIAGEN: GAPDH (Hs_GAPDH_1_SG, QT00079247), Peptidylprolyl Isomerase
A (PPIA) (Hs_PPIA_4_SG, QT01866137), -Actin (Hs_Actb_2_SG, QT01680476), (COX)-2 (Hs_PTGS2_1_SG, QT00040586),
GLUT1 (Hs_SLC2A1_1, QT00068957), VEGF (Hs_VEGFA_1, QT01010184), HIF1 (Hs_H1F1_1_SG, QT00083664), YAP1 (Hs_
YAP1_1_SG, QT000080822) and TEAD (Hs_TEAD1_1_SG, QT00009421). The relative quantities of target gene mRNA were
normalized against two internal housekeeping genes PPIA and GAPDH. The RNA was measured by following a AC; method
employing an amplification plot (fluorescence signal vs. cycle number). The difference (AC;) between the mean values
in the triplicate samples of target gene and the housekeeping genes was calculated with the CFX manager Software
version 2.1 (Bio-Rad) and the relative quantified value (RQV) was expressed as 27ACT,

2.6 Human inflammatory cytokines and receptors, and human transcription factors qPCR arrays

The RT? Profiler™ PCR arrays for Human Inflammatory Cytokines and Receptors (PAHS-181Z) and for Human Transcrip-
tion Factors (PAHS-075ZD) were used according to the manufacturer’s protocol (QIAGEN). The detailed list of the key
genes assessed can be found on the manufacturer’s website (https://geneglobe.qgiagen.com/us/product-groups/rt2-profi
ler-pcr-arrays). Using real-time quantitative PCR, we analyzed the expression of a focused panel of genes related to the
inflammatory response and a cluster of transcription factors associated with epithelial-to-mesenchymal transition (EMT),
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inflammation and invasive phenotype. Relative gene expression was calculated using the 222" method (“delta-delta
method). This method normalizes the AC; value of each sample using five housekeeping genes (B2M, HPRT1, RPL13A,
and GAPDH). The normalized FC values were then presented as average FC =2 (average®®‘T). The resulting raw data were
then analyzed using the PCR Array Data Analysis Template (http://www.sabiosciences.com/pcrarraydataanalysis.php).
This integrated web-based software package automatically performs all AAC;-based FC calculations from the uploaded
raw thresholded cycle data.

2.7 Western blots

HT29 cells were cultured in complete McCoy’s 5a 1X Modified Medium (Wisent, CAT: 317-010-CL) for 24 h, followed by
treatment with 1 uM PMA, 30 ng/mLTNFa, 1 uM TGFf3 or 30 pg/mL ConA in serum free media in the presence or absence
of 3 uM commercial xanthatin to evaluate the extent of COX-2 expression. In a separate experiment and given that HT29
cells were significantly more responsive to TNFaq, cells were treated with TNFa (30 ng/mL) in serum free media in the
presence or absence of 0.3 uM of commercial xanthatin, isolated xanthatin and xanthatin NCs for 30 min for phospho-
ERK/ERK expression and for 5 min for phospho-IkB/IkB determination. Subsequently, serum-starved HT29 cells were
treated with xanthatin NCs (1 and 3 uM) for 24 h. After this, cells were stimulated with TNFa (30 ng/mL) for the indicated
times (2, 5, 10, 30, and 60 min). Cells were then collected for Western blot analysis. The total cellular protein content was
extracted by RIPA buffer (1 mM sodium fluoride, 1 mM sodium orthovanadate, 1X protease inhibitor cocktail). Total pro-
tein concentration was quantified by the BCA method. Equal amounts of protein (20 pug) were separated by SDS-PAGE
10% polyacrylamide gel electrophoresis and then electro-transferred onto a low fluorescence polyvinylidene difluoride
(PVDF) membrane (Merck Millipore, Carrigtwohill, CO, Ireland). The membranes were blocked with 5% non-fat dry milk
in 100 mM Tris—HCl (pH 7.5), 150 mM NaCl, and 0.3% Tween-20 (TBST; Bioshop, TWN510-500) for 1 h at room temperature
and then washed thrice with TBST for 15 min each time, finally the membranes were incubated overnight at 4 °C with
agitation with the corresponding primary antibodies (1/1000 dilution) in TBST containing 3% BSA and 0.1% sodium azide
(Sigma Aldrich). The next day, after three more washes with TBST, the membranes were incubated with the appropriate
horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. The antigen was detected using
Clarity™ Western ECL Substrate (ECL). The images were acquired on a ChemiDoc™ XRS +Imaging System (Bio-Rad) using
Imagelab software.

2.8 Real-time cell migration assay

Cell migration analysis of HT29 cells was performed using the Real-Time Cell Analyser (RTCA) Dual-Plate (DP) instrument
and the xCELLigence System (Roche Diagnostics, QC, Canada). For the analysis 25,000 cells per well were seeded in a
CIM-plate (Roche Diagnostics) and incubated at 37°C under a humidified atmosphere containing 5% CO, for 24 h. Prior
to cell seeding, the bottom of each well in the upper chamber was coated with 0.15% gelatin in phosphate buffered
saline (PBS) and incubated for 1 h at 37°C. The lower chamber was filled with serum free medium containing either the
vehicle, TNFa only or commercial xanthatin, isolated xanthatin or xanthatin NCs at different concentrations (0.1, 0.3, 1
and 3 uM). The upper chamber of each well was filled with 25,000 cells, in serum-free media as well. After 30 min of initial
adhesion, cell migration was monitored for up to 7 h. The impedance value was measured by the RTCA DP instrument
and expressed as an arbitrary unit called the Cell index. Each experiment was performed in quadruplicate Wells. Data
and error bars were expressed as mean + standard error of the mean (SEM).

2.9 Statistical data analysis

Data and error bars were expressed as the mean +SEM of two to three independent experiments. Hypothesis testing was
conducted using a Mann-Whitney U-test (for comparison of two groups) with probability (P) values of less than 0.05 (*)
considered significant and denoted in the respective figures. All statistical analysis were performed using the GraphPad
Prism 7 software version 9.0.0 (GraphPad Software LLC, San Diego, California, USA).
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3 Results

3.1 In vitro cytotoxic evaluation of commercial xanthatin, isolated xanthatin and xanthatin nanocrystals
on human HT29 colorectal cancer cells

To screen for the in vitro cytotoxic properties of xanthatin, Trypan Blue exclusion assay was performed. HT29 CRC
cells were cultured as stated in the Methods section and were subjected to treatment with increasing concentrations
(0.1, 0.3, 1 and 3 pM) of commercial xanthatin, isolated xanthatin and xanthatin NCs for 24 h. The cytotoxic activity
of the molecule was expressed as the percent of living cells compared to the control. As illustrated in Fig. 1A, the
administration of commercial xanthatin did not result in a notable reduction of cell survival at the various concen-
trations tested, with only a slight impact on cell viability was observed at the highest concentration tested 3 pM.
The minimum effective concentration for both isolated xanthatin and the NCs was 0.3 pM, at which point a non-
statistically significant differential effect on HT29 cell viability could be quantified. However, the isolated xanthatin
and xanthatin NCs displayed higher inhibitory effects, exhibiting significant greater potency to reduce cell viability
to approximately 30% of control at a concentration of 3 uM.

3.2 Xanthatin significantly inhibits COX-2 protein expression in HT29 cells stimulated
with pro-inflammatory inducers PMA, TNFa, TGFB and ConA

The aim of this study was to first ascertain whether xanthatin treatment could mitigate the expression of the pro-
inflammatory marker COX-2 in HT29 colorectal cancer cells triggered by different inflammatory cues. For this purpose,
HT29 cells were stimulated with four pro-inflammatory inducers, namely 1 yM PMA, 30 ng/mL TNFa, 1 pM TGFf3 or
30 pg/mL ConA, and treated in serum-free media in the presence or absence of 3 uM commercial xanthatin. Proteins
from cell extracts were analyzed by Western blotting for COX-2 expression. Figure 2A illustrates a representative
pattern of cellular response to the four inducers of inflammation employed.

HT29 cells exhibited an ~ 10 X increase in responsiveness to TNFa treatment in comparison to the other induc-
ers, as reflected by a notable increase in COX-2 protein expression. PMA and TGF treatments resulted in a moder-
ate ~ 4 xresponse, while ConA remained ineffective. It was therefore decided to continue with only TNFa as an inflam-
mation inducer for subsequent experiments. Densitometric analysis from a representative immunoblot revealed that
xanthatin treatment was effective in attenuating the induced overexpression of COX-2 at the protein level (Fig. 2B).
In addition, RT-qPCR was performed to validate Western blotting results for the inhibition of COX-2 upon treatment
with TNFa in the presence or absence of 3 uM commercial xanthatin, confirming that the administration of xanthatin
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reduced or completely abrogated the over-expression of COX-2 transcript levels (Fig. 2C), restoring the protein expres-
sion levels to a state close to the baseline.

3.3 Effect of commercial, isolated and nanocrystallized xanthatin on the formation of 3D HT29-derived
spheroids

The effects of commercial, isolated and nanocrystallised xanthatin on the formation of tumour spheroids derived from
the human colorectal cancer line HT29 was evaluated by considering variations in size and morphology compared to the
control group. For this purpose, the diameters of spheroids exposed to commercial xanthatin (Fig. 3A), isolated xanthatin
(Fig. 3B), and xanthatin NCs (Fig. 3C) were measured after 4 days of incubation with the treatment. Three replicates per
treatment per group were considered. Phase contrast microscopic observations showed morphological alterations in
response to xanthatin treatment; while the spheroids of the control group were more condensed, larger and presented
aregular and uniform spherical shape. The spheroids of the groups treated with commercial, isolated and xanthatin NCs
showed considerable morphological variations such as reduction in size, loss of compactness and integrity according to
the concentration tested (Fig. 3D). Whereas no effect on spheroids size was observed at 0.3 uM of either commercial or
isolated xanthatin, xanthatin NCs showed > 80% inhibition at that same concentration (Fig. 3D).

Of the three treatment groups tested, xanthatin NCs were therefore the most potent in inhibiting spheroid formation
at the tested concentrations, showing a significant reduction in cell aggregation with a consequent loss of organisation
and decrease in spheroid size even at the lowest concentration tested (0.3 pM). The order of inhibitory activity was estab-
lished as follows (xanthatin NCs>commercial/isolated xanthatin). Although preliminary, nanocrystallization therefore
appears to significantly potentialize the pharmacological properties of xanthatin. It can be speculated that the reduced
particle size of xanthatin NCs may lead to better cell internalization and possibly faster onset of action. Finally, whether
nanocrystallization leads to enhanced stability in contact with the cells will require further investigation.
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Fig.3 Effect of commercial, isolated and nanocrystallized xanthatin on the formation of 3D HT29-derived spheroids. Monolayer HT29 cells
were first cultured in complete growth media until 70-80% confluency was reached. Cells were then detached with trypsin and resus-
pended as 4 x 10* cells per 40 uL. Forty (40) pL cellular drops were dispensed on inverted lids of petri dishes as described in the Meth-
ods section. Phase contrast imaging was performed to assess spheroid morphological parameters after 24 h treatment with the indicated
increasing concentrations of A commercial xanthatin, B isolated xanthatin, or C xanthatin nanocrystals. D Quantitative analysis of tumor
spheroids area in response to commercial, isolated, or nanocrystallized xanthatin was compared to the vehicle using ImageJ software
(*p<0.05)

3.4 Impact of xanthatin on transcriptional regulation of transcription factors as well as immunity
and inflammation related biomarkers

We next conducted a transcriptomic analysis to decipher the molecular signature of human HT29 CRC cells cultured
as spheroids structures compared to that of 2D cell monolayers in order to identify signaling biomarkers which tran-
scriptional regulation could be associated to cell invasiveness, chemoresistance, and a pro-inflammatory phenotype
and whose induction could be prevented by xanthatin treatment. Spheroids were cultured for 96 h in serum-free
media in the presence of 3 UM xanthatin NCs, and total RNA was extracted and transcribed to cDNA. Levels of gene
expression of transcription factors related to spheroids structure formation, cancer stemness, self-renewal capacity,
and invasive properties as well as inflammation biomarkers were assessed by RT? Profiler™ for Human Inflammatory
Cytokines and Receptors and by Human Transcription Factors gene arrays (Fig. 4) (Table 1).

The results showed that the expression of genes encoding transcription factors involved in EMT such as MYC,
EGR1, NFKB1, ETST as well as transcription factors related to hypoxic phenotype like hypoxia-inducible factor (HIF1A),
ATF4, SP3, ETS1 and FOXO1 was enriched in 3D spheroids relative to the expression of such genes in 2D (Fig. 4A). A
protein—protein interaction analysis was used to assess the potential inter-relationships among the identified up-
regulated (Fig. 4B, left panel) and down regulated (Fig. 4B, right panel) transcription factors as well as the identified
pro-inflammatory biomarkers involved in inflammatory responses, tumor progression, angiogenesis, metastasis and
tumor immunity that were also over-expressed in the 3D cellular model. These biomarkers included the C-C motif
chemokine ligands 1, 2,4, 5, 13 and 26 (CCL1, CCL2, CCL4, CCL5, CCL13, CCL26), FAS ligand (FASLG), the C-X-C motif
chemokine ligands 5,10, 11, 12 and 13 (CXCL5, CXCL10, CXCL11, CXCL12 and CXCL13), and interleukins-7, -9 and -27
(IL-7, IL-9 and IL-27) (Fig. 4C, left panel).

When the cells were treated with xanthatin NCs, the basal expression levels of the overexpressed transcription fac-
tors and inflammation markers were found to significantly decrease, as indicated by the fold change gene expression
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Fig.4 Impact of xanthatin on the transcriptional regulation of transcription factors as well as immunity and inflammation related biomark-
ers. Human HT29 colorectal cancer cells were seeded as either two-dimensional (2D) monolayers or as three-dimensional (3D) spheroids
and cultured in the absence or presence of 3 UM xanthatin nanocrystals as stated in the Methods section. Total RNA was isolated, cDNA
was synthetized, and RT? Profiler™ PCR Array for Human Inflammatory Cytokines and Receptors (PAHS-181Z) and Human Transcription Fac-
tors (PAHS-075ZD) was performed as described in the Methods section. Gene expression of transcription factors modulated in HT29 cells
showing the extent of xanthatin regulation are presented in A for the genes that were upregulated (top) or downregulated (bottom). A
protein—protein interaction network analysis of differentially expressed genes of transcription factors B and inflammatory markers C was
constructed by STRING as described in the Methods section. Every node corresponds to a protein and every edge corresponds to a protein—
protein interaction

variation compared to 2D control cells, suggesting that the xanthatin molecule could regulate a specific subset of
genes whose protein product influences cancer cell molecular signature related to angiogenesis, inflammatory
responses as well as to cell survival.

3.5 Time-course inhibition of the TNFa induced phospho-ERK and phospho-IkB expression in HT29 cells
by commercial xanthatin

There is clear evidence showing a connection between inflammatory processes and EMT, both of which are linked to tumor
aggressiveness and poor clinical outcomes. For instance, the inflammatory cytokine TNFa has been shown to induce EMT in
tumor cells and to promote invasion by activating the nuclear factor kappa-B (NFkB) pathway. Additionally, chemotactic fac-
tors like IL-8 play a role in the EMT process by activating signaling pathways such as ERK, JAK2/STAT3, and phosphoinositide
3-kinase (PI3K)/ protein kinase B (AKT). Prolonged activation of ERK signaling has been associated with several negative
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Table 1 Influence of xanthatin treatment on the expression level of inflammatory genes and transcription factors related to cancer invasive-
ness, progression, angiogenesis, metastasis and tumor immunity

Upregulated gene Function

ATF4 Upregulated during EMT and plays a critical role in cellular stress responses and metabolic adaptation. It is upregulated
under hypoxic conditions and plays a role in cellular stress responses, including autophagy and metabolic adaptation

HIF1A A key regulator of cellular responses to hypoxia, driving angiogenesis, metabolic adaptation, immune regulation, and
promoting epithelial to mesenchymal transition

FOXG1 Promotes EMT in hepatocellular carcinoma by activating the Wnt signaling pathway

NFATC1 Promotes increased colon cancer cell invasion and metastasis under hypoxic conditions

NF-kB1 Plays a significant role in hypoxia-induced inflammatory responses and cancer progression

HNF4A Plays a significant role in EMT through inflammatory signaling pathways and it is also involved in metabolic regulation
and can influence cancer cell behavior under hypoxic condition

CCLn Known for recruiting immune cells to the tumor microenvironment (TME), has an unclear role in the context of its
expression, patient prognosis, and the presence of tumor-infiltrating immune cells

CCL13 Key chemotactic factors, which play crucial roles in cancer cell biology, playing a significant part in modulating the
tumor microenvironment (TME), influencing tumor progression, metastasis, and immune responses

CCL16 Chemotactic factor belonging to the a-chemokine subfamily. It plays a significant role in the progression of cancer, as
well as the course of atherosclerosis, renal fibrosis, and non-alcoholic fatty liver disease (NAFLD)

CCL24 Contributes to tumorigenesis as well as inflammatory diseases like asthma and allergies and its used as a potential
biomarker in several cancers including colon cancer, non-small cell cancer, and nasopharyngeal carcinoma

CCL2 Frequently overexpressed in cancer cells and other cells in the tumor microenvironment. Its levels are associated with
more aggressive malignancies, a higher probability of metastasis, and poorer outcomes in a wide range of cancers

CCL20 CCL20-CCR6 axis promotes cancer progression directly by enhancing migration and proliferation of cancer cells and

indirectly by remodeling the tumor microenvironment through immune cell control

CCR1 Involved in the recruitment of inflammatory cells to the tumor microenvironment, which can contribute to the promo-
tion of metastasis. Chemokines like CCL3-CCR1 can enhance tumor cell migration and invasion by promoting the
movement of immune cells that facilitate tissue remodeling and angiogenesis

CCR2 Plays a critical role in the establishment of an inflammatory microenvironment that supports tumor progression. Its
presence in the tumor can enhance cancer cell migration and invasion, contributing to metastasis

FASLG Plays a significant role in cancer biology by influencing tumor progression, immune evasion, and treatment responses.
Tumor cells with FASL expression can then induce cell death of these immune cells, reducing the effectiveness of the
immune system in recognizing and eliminating the tumor

The top 15 genes identified as upregulated in 3D spheroids, compared to their expression levels in 2D monolayers, and that were success-
fully targeted by xanthatin. The assessment of transcriptional regulation was conducted using RT? Profiler™ gene arrays for Human Inflam-
matory Cytokines and receptors, and Transcription Factors

outcomes in cancer patients, including cell transformation, metastasis, resistance to anticancer drugs, and poor prognosis,
which aligns with its established role in EMT induction [24-26]. Considering the evidence gathered from the above experi-
ments, we went on to investigate the time-resolved dissection of early proteome and phosphoproteome changes in response
to TNFa induction and to xanthatin treatment (Fig. 5).

For this, serum-starved cells were treated with 1 uM commercial xanthatin for 24 h and were next stimulated with 30 ng/
mL TNFa for the indicated times (Fig. 5A). Proteins were extracted as described in the Methods section and Western blot
analysis was performed to assess the extent of total ERK, phospho-ERK, total IkB and phospho-IkB expression. As shown in
the Fig. 5B, maximal phosphorylation of IkB appears by 5 min after TNFa treatment of HT29 cells. However, the phospho-
rylation level of IkB decreased during the rest of the experiment. On the other hand, activation of ERK by TNFa reached its
peaked after 30 min of stimulation and declined thereafter at 60 min. Densitometric analysis of the phosphorylation status of
phospho ERK/ERK (left panel) and phospho IkB/IkB (right panel) in HT29-treated cells with 1 uM commercial xanthatin shows
the quantitative extent of ERK inactivation and prevention of IkB degradation induced by the treatment with the molecule.
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3.6 Inhibition of the TNFa-induced phosphorylation of ERK and of IkB expression in HT29 cells
by commercial xanthatin, isolated xanthatin or xanthatin nanocrystals

Having previously demonstrated the effect of xanthatin on the temporal expression of phosphorylated markers such
as ERK and IkB, we next proceeded to evaluate the effect of commercial xanthatin, isolated xanthatin and xanthatin
NCs, to compare the efficacy of each treatment (Fig. 6).

For this purpose, HT29 cells were treated with 30 ng/mL TNFa in the presence or absence of 0.3 uM of commer-
cial xanthatin, isolated xanthatin or xanthatin NCs in serum-free media for 30 min (phospho-ERK/ERK) or for 5 min
(phospho-1kB/IkB) and immunoblotting analysis was performed as described in the Methods section. As shown in
the figure, phosphorylation status of ERK and IkB proteins triggered by TNFa stimulation was efficiently reduced after
xanthatin treatment (Fig. 6A). Interestingly, densitometric analysis revealed that treatment with commercial xanthatin
was less effective in reducing the phosphorylation status for both proteins when the cells were co-treated with TNFa
and commercial xanthatin. In addition, there were no relevant differences in the effect observed after treatment with
the isolated xanthatin and NCs, both of which proved to be similarly efficient in preventing phosphorylation of ERK
and IkB (Fig. 6B). Transcript levels of TNFa-induced COX-2 and IL-1B were also found to be repressed efficiently by
isolated xanthatin and xanthatin NCs (Fig. 6C). Collectively, xanthatin is already considered a kinase inhibitor since
it has been identified as an inhibitor of VEGFR2 (vascular endothelial growth factor receptor 2) signaling, which
plays a crucial role in angiogenesis and tumor growth [27], and has shown inhibitory effects on GSK3p (glycogen
synthase kinase 3 beta), which is involved in various cellular processes, including cell proliferation and survival [28].
These properties confirm xanthatin, and its nanocrystallized form, a promising compound for cancer research, in
part through targeting tumor angiogenesis and growth.

3.7 Xanthatin inhibits the induction of mediators expressed in the acquisition of hypoxic, inflammatory
and EMT phenotypes in 3D colorectal cancer spheroids

A hypoxic inflammatory TME as well as TME-induced EMT contribute to cancer progression and invasiveness [29].
Reduced oxygenation leads to induction of several hypoxia-responsive genes. The primary mediating factor is HIFTA
which stimulates the expression of a variety of cytokines from inflammatory cells, and whose target genes include
erythropoietin, vascular endothelial growth factor (VEGF), glucose transporter-1 (Glut-1), as well as the direct up
regulation of COX-2 expression and increasing of Prostaglandin E2 (PGE2) production which leads to activation of
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the Ras-MAPK pathway promoting tumour maintenance, survival and progression [30]. Under hypoxic conditions,
yes-associated protein 1 (YAP1), a well-established oncogene that binds to transcriptional enhanced associate domain
(TEAD) protein family, contributes to the induction of EMT, promoting the transcription of genes that enhances the
loss of epithelial characteristics and the acquisition of mesenchymal characteristics [31]. For example, YAP1-TEAD
activates the expression of transcription factors such as Snail, Twist, and ZEB1, which are known to repress the expres-
sion of epithelial proteins such as E-cadherin and promote the expression of mesenchymal proteins such as Vimentin
and N-cadherin [32]. The YAP1-TEAD also regulates the expression of proangiogenic genes, such as VEGF, which pro-
motes the formation of new blood vessels and helps tumour cells obtain the nutrients necessary for their growth and
expansion, contributing to the metabolic reprogramming of tumour cells, promoting aerobic glycolysis, along with
the up-regulation of the expression of glucose transporters at transcriptional level to promote cell glycolysis [29, 30].
Given that xanthatin was previously documented to alter the expression of cellular markers related to hypoxic condi-
tions, inflammation, as well as the acquisition of a mesenchymal phenotype in our cellular model, we went on to further
investigate the impact of our treatments on the molecular signature of colorectal spheroids considering the following
biomarkers: COX-2, GLUT1, VEGF, HIF1, YAP1 and TEAD. Spheroids were generated from adherent human HT29 colorectal
cancer cell monolayer cultures as described in the Methods section. Total RNA was extracted, and RT-qPCR was performed
to assess gene expression levels. COX-2, GLUT1, VEGF and HIF 1 were all significantly up-regulated upon spheroid formation
when compared to cell monolayers (Fig. 7), supporting the formation of a hypoxic environment within the spheroids.
Xanthatin treatments were found to efficiently inhibit all these induced genes involved in spheroids formation, where
xanthatin NCs proved to be the most effective, returning the levels of expression to a value close to the monolayers
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Fig. 7 Inhibition of the induction of mediators expressed in the acquisition of hypoxic, inflammatory, and EMT phenotype in colorectal can-
cer tumorspheres. Tumorspheres were generated from human HT29 colorectal cancer cell monolayer cultures as described in the Methods
section and were treated in the absence or presence of 0.3 uM of commercial xanthatin, isolated xanthatin and nanocrystals. RT-qPCR was
performed to assess the gene expression levels of COX-2, GLUT1, VEGF, HIF-1, YAP1 and TEAD in either HT29 monolayers (white bars) or tum-
orspheres (black bars). Protein expression levels of COX-2 were previously assessed in adherent monolayers by immunoblotting

baseline. Interestingly, YAP1 and TEAD expression were not found to be overexpressed in the spheroids compared to
the monolayers and xanthatin treatment did not alter their expression in any case.

3.8 Xanthatin inhibits TNFa-induced migration of HT29 cells

Finally, a real-time cell migration assay was performed to assess HT29 cells’ chemotactic response to increasing con-
centrations of commercial xanthatin, isolated xanthatin and NCs (Fig. 8). For this, HT29 cells were co-treated with the
pro-inflammatory cytokine TNFaq, to stimulate migration, and with 0.1, 0.3, 1 and 3 uM of commercial xanthatin, isolated
xanthatin and NCs.
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Fig. 8 Xanthatin inhibits TNFa-induced migration of HT29 cells. A real time chemotactic cell migration assay was conducted as described
in the Methods section. To assess the impact of xanthatin treatments upon TNFa-stimulated HT29 cells, chemotaxis was monitored in
response to A Control (serum free media) or 30 ng/mL TNFa 30 ng/mL, or B the indicated increasing concentrations of commercial xan-
thatin, isolated xanthatin, or xanthatin nanocrystals. The results are expressed as the percent of maximal stimulation induced by TNFa

As shown in the figure, cell migration was efficiently induced by TNFa (Fig. 8A) compared to unstimulated cells, whose
migration pattern was found uninduced. We further found that xanthatin dose-dependently inhibited TNFa-stimulated
migration for all three treatments, however, the NCs proved to be significantly more potent with a marked inhibitory
effect at only 0.3 uM when compared to commercial or isolated xanthatin, and almost completely inhibiting cell migra-
tion when the concentration was 3 puM (Fig. 8).

4 Discussion

Previous studies involving xanthatin demonstrated that this molecule inhibits cancer cell proliferation, triggers caspase-
dependent apoptosis, and induces cell cycle arrest [24, 33, 34]. The anti-inflammatory effects of xanthatin are however
not yet fully understood. Here, we developed an inflammation model using the HT29 CRC cell line to investigate the
inflammation-suppressive functions of xanthatin, along with its potential mechanisms in targeting signaling pathways.
Additionally, we aimed to demonstrate the potential pharmacological advantages of nanocrystallization as a strategy
to enhance biological activity and ultimately improve future in vivo xanthatin bioavailability and biological efficacy. To
achieve this preliminary pharmacological study, we assessed the molecular and cellular effects of xanthatin and of its
crystalline form in 2D and 3D in vitro cell models.

Tumor cell growth is marked by several key features: the continuous activation of pathways that promote cell pro-
liferation, resistance to cell death, the acquisition of replicative immortality, and reprogramming of their metabolic
processes [35, 36]. In this adaptative context, analysis of chemotherapeutic drugs potency represents a fundamental
aspect of pre-clinical pharmacology [35, 37, 38]. The first step of our study consisted in defining the cytotoxic spectrum
of xanthatin and the potency of xanthatin NCs on the reduction of HT29 cellular viability in vitro. Our data showed
that xanthatin treatment decreased the viability of 2D HT29 monolayer cells with xanthatin NCs displaying the highest
inhibition rate. Once xanthatin cytotoxicity in the 2D cellular culture assessed, we went further to measure the impact
of our molecules in the 3D tumorspheres formation compared to the 2D monolayer cultures. Tumour spheroids are a
well-characterised 3D culture system that, better than 2D monolayers, mimics the physiological tissue organisation and
complexity of solid tumours with a hypoxic core [39]. Morphological changes in response to effective anticancer drug
treatment in 3D tumour spheroids, such as reduced spheroid size, loss of spheroid compactness and integrity or smooth
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surface, are considered highly reliable [40, 41]. Here, we observed a reduction in the tumorspheres size and sphericity
as well as a loss of compactness and integrity according to the concentrations of xanthatin tested, with xanthatin NCs
being the most effective one.

The tumor-promoting inflammatory microenvironment is characterized by heterogeneous inflammatory cellular
components that produce growth-stimulating mediators, including inflammatory cytokines [31, 41], growth factors,
chemokines, genotoxic substances, and factors that induce DNA damage [32]. In this study, we then examined the cel-
lular inflammatory response induced in HT29 3D spheroid cells to uncover the molecular signature of these cancer cells.
Our goal was to identify biomarkers that could potentially be targeted effectively by our molecules of interest. First, we
showed that xanthatin treatment inhibited the TNFa-induced expression of COX-2, a crucial inflammatory enzyme primar-
ily responsible for the synthesis of PGE2 [29, 31, 35], at both the gene and protein levels. COX-2 expression also promotes
cancer stem cell (CSC)-like activity, and its inhibition may further reduce resistance to apoptosis, proliferation, angiogen-
esis, invasion, and metastasis in cancer cells [42]. As cancer-related inflammation and epithelial-to-mesenchymal transi-
tion (EMT) are closely interconnected processes [43, 44], we further explored whether cancer cells undergoing EMT can
produce pro-inflammatory factors, creating a feedback loop that would sustain inflammation and further promote EMT.

Here, multiple factors have been identified to be implicated in EMT including transcription factors such as SNAIL,
TWIST, ZEB, PRRX1, FOXC2, GATA, downregulation of epithelial cell markers such as E-cadherin, and upregulation of
mesenchymal markers such as of N-cadherin, vimentin, fibronectin, various matrix metalloproteases (MMPs), and 1 and
3 integrins [29, 45]. Through the hypoxic core provided by our 3D spheroids cell model, we further show the crosstalk
between the promoted EMT and 3D spheroids hypoxic core [46]. Such modulation of the cellular landscape requires the
hypoxia-inducible factors (HIFs) to orchestrate the transcriptional responses under the hypoxic environment [47]. HIF1a
activates the transcription of factors such as VEGF, angiopoietin 2 (ANGPT2), stromal-derived factor 1, COX-2 and stem cell
factors (SCF) [48]. Some oncogenes further cooperate with HIF1a to increase its stabilization and transcriptional activity
[49], subsequently promoting the transcription of genes associated to the acquisition of mesenchymal characteristics
[50]. Among these oncogenes is the Yes-associated protein (YAP), a transcriptional activator that interacts with TEAD
transcription factors [51, 52], stimulating the upregulation of multiple genes that promote angiogenesis, vasculariza-
tion, tumor growth, metabolic reprogramming, and the acquisition of an invasive phenotype [53-55]. As inflammation
mediators can alter the TME, manipulating or neutralizing abnormal cytokines in the TME by xanthatin may represent a
promising strategy for cancer therapy [41]. Cytokines such as EGF, FGF, and IL-6 promote the proliferation and survival
of tumor cells. Others, like TGF, IL-1, IL-6, IL-8, and TNFa, contribute to the EMT and maintenance of stemness in tumor
cells, facilitating a more invasive phenotype [56]. While the potential long-term anti-inflammatory and anticancer effects
of xanthatin NCs and bioavailability will require to be confirmed in follow-up in vivo studies, a recent study on dapsone,
an anti-inflammatory drug, demonstrated that nanocrystallization significantly improved its solubility, dissolution, and
preserved in vitro anti-inflammatory activity [57]. Nanocrystallization offers therefore alongside a promising approach
to also enhancing the xanthatin pharmacological properties of anticancer drugs [58].

Chemokines also play an important role in the progression of cancers [59], promoting tumor growth, senescence,
angiogenesis, EMT, metastasis and immune evasion [60, 61]. The NF-kappa B family of transcription factors regulates
the expression of numerous chemokines and facilitates the secretion of chemokines that bind to CXCR2, as well as IL-6
[62]. Additionally, the chemokine CXCL8 and its receptor CXCR1 are significantly upregulated in cells undergoing EMT.
Chemokines such as CXCL1, CXCL2, CXCL3, and CXCL12 enhance tumor cell proliferation by activating the MAPK/ERK
signaling pathway [60]. Chemokine receptor 4 (CXCR4) is one of the early identified hypoxia/HIF1a target genes that
mediates hypoxia-induced angiogenesis and metastasis [50, 61]. Here, we examined the transcriptional regulation of
transcription factors as well as inflammation related markers in human HT29 CRC cells cultured as 3D spheroids were
compared to that of 2D cell monolayers to identify signaling biomarkers associated to cell invasiveness, chemoresistance,
and to a pro-inflammatory phenotype and whose transcriptional regulation could be prevented by xanthatin treatment.
We found that HT29 3D spheroids over-expressed markers involved in EMT transition comprising MYC, EGR1, NFKB1,
ETS1; hypoxic status such as HIFTA, ATF4, SP3, ETS1 and FOXO1; and inflammation including IL-7, IL-9, IL-27, CCL1, CCL2,
CCL4, CCL5, CXCL5, CXCL10 and CXCL11. Xanthatin NCs efficiently decreased this basal overexpression indicating the
potential role of the molecule in targeting the acquired mesenchymal and inflammatory phenotype of HT29 CRC cells.

Two major pathways that are frequently mutated in various human cancers, including CRC, are the Ras-MAPK and
PI3K/AKT signaling pathways, and their activation stimulates cell growth, proliferation, and survival [42, 59]. Interest-
ingly, recent studies suggest that the COX-2/PGE2 pathway may modify apoptotic thresholds and promote pro-survival
mechanisms by engaging the PI3K/AKT pathway [63], ERK signalling, cyclic adenosine monophosphate (cCAMP)/protein
kinase A signalling and activation of epidermal growth factor receptor (EGFR) signalling [64]. TNFa induction of EMT in
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tumor cells and invasion is mediated through the activation of the NFkB and AKT signaling pathways [65], and often
converge to regulators such as ERK and PI3K/Akt [66]. In fact, sustained activation of ERK signaling is linked to cell trans-
formation, resistance to anticancer drugs, and poor prognosis in cancer, [63]. In our research, we aimed to decipher
the early changes in the proteome and phosphoproteome of HT29 cells in response to TNFa by assessing the levels of
total ERK, phosphorylated ERK, total IkB, and phosphorylated IkB. Initially, we observed that the expression levels of the
phosphoproteins significantly changed over time, and was significantly reduced following treatment with xanthatin.
Notably, there were no substantial differences in the outcomes observed after treatment with isolated xanthatin and
NCs, as both displayed similar levels of activity in preventing the phosphorylation of ERK and IkB.

For cancer to spread throughout the body, cancer cells must undergo several processes: they need to migrate and
invade the extracellular matrix (ECM), enter the bloodstream (a process known as intravasation), attach to distant sites,
and finally exit the bloodstream (extravasation) to form new tumors [67]. Here we observed that HT29 cells by themselves
did not demonstrate significant basal migration, while it was significantly induced in response to TNFa stimulation. This
inflammatory cytokine-induced migration pattern was efficiently targeted by xanthatin in a dose-dependent manner
with NCs being the most powerful when compared to commercial or isolated xanthatin.

Study limitations must be acknowledged. Although 3D cell culture models have advanced our understanding of cancer
biology, they still face several limitations, particularly in the context of chemoresistance and the complexity of the TME.
Aspects include (1) Incomplete replication of TME, as 3D cell models still fall short of fully replicating the complexity of
in vivo environments; (2) Tumor heterogeneity issues, as tumors are highly heterogeneous, with significant variations in
cell types, genetic mutations, and microenvironments within the same tumor. Therefore, 3D models, including organoids,
may not capture this heterogeneity adequately in vitro; (3) Chemoresistance mechanisms, although 3D models provide
a better platform for studying chemoresistance than 2D models, eventual issues with xanthatin diffusion in 3D models
could lead to variable drug exposure and resistance patterns that may not accurately reflect future in vivo conditions.
In vitro models are also generally less suitable for long-term studies due to issues like cell viability and changes in cell
behavior over time. Despite these limitations, our 3D spheroid models remain a valuable tool for cancer research, provid-
ing pre-clinical molecular insights that are not possible with traditional 2D cultures. They are particularly useful for initial
screenings and mechanistic studies on xanthatin NCs, eventually complementing in vivo research.

5 Conclusions

In this study, we evaluated the efficacy of nanocrystallisation and mechanism of action of xanthatin using both 2D and 3D
inflammation models established after TNFa stimulation. Our findings provide new insights into the antitumor properties
of xanthatin through efficiently targeting key biomarkers associated with EMT, hypoxia, inflammation, and migration. In
our models, xanthatin NCs were shown to reduce the overexpression of COX-2 protein and to inhibit the expression of
phosphorylated proteins such as IkBa and ERK1/2, as well as inflammatory cytokines, related receptors, and transcrip-
tion factors that play significant roles in processes like the acquisition of an invasive phenotype, proliferation, migration,
and metastasis. The observed changes suggest that xanthatin’s antitumor mechanisms may be mediated through the
inhibition of the NFkB and MAPK pathways. Among the three treatment approaches tested, xanthatin NCs proved to be
the most effective. Finally, our findings indicate that the use of nanocrystallisation as a valuable platform to successfully
enhance the physicochemical properties of poorly soluble drugs ultimately led to improved effectiveness and a greater
pharmacological effect of our target molecule.
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