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Abstract

One of the leading causes of mortality among malignancies is colorectal carcinoma (CRC). As metastasis is central to CRC
progression, research on the anti-invasive and anti-migratory actions of bioactive compounds is crucial for advancing new
treatments. Biologically active plant compounds, including phenolic acids, are known for their therapeutic properties. Both
syringic (SA) and caffeic acids (CA) are recognized for their significant antioxidant, anti-inflammatory, and anticancer activity.
In this study, the influence of these acids on the anticancer, invasive, and migratory potential of CRC cells was examined,
including the expression of epithelial-mesenchymal transition (EMT) and invasion markers. For these purposes, the MTT assay,
wound healing assay, transwell method, real-time PCR, and immunocytochemistry were used. Results showed low cytotoxic
effects, but significant anti-invasive and anti-migratory effects. Expression analyses indicated modulation of key monitored
EMT and invasion markers on transcriptional and protein levels, suggesting a partial EMT transition characterized by incom-
plete induction of invasive properties. All results indicate that SA and CA exhibit potential anti-invasive and anti-migratory
properties in the tested cells, independently of non-cytotoxic effects, opening a new field of research.

Rezumat

Carcinomul colorectal (CRC) reprezinta una dintre principalele cauze de mortalitate asociate afectiunilor maligne. Compusii
bioactivi de origine vegetala, precum acizii fenolici, sunt recunoscuti pentru proprietatile lor terapeutice. Atat acidul siringic
(SA), cit si acidul cafeic (CA) sunt cunoscuti pentru activitatea antioxidanti, antiinflamatoare si anticancerigend. in cadrul
acestui studiu, a fost evaluata influenta acestor acizi asupra potentialului anticancerigen, invaziv si migrator al celulelor de
CRC, precum si asupra expresiei markerilor implicati in tranzitia epitelio-mezenchimala (EMT) si in invazie. in acest scop, au
fost utilizate testul MTT, testul de vindecare a plagii, metoda transwell, reactia de polimerizare in lant in timp real si imunoci-
tochimia. Rezultatele au evidentiat efecte citotoxice reduse, Insa efecte antiinvazive si antimigratorii semnificative. De aseme-
nea, a fost observata o modulare a principalilor markeri monitorizati ai EMT si ai invaziei, atat la nivel transcriptional, cat si la
nivel proteic, sugerdnd o tranzitie EMT partiald, caracterizata prin inducerea incompleti a proprietitilor invazive. in concluzie,
rezultatele indica faptul ca SA si CA prezinta un potential antiinvaziv si antimigrator in celulele testate, independent de efectele
citotoxice.
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Introduction adhesion and intercellular communication, resulting
in the development of strong invasive and migratory
abilities (3).

At the molecular level, EMT-driven changes in cell
phenotype and function are controlled by complex
transcriptional programs, with nuclear factor kappa-
light-chain-enhancer of activated B cells (NFxB) as
a key regulator of invasion and migration. Namely,
NF«B is a transcription factor that regulates the ex-
pression of genes involved in invasion and migra-
tion, among others. It induces the expression of uro-
kinase (uPA) and metalloproteinase 9 (MMP-9),
which degrade components of the extracellular ma-
trix and basement membrane, enabling cell migra-
tion (4, 5). Molecular markers of invasion and

According to the International Agency for Research
on Cancer (1), colorectal cancer (CRC) is the 3rd
most common cancer worldwide. The most fre-
quently diagnosed type of CRC is adenocarcinoma,
which arises from the malignant transformation of
colon and rectal cells, with the potential to invade
surrounding tissues and form distant metastatic le-
sions (2). The treatment options for CRC become
more limited with the appearance of metastases.
During disease progression, CRC cells develop re-
sistance and undergo morphological changes,
mainly driven by the epithelial-mesenchymal transi-
tion (EMT). Through this process, the cells acquire
mesenchymal cell characteristics, such as weaker
730
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migration, such as B-catenin, SNAIL-1, vimentin,
and intercellular adhesion molecule-1 (ICAM-1), are
regulated by NF«B (6, 7). They promote EMT by re-
ducing epithelial characteristics and causing migra-
tion by binding cells with migratory potential to the
wall of blood vessels (8, 9). Given its ability to sim-
ultaneously regulate proteolytic activity, cell adhe-
sion, and EMT-associated transcriptional programs,
NF«B represents a critical target for modulating in-
vasive and migratory behavior in colorectal cancer
cells.

In this context, naturally occurring polyphenolic
compounds have gained increasing attention as po-
tential modulators of NF«B-driven tumor progres-
sion. Syringic (SA) and caffeic (CA) acids belong to
the group of polyphenolic compounds, more pre-
cisely phenolic acids. They are present in plants and
fungi, including fruits, vegetables, nuts, and cereals.
These acids have numerous medical benefits and
have been shown to have antioxidant, anticancer, an-
timicrobial, and anti-inflammatory effects (10, 11,
12). It is particularly significant that in CRC cell
lines, it has been shown that SA can induce apopto-
sis, inhibit proliferation, reduce NF«B activity and
proteasome regulation, indicating its potential to in-
hibit cell invasion and migration (13). Caffeic acid,
on the other hand, can inhibit key signaling pathways
involved in tumor progression, including NF«B,
STAT3, ERK1/2, and AP-1, resulting in decreased
expression of angiogenesis factor (VEGF) and inva-
sive enzymes such as MMP-2 and MMP-9 (12).
Besides well-documented antioxidant and anti-in-
flammatory properties of the SA and CA, their role
in cancer progression remains poorly understood,
particularly regarding their influence on the invasion
and migration of CRC cells, processes that are cen-
tral to tumor metastasis and poor clinical outcomes.
Therefore, this study aims to investigate the effects
of these phenolic acids on the invasive and migratory
behavior of colorectal cancer cells, with particular
focus on their role as non-cytotoxic modulators of
cancer progression.

Materials and Methods

Cell cultivation

Human epidermal keratinocytes (HaCaT, CLS — Cell
Lines Service, Eppelheim, Germany) and human
CRC cell lines (HCT-116, ATCC CCL-247, and
SW-480, ATCC CCL-228, ATCC - American Type
Culture Collection, Manassas, Virginia, USA) were
used in this study. They were cultured in high-glu-
cose DMEM (EuroClone, Italy), supplemented with
10% fetal bovine serum and antibiotics (Penicil-
lin/streptomycin Solution 100x, Capricorn Scien-
tific, Germany). Cells were cultured in a humidified
atmosphere of 5% CO, at 37 °C. Cells were grown
in 75 cm? culture bottles containing 10 mL of
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complete medium, and after one passage, cells were
transferred to appropriate culture vessels for the ex-
periment. All experiments were performed with cells
at 70-80% confluence, unless otherwise noted. Cell
lines were used at low passage numbers. STR profil-
ing for cell line authentication and mycoplasma test-
ing was not performed in this study.

For all experiments, cells were treated with SA and
CA, dissolved in DMEM containing 1% DMSO at
1000 pg/mL, and subsequently diluted to the target
concentrations. Both compounds were purchased
from Sigma-Aldrich (USA), with HPLC purities
>95% for SA (Cat. No: S6881-5G) and > 98% for
CA (Cat. No: C0625-2G).

Cell cytotoxicity assay (MTT assay)

The colorimetric cell cytotoxicity assay used in this
study is the MTT assay (14). For this test, HaCaT,
HCT-116 and SW-480 cells were grown in a 96-well
plate (10* cells per well) and treated after 24 h with
100 pL of each concentration of SA (1, 10, 50, 100,
200, 300, 400, and 500 pg/mL), and CA (1, 10, 50,
100, 200, and 300 pg/mL) for 24, 48, and 72 h. SA
and CA were obtained from Sigma Aldrich (Ger-
many). After treatment, the cells were incubated
with 1 mg/mL MTT for 4 h. DMSO was used to dis-
solve the formazan, and the absorbance was meas-
ured at 492 nm on an ELISA microplate reader (PKL
PCC 142). The percentage of viable cells was calcu-
lated as the ratio of the treated group's absorbance to
the control group's absorbance, multiplied by 100.
Dose-response curves were used to assess cell via-
bility, and ICso values were calculated for each treat-
ment using appropriate software (CalcuSyn, Biosoft,
Cambridge, UK). The selectivity index (SI) was cal-
culated as the ratio of the ICso values in HaCaT nor-
mal cells to those in CRC cells (15).

The concentrations of 10 and 50 pg/mL were se-
lected for other methods because they were non-cy-
totoxic and allowed evaluation of their effects on in-
vasion and migration through signaling pathways.
Cell Invasion

The invasion potential of the HCT-116 and SW-480
cells was monitored using a transwell invasion assay
(16). Cells were seeded in medium without FBS (10°
cells per insert) in transwell inserts (pore size 8 um)
coated with Matrigel (3 mg/mL in serum-free
DMEM), with treatment at targeted concentrations
or medium for control. Medium with 20% FBS was
added to the well below the insert, which served as
an attractant. After 24 h incubation, cells were
stained with 0.1% crystal violet (Sigma-Aldrich,
USA). Stained cells were destained with 10% acetic
acid, and the color was measured on an ELISA mi-
croplate reader (RT-21000C) at 595 nm. The ob-
tained absorbance was expressed as optical density,
and the results were presented as a percentage of in-
vaded cells relative to the control (100%).
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Cell Migration

Transwell assay

The cell migration assay used to monitor single-cell
migration in this research is the transwell assay (17).
Cells (1x10° per insert) were seeded in serum-free
medium with treatments or in control medium with-
out treatment in transwell inserts (8 um pores), with
20% FBS in the lower chamber as a chemoattractant.
After 24 h, cells were stained with 0.1% crystal vio-
let (Sigma-Aldrich, USA), destained with 10% ace-
tic acid, and absorbance was measured at 595 nm us-
ing an ELISA microplate reader (RT-21000C). Re-
sults were expressed as optical density and presented
as a percentage relative to the control (100%).
Wound healing assay

To monitor the collective migratory potential of
HCT-116 and SW-480 cells, a wound-healing assay
was performed (16). Cells were seeded into 6-well
plates at equal volumes and cultured to 90% conflu-
ency. After reaching confluency, a scratch was made
in the middle of the well with a sterile 200 pL pipette
tip. Medium was added to the control cells, and the
target treatment concentrations (10 and 50 pg/mL)
were added to the others. The zero hour of the treat-
ment was used as a control, and the treatment effect
was monitored and visualized under a fluorescent
microscope (Nikon Ti-Eclipse) at 100x magnifica-
tion at 6, 12, and 24 h. Images were quantified in
ImagelJ. The results are expressed as a percentage of
the relative wound gap and were calculated by divid-
ing the relative wound area in the treated group by
that in the control group at the corresponding time
point, then multiplying by 100.

RNA isolation and Reverse transcription (RT-PCR)
HCT-116 and SW-480 cell lines were treated with
targeted concentrations of the tested substances (10
and 50 pg/mL) or with fresh medium (control) and
cultivated for 24 h. After the incubation period, RNA

was isolated using the TRIzol method (18) with
RNA extraction (Eurx, Poland). The total RNA con-
centration was measured on a Spectrophotometer
(Eppendorf BioPhotometer) and translated into com-
plementary DNA (cDNA) using the NG dART RT
kit (EURX, Poland). Each reverse transcription reac-
tion for mRNA, in a total volume of 40 pL, con-
tained all components according to the kit instruc-
tions and 1 pg of RNA template. Random hexamer
primers supplied with the kit were used for cDNA
synthesis. The reaction mixture for reverse transcrip-
tion was incubated for 10 min at 25 °C, 50 min at 50 °C,
and then inactivated at 85 °C for 5 min.

Relative gene expression (qRT-PCR assay)

The relative mRNA expression of target genes
(NFkB, CTNNBI (gene that codes B-Catenin), Vi-
mentin, SNAIL1, and MMP9) was determined rela-
tive to a housekeeping gene (B-actin) from cDNA.
SG/ROX gPCR Master Mix (2x) (EURx, Poland)
was used in this study for gene expression analysis,
with the 7500 Real-Time PCR System (Applied Bi-
osystems 7500/7500 Fast Real-Time PCR Software
ver. 2.0). Primer (Metabion, Germany) sequences
used in this study are shown in Table I. Each PCR
reaction, with a total volume of 20 pL, consists of
the kit components at the concentrations indicated in
the instructions. PCR reaction was incubated 2 min
at 50 °C and 10 min at 95 °C, following 45 cycles of
amplification (15 s on 94 °C, 30 s on 55-60 °C — an-
nealing temperatures were presented in Table I, and
30 s on 72 °C, according to the manufacturer). Melt
curve analysis was performed between 55 °C and 94 °C.
The results were calculated using a 2"*4“* method for
relative gene expression (19). This method involves
comparing the expression of target genes with that
of an endogenous control (housekeeping gene) in
both the treatment and control samples.

Table I

Primers used in the qRT-PCR reaction

Primer Forward sequence Reverse sequence Annealing temperature
P-actin 5-AAGCAGGAGTATGACGAGTCCG-3' | 5-GCCTTCATACATCTCAAGTTGG-3' 60°C
NFkB 5ATGGCTTCTATGAGGCTGAG-3' “GTTGTTGTTGGTCTGGATGC-3' 57°C
CTNNB-1 5-AAAATGGCAGTGCGTTTAG-3' “TTTGAAGGCAGTCTGTCGTA-3' 55°C
Vimentin 5"GGCTCAGATTCAGGAACAGC-3' 5'-AGCCTCAGAGAGGTCAGCAA-3' 60°C
SNAIL-1 | S“TCAGACGAGGACAGTGGGAAAG-3'| 5-GCTTGTGGAGCAGGGACATTC-3' 60°C
MMP-9 5"TGCCCGGACCAAGGATACAG-3' 5-"TCAGGGCGAGGACCATAGAG-3' 57°C

Immunocytochemistry group. After 24 h incubation, the cells were fixed

The immunocytochemical method was used to
measure protein expression of ICAM-1 (ELK Bio-
technology, USA; 1:200), uPA (ELK Biotechnol-
ogy, USA; 1:200), and MMP-9 (R&D systems,
USA; 1:200) in CRC cell lines (HCT-116 and SW-
480). The method was performed according to the
protocol (20). After seeding cells on coverslips, the
cells were treated with selected concentrations in
treatment groups and with medium in the control
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with 4% paraformaldehyde and permeabilized with
absolute methanol. Non-specific binding sites were
blocked with 1% bovine serum albumin, and the
samples were then washed with PBS. The cells were
then incubated with primary antibodies. MMP-9 was
detected using Alexa-conjugated secondary anti-
body (Sigma Aldrich, Germany). In contrast, uPA
and ICAM-1 were detected using a Cy3-conjugated
secondary antibody (Sigma-Aldrich, Germany),
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both at a dilution of 1:200. Immunofluorescence
staining for each marker was performed on separate
coverslips and not in a multiplex manner. The nuclei
were stained with DAPI (Sigma-Aldrich, Germany;
1:1000).

Cells were imaged under a fluorescent microscope
(Nikon Ti-Eclipse) at 1000x magnification. The re-
sults are presented as relative fluorescence per cell,
quantified in ImageJ by measuring the cell area and
subtracting background fluorescence. At least 20
cells per treatment/control were analyzed to calcu-
late the mean + SE.

Statistical analysis

The results in this study were presented as the means
of three independent experiments. The data were ex-
pressed as mean + standard error (S.E.). One-way
ANOVA was used to determine statistical signifi-
cance (p < 0.05). The statistical analysis was per-
formed using SPSS (SPSS for Windows, V17, Chi-
cago, IL, USA). The effect on cell viability has
flowed from dose curves. The cytotoxic effect of
each tested complex was expressed by ICsg values,
which were calculated from the dose curves by a
computer program (CalcuSyn, V2.1, Biosoft, Cam-
bridge, UK). The ImagelJ software (ImagelJ, V1.53a,
National Institutes of Health, Bethesda, Maryland,
USA) was used to measure wound width and protein
expression fluorescence intensity. GraphPad Prism
(GraphPad Software, V8.0.2, San Diego, CA, USA)
was used to present the results graphically.

Results and Discussion

In this study, the effects of SA and CA treatments on
CRC cells were investigated with a focus on their in-
vasive and migratory potential. Initially, the antipro-
liferative activity of both compounds was evaluated
using the MTT assay to determine viability, ICso val-
ues, and selectivity indices toward CRC cells. Sub-
sequently, the impact of the treatments on cell inva-
sion and migration was assessed through functional
assays. Finally, to explore the molecular pathways
affected by the treatments, the expression of inva-
sion and migration markers was determined at the
gene and protein levels.

Antiproliferative effect

The cell viability of CRC cell lines was evaluated
using the MTT assay. The results were shown in Fig-
ure 1. SA had minimal impact on cell viability at
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lower concentrations and may even promote prolif-
eration. An antiproliferative effect was observed
only at concentrations above 200 png/mL, with HCT-
116 cells being more sensitive compared to SW-480
cells. In contrast, CA exhibited a stronger effect. At
concentrations above 200 pg/mL, viability was re-
duced, whereas lower concentrations showed only a
moderate proliferative effect.

As summarized in Table II, the antiproliferative re-
sponse was independent of treatment duration. Caf-
feic acid generally showed greater cytotoxicity, with
lower ICso values than SA, whereas SW-480 cells
showed notable resistance, with ICso values above
500 pg/mL. To assess the toxicity of the tested acids
and their therapeutic potential, particularly on cancer
cells, an SI was calculated. A higher SI indicates
greater sensitivity of cancer cells compared with nor-
mal cells, suggesting that the treatment preferentially
targets cancer cells. Based on the results in Table II,
CA has a stronger effect on both CRC cell lines than
SA does. These were consistent with the literature
results (21), which have reported higher 1Csy values
for SW1116 (0.95-1.15 mg/mL) and SW837 (1.13-
1.2 mg/mL) in CRC cell lines treated with SA. Mi-
hanfar (22) showed that 48 h after treatment with
SW-480, SA also had a high IC50 value (1200 uM).
Notably, there is a lack of published data regarding
the cytotoxicity of SA on HCT-116 cells. Analyzing
the CA effect in literature, similar low cytotoxic ef-
fects have been described by Secme et al. (23) for
HCT-116 cells (ICso values 826.59 uM at 24h), and
by (24) for SW-480 cells (ICso values were 742.8
pg/mL at 24 h and 460.7 pg/mL at 72 h). Syringic
acid showed weak activity in both colorectal cancer
cell lines, with SI values below 1, indicating a lack
of cancer cell selectivity. In contrast, CA demon-
strated a moderately active effect, as indicated by
ICso values greater than 1, suggesting considerable
anticancer specificity (25, 26). These findings sug-
gest that CA represents a promising compound for
further investigation as a selective anticancer agent.
Nevertheless, this interpretation should be consid-
ered with caution, as HaCaT cells, although widely
used as a model of normal epithelial cells, are not
tissue-specific. Therefore, the inclusion of normal
colon epithelial cells as a more appropriate non-ma-
lignant control would provide a more accurate as-
sessment of anticancer selectivity.
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Figure 1.

The effect of SA and CA treatments on HaCaT, HCT-116, and SW-480 cell lines' viabilities, after 24, 48, and 72
h of exposure. Results are expressed as a percentage of viable cells (mean + standard error of three independent
experiments) relative to the control (100%). *indicates statistical significance (p < 0.05) evaluated by One-way

Anova using Tukey post hoc test, treatment vs. control

Table 11

Antiproliferative effect - ICso values (ug/mL) and selectivity index - SI of SA and CA treatments on HaCaT,
HCT-116, and SW-480 cell lines after 24, 48, and 72 h exposure. ICso values are calculated based on percentages
of viable cells, and SI results are calculated based on ICso values

ICso (ng/mL) SI
Treatment SA CA SA CA
24h | 17292 +0.08 | 222.98 +3.14 ND ND
HaCaT 48h | 144.66 £1.71 | 180.93 +0.65 ND ND
72h | 117.21+£0.99 | 132.24 +0.71 ND ND
24h | 24227 +1.85 | 158.72+4.41 | 0.713 £0.005 | 1.407 £0.059
HCT-116 48h | 4003+28 138.14+0.85 | 0.361 £0.002 | 1.31+0.013
72 h 372+ 1 50.01 £0.65 | 0.315+0.003 | 2.645 +0.048
24 h > 500 149.25 +1.91 ND 1.494 +0.04
SW-480 48h | 367.43£2.06 | 96.14+4.27 | 0.394+£0.007 | 1.884 £0.077
72 h > 500 77.05+1.27 ND 1.717 £0.038

Results are presented as the mean =+ standard error of three independent experiments. ND — Non-determined
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Invasive and migratory potential

The anti-invasive and anti-migratory effects of SA
and CA on HCT-116 and SW-480 CRC cell lines
were tested by the Transwell (with and without Mat-
rigel) and Wound Healing assays. As shown in Fig-
ure 2, both treatments significantly reduced the

percentage of invaded and migrated cells. In HCT-
116 cells, SA was more effective at low doses, and
CA at high doses, whereas in SW-480 cells, both ac-
ids had stronger responses at low concentrations, in-
dicating distinct mechanisms.

HCT-116 SW-480
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Figure 2.

Anti-invasive and anti-migratory potential of CRC cells after 24 h of incubation with targeted concentrations of
SA and CA (pg/mL). Results are expressed as percentages (the mean + standard error of three independent ex-
periments) relative to the control (100%). *indicates statistical significance (p < 0.05) evaluated by One-way
Anova using Tukey post hoc test, treatment vs. control

The Wound Healing Assay results shown in Figure
5 were calculated based on the micrographs pre-
sented in Figures 3 and 4. As shown in the micro-
graphs (Figures 3 and 4), untreated HCT-116 control
cells migrated by forming a distinct migratory front,
gradually closing the wound area, or by detachment
of cell clusters that migrated collectively. In contrast,
SW-480 cells exhibited a predominantly single-cell
migration pattern. Our results indicate that SW-480
cells exhibit higher basal migration than HCT-116
cells. Overall, collective migration observed in the
Wound Healing Assay was weaker than the individ-
ual migration measured by the Transwell Assay.
This difference is expected, as the two methods as-
sess distinct aspects of migratory potential. SA at
both concentrations reduced collective migration,
with a pronounced inhibition at the higher concen-
tration in SW-480 cells. In contrast, CA demon-
strated a clear dose-dependent effect in HCT-116
cells, while in SW-480 cells, a stronger inhibitory ef-
fect was observed at the lower concentration. Those
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results suggest a cell line—specific response. Con-
sistent with our results, (21) presented similar effects
of SA on the invasive and migratory potential of
SWI1116 and SW837 CRC cells. Additionally,
Secme et al. (23) reported that CA suppressed the
invasive potential of HCT-116 cells, with 79.74% of
cells invading. Park ef al. (27) also described the in-
hibited migratory capacity of HCT-116 cells. These
results suggest that both tested phenolic acids exert
anti-invasive and anti-migratory effects, although
their efficacy is cell line—dependent, with SW-480
cells showing greater sensitivity to treatment. This
interpretation should be considered in the context of
the experimental design, as the wound healing assay
was performed over a 24 h period, which predomi-
nantly reflects cell migration (28). However, in the
absence of a proliferation inhibitor, a contribution of
cell proliferation to wound closure cannot be entirely
excluded. Therefore, the observed effects likely rep-
resent a combined influence on cell motility and pro-
liferation-related processes.
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Figure 3.
Micrographs of the gap in the Wound healing assay in HCT-116 control and treated cells at different time points
(0, 6, 12, and 24 h)

SW-480 Control SA10 SA50 CA10 CA50

Oh
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Figure 4.
Micrographs of the gap in the Wound healing assay in SW-480 control and treated cells at different time points
(0, 6, 12, and 24 h)
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Figure 5.

Effects of SA and CA on the collective migration of CRC cells are presented as relative changes in gap width
(mean = standard error of three independent experiments) relative to the initial (zero) hour. Results are presented
as the mean =+ standard error of three independent experiments. *indicates statistical significance (p < 0.05) eval-

uated by One-way Anova using Tukey post hoc test, treatment vs. 0 h

Invasive and migratory markers on gene and protein
levels

The expression of genes, including the transcription
factor NFxB, the EMT-associated marker CTNNB-1,
and the pro-invasive markers VIMENTIN, SNAIL-1,
and MMP-9, was evaluated to assess changes in gene
expression profiles potentially associated with NFxB
signaling's role in regulating invasion and migration
under SA and CA treatments. However, it should be
noted that NFxB expression does not directly reflect
NF«B transcriptional activity, which is primarily
regulated post-translationally. Therefore, functional
implications remain limited. In parallel, the protein
levels of uPA and MMP-9, key mediators of extra-
cellular matrix degradation, and ICAM-1, a mole-
cule associated with cell adhesion and metastatic dis-
semination, were analyzed. This integrated gene and
protein profiling approach enables a preliminary as-
sessment of potential associations within the NFkxB—
uPA-MMP-9 regulatory axis, rather than a direct
evaluation of NFkB pathway activity as a target of
bioactive compounds with potential modulatory ef-
fects on tumor invasion.

Syringic acid modulated the expression of EMT-
related markers in a concentration-dependent man-
ner in HCT-116 cells. At lower concentrations, SA
induced SNAIL-1 and CTNNB-1 expression, sug-
gesting activation of EMT-associated pathways;
however, the downregulation of Vimentin and the
suppression of MMP-9 indicate that cytoskeletal re-
programming and an invasive phenotype were not
achieved (Figure 6). These findings, together with
the observed decrease in NFxB expression, need to
be interpreted in light of NFkB signaling's post-
translational regulation. Further functional studies
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would be required to clarify its role in EMT regula-
tion, while involvement of other signaling pathways,
including Wnt/B-catenin (29), PI3K/AKT (30),
Hedgehog-GLI, and NOTCH (31), cannot be ex-
cluded. These were not directly investigated in this
study. In contrast, higher concentrations of SA sup-
pressed SNAIL-1 and CTNNB-1 expression while in-
ducing Vimentin expression, which may be con-
sistent with stress-associated cytoskeletal remo-de-
ling rather than functional EMT. Importantly, inva-
sion-associated mediators were downregulated at all
concentrations, correlating with the observed anti-
migratory and anti-invasive effects. Partial EMT in-
volves modulation of EMT-regulating transcription
factors (SNAIL-1, CTNNB-1, and NF-kB), together
with partial changes in mesenchymal markers and
invasion-related mediators (MMP-9, uPA, and
ICAM-1) (32). In contrast, stress-associated cyto-
skeletal remodeling involves alterations in structural
cytoskeletal components typical of mesenchymal
cells. Still, it occurs in the absence of activation of
EMT transcriptional regulators and invasion-associ-
ated functional proteins (33). In SW-480 cells, SA
induced upregulation of SNA/L-1 as a mesenchymal
marker at both tested concentrations; however, this
was followed by suppression of CTNNB-1 and inva-
sion-associated proteins ICAM-1, uPA, and MMP-9
(results of protein expression were calculated based
on micrographs shown in Figures 7 and 8 and pre-
sented in Figure 9). Importantly, inhibition of key
proteolytic mediators at the protein level suggests
that SA interferes with EMT function, resulting in a
less invasive phenotype despite mesenchymal
marker induction.
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Figure 6.

Relative gene expression of target genes (NFxB, CTNNB-1, Vimentin, SNAIL-1, and MMP-9) in HCT-116 and
SW-480 cell lines 24 h after SA and CA treatments. Results are presented as the mean =+ standard error of three
independent experiments. *indicates statistical significance (p < 0.05) evaluated by One-way Anova using Tukey
post hoc test, treatment vs. control
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Figure 7.
Representative micrographs of targeted proteins (ICAM-1, uPA, and MMP-9) under the treatments in HCT-116
cells used for relative quantification of expression
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Figure 8.
Representative micrographs of targeted proteins (ICAM-1, uPA, and MMP-9) under the treatments in SW-480
cells used for relative quantification of expression
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Figure 9.

Relative protein expression of ICAM-1, uPA, and MMP-9 proteins in HCT-116 and SW-480 cell lines 24 h after
SA and CA treatments. Results are presented as the mean + standard error of three independent experiments. *in-
dicates statistical significance (p < 0.05) evaluated by One-way Anova using Tukey post hoc test, treatment vs.

Syringic acid modulated the expression of EMT-
related markers in a concentration-dependent man-
ner in HCT-116 cells. At lower concentrations, SA
induced SNAIL-1 and CTNNB-1 expression, sug-
gesting activation of EMT-associated pathways;
however, the downregulation of Vimentin and the
suppression of MMP-9 indicate that cytoskeletal re-
programming and an invasive phenotype were not
achieved (Figure 6). These findings, together with
the observed decrease in NFkB expression, need to
be interpreted in light of NFkB signaling's post-
translational regulation. Further functional studies
would be required to clarify its role in EMT regula-
tion, while involvement of other signaling pathways,
including Wnt/B-catenin (29), PI3K/AKT (30),
Hedgehog-GLI, and NOTCH (31), cannot be ex-
cluded. These were not directly investigated in this
study. In contrast, higher concentrations of SA sup-
pressed SNAIL-1 and CTNNB-1 expression while in-
ducing Vimentin expression, which may be con-
sistent with stress-associated cytoskeletal remo-de-
ling rather than functional EMT. Importantly, inva-
sion-associated mediators were downregulated at all
concentrations, correlating with the observed anti-
migratory and anti-invasive effects. Partial EMT in-
volves modulation of EMT-regulating transcription
factors (SNAIL-1, CTNNB-1, and NF-kB), together
with partial changes in mesenchymal markers and
invasion-related mediators (MMP-9, uPA, and
ICAM-1) (32). In contrast, stress-associated cyto-
skeletal remodeling involves alterations in structural
cytoskeletal components typical of mesenchymal
cells. Still, it occurs in the absence of activation of
EMT transcriptional regulators and invasion-associ-
ated functional proteins (33). In SW-480 cells, SA
induced upregulation of SNAIL-1 as a mesenchymal
marker at both tested concentrations; however, this
was followed by suppression of CTNNB-1 and inva-
sion-associated proteins ICAM-1, uPA, and MMP-9
(results of protein expression were calculated based
on micrographs shown in Figures 7 and 8 and
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presented in Figure 9). Importantly, inhibition of key
proteolytic mediators at the protein level suggests
that SA interferes with EMT function, resulting in a
less invasive phenotype despite mesenchymal
marker induction.

Caffeic acid results showed effects similar to those
of SA, with a few differences. Based on the results
of the gene expression profile of EMT markers under
the influence of CA (Figure 6), the increased NFxB
gene expression at higher concentrations in the
HCT-116 cell line may suggest a higher requirement
for NF«B protein. Therefore, further functional as-
sessment of NFkB activity is required to clarify its
role in stress responses and pathway activation (34).
In addition, in both treatment concentrations on
HCT-116 cells, the decrease in CTNNB-1 expres-
sion and the increase in pro-invasive VIMENTIN,
while simultaneously decreasing SNAIL-1, may in-
dicate partial EMT-like changes but have not yet ac-
quired all the morphological characteristics of mes-
enchymal cells (32). Secme et al. (23) reported sig-
nificantly decreased MMP-9 gene expression in
HCT-116 cells, consistent with our results. On the
other hand, SW-480 cells exhibit greater resistance
to treatment, and most of the expressed genes sug-
gest a pro-invasive potential. However, regulatory
mechanisms in the post-transcriptional or post-trans-
lational pathways may contribute to reduced protein
expression of key pro-invasive proteins, such as
ICAM-1 and MMP-9 (protein expression was quan-
tified from micro-graphs shown in Figures 7 and 8
and presented in Figure 9). Given the limited data on
the biological effects of pure CA, comparing it with
its more extensively studied derivative, caffeic acid
phenethyl ester (CAPE), may provide useful mech-
anistic insight. Previous studies have demonstrated
that CAPE reduces B-catenin expression in SW-480
(35) and HCT-116 cells (36), supporting the notion
that CA derivatives may modulate EMT-related sig-
naling pathways. This is the case with our results on
the HCT-116 cell line at both concentrations, while
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treatment on the SW-480 line showed no significant
differences. Also, CAPE reduced MMP-9 expres-
sion in hepatocellular carcinoma (37), which is con-
sistent with our results showing lower concentra-
tions of CA treatment reduced MMP-9 expression in
both cell lines. CA appears to modulate invasion and
EMT markers depending on the cell line tested, po-
tentially inducing partial EMT in HCT-116 cells
while suppressing the pro-invasive potential of SW-
480 cells at the protein expression level.

Due to uneven expression of EMT markers, we ob-
serve partial EMT, characterized by the coexpres-
sion of epithelial and mesenchymal markers. Still,
cells do not exhibit full invasive capacity, as indi-
cated by functional migration assays (32).

Conclusions

In conclusion, both SA and CA demonstrated weak
cytotoxic effects in HCT-116 and SW-480 CRC
cells and significantly reduced their invasive and mi-
gratory potential. These effects are associated with
modulation of key EMT, invasion, and migratory
markers, including SNAIL-1, VIMENTIN, CTNNB-1,
MMP-9, uPA, and ICAM-1. Based on the results for
gene and protein expression, it can be concluded that
cells undergo partial EMT. These findings indicate
activation of some other signaling pathways and
time-dependent regulation of transcription factors.
Overall, these findings suggest that SA and CA ex-
hibit anti-invasive and anti-migratory properties in
the tested CRC lines, providing a basis for additional
studies to further confirm their mechanisms of action
and therapeutic applicability.
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