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Abstract

Colorectal cancer is one of the leading causes of cancer-associated mortality, and mul-
tifactorial resistance remains one of the main challenges in its treatment. Essential oils
and their main compounds show interesting anticancer properties, but their mechanism
of action is yet to be defined. This study aims to assess the cytotoxic effects of eugenol
(EU) and cinnamaldehyde (CN) on colorectal cancer (CRC) cells, highlighting possible
mechanisms of action. These compounds were tested on normal immortalized colonocytes
(NCM-460) and two CRC cell lines: Caco-2, a human colon epithelial adenocarcinoma
cell line, and SW-620, colon cancer cells derived from a lymph node metastatic site. The
efficacy of EU and CN was evaluated through CellTiter-Glo® and clonogenic assays and
by determining proinflammatory cytokine secretion. Transcriptome analysis was used to
identify possible pathways affected by EU and CN treatments. The results confirmed that
EU and CN were selectively cytotoxic and pro-apoptotic against CRC cells, with different
putative mechanisms. While EU drove cytotoxicity through robust transcriptional remodel-
ing, CN yielded a stronger anti-inflammatory action. We confirmed that EU and CN are
promising natural candidates in CRC prevention and treatment, even in association with
chemotherapeutic drugs.

Keywords: colorectal cancer; eugenol; cinnamaldehyde; essential oils; antitumor activity;
transcriptomics

1. Introduction
Colorectal cancer (CRC) is the third-most diagnosed cancer and represents the second

leading cause of cancer-associated mortality. Each year, it accounts for 1.8 million new
cases and nearly 900,000 deaths worldwide [1]. CRC accounts for approximately 10% of all
annually diagnosed cancer cases, exhibiting a high prevalence in industrialized countries.
A rising incidence of CRC is also observed in developing countries, primarily attributed
to evolving lifestyle patterns and the adoption of a Western-style diet [2]. CRC exhibits
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significant genetic and molecular heterogeneity, driven by mutations in critical genes (APC,
KRAS, TP53) and by dysregulation of different key pathways (Wnt, PI3K/AKT) [2,3]. These
alterations lead to increased proliferation and decreased apoptosis and cell differentiation,
thus contributing to tumor growth. CRC pathogenesis also involves alteration in pathways
related to DNA repair and epigenetic modifications, such as histone chemical alterations,
which further promote malignancy and chemoresistance [4–7]. Moreover, there is grow-
ing evidence that the tumor microenvironment, including gut microbiota and chronic
low-grade gut inflammation, may enhance the oncogenic processes and tumor aggres-
siveness [4,6]. CRC typically arises from adenomatous polyps through a slow malignant
transformation process requiring years. Polyp size typically correlates with malignant
outcome, with lesions exceeding 1–2 cm associated with a significantly higher risk [2,8].
Despite advancements in diagnostic techniques and therapeutic approaches, CRC contin-
ues to exhibit high mortality rates, particularly in advanced stages, with a recurrence rate
of 20–35% after treatment. However, screening programs, such as colonoscopy or fecal
blood tests, have proved to be effective in reducing mortality by allowing early treatment.
Prognosis in CRC is closely tied to the stage at diagnosis, with a five-year survival rate
exceeding 90% for localized cases but dropping below 15% for metastatic disease [3,8–10].

CRC therapies involve surgery, chemotherapy, and emerging targeted biological ther-
apies against specific molecular targets, such as anti-epidermal growth factor receptor
(EGFR) and anti-vascular endothelial growth factor (VEGF). Despite these advancements,
therapy resistance remains one of the major challenges in managing the disease. Drug
resistance can be induced by the tumor microenvironment and by mutations within critical
signaling cascades, such as the PI3K/AKT and Wnt pathways [11,12]. In this context, pre-
vention remains a key strategy, particularly in non-sporadic forms, to avoid the progression
of precancerous lesions. Given the long latency period between benign dysplasia and
malignant adenocarcinoma, there is significant interest in strategies capable of decelerating
this oncogenic transformation [13]. Essential oils (EOs) have garnered increasing interest in
CRC therapy due to their ability to decrease colorectal cancer cell proliferation and to over-
come drug resistance, thus enhancing the efficacy of traditional chemotherapies [13–15].
Our previous studies have demonstrated that eugenol (EU) and cinnamaldehyde (CN),
single compounds of EO, exert significant anticancer effects in CRC cell lines, specifically
Caco-2 and SW-620 [16]. We found that EU primarily induces late apoptosis and necrosis,
while CN triggers cell cycle arrest and also enhances necrosis. Notably, both compounds
demonstrated minimal effects on a normal colon mucosa cell line (NCM-460), suggesting
a selective activity against CRC cells [16]. The present study aimed to further dissect the
anti-tumor activity of these compounds, focusing on the molecular mechanism involved.
In particular, we better characterized their efficacy by using tumor 3D spheroid models,
as well as by analyzing the secretion of key cytokines involved in CRC progression, while
the molecular mechanisms underlying their antitumor activity were investigated through
exploratory transcriptomic and proteomic analyses.

2. Results
2.1. Effects of EU and CN on Spheroid Growth

To evaluate the antitumor potential of EU and CN in a 3D model, we tested their
effects on Caco-2 spheroid growth. Based on their non-toxic dosage previously defined in
healthy NCM-460 cells [16], we selected EU 300 µM and 600 µM and CN 75 µM and 150 µM
for this assay. Incubation of Caco-2 spheroids with EU (300 or 600 µM) did not result in
a significant reduction in their number, although a decrease in spheroid size was clearly
observed (Figure 1A). In contrast, Caco-2 cells exhibited complete inhibition of spheroid
growth following CN treatment at both concentrations tested (75 and 150 µM) (Figure 1B).
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Figure 1. Evaluation of colony formation after treatment with EU (300 µM and 600 µM, panel (A)) and
CN (75 µM and 150 µM, panel (B)). After a 14-day incubation, colony formation by Caco-2 cells were
evaluated by microscopy and the number and size of colonies was determined using ImageJ software
(version 1.54). Data represent the mean ± SEM of three independent experiments (n = 3). * = p < 0.05
and **** p < 0.0001 compared to untreated cells (0); ns = not statistically significant.

2.2. Effect of EU and CN Co-Administration on the Metabolic Activity of CRC Cells

Based on the growth inhibition observed in the 3D model, we moved to a 2D monolayer
system to quantify the cytotoxic impact and explore the potential combined effects of the
two compounds. The cytotoxic/antiproliferative potential of EU and CN, alone and in
combination, was evaluated in SW-620 and Caco-2 cells, as well as in non-tumoral NCM-
460 cells. In SW-620 cells, EU significantly reduced viability by 30.2% at 600 µM and 24.9%
at 300 µM. Similarly, CN at 75 µM significantly affected SW-620 cell viability (−22.3%),
while CN at 37.5 µM had no effect. A statistically significant reduction in cell proliferation
was also observed for the combined treatments with respect to control cells (Figure 2B): EU
600 µM + CN 75 µM (−26.2%); EU 300 µM + CN 37.5 µM (−26.7%). These effects were
similar to those obtained with single treatments. In Caco-2 cells, EU at 600 µM and 300 µM
resulted in significantly reduced viabilities, with decreases of 35.4% and 45.3%, respectively,
comparable to reductions underlying the absence of a dose-response effect. In the same
cells, CN at 75 µM induced a significant reduction in proliferation (−22.5%), whereas at
the lower concentration (37.5 µM) no anti-proliferative activity was evident. Combinations
of EU and CN significantly affected Caco-2 viability (Figure 2C), with reductions of 31.4%
for EU 600 µM + CN 75 µM and of 36.5% for EU 300 µM + CN 37.5 µM, values not
statistically different from those obtained with the single compounds. Interestingly, none
of the treatments affected the metabolic activity of NCM-460 cells (Figure 2A).
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Figure 2. Antiproliferative and cytotoxic effects of EU and CN, alone or in combination, in NCM-
460 (A), SW-620 (B), and Caco-2 (C) cell lines. Cells were treated with EU (600 and 300 µM) and
CN (75 and 37.5 µM), alone or in combination, for 24 h and subsequently subjected to CellTiter
Glo® 2.0 assay. Cell viability is expressed as the percentage of untreated control cells (CTL). Data
represent the mean ± SEM of three independent experiments (n = 3), each analyzed in technical
triplicate. Statistical significance: * = p < 0.05 compared to CTL values.

2.3. Cytokines Analysis

Since chronic inflammation is a key driver of colorectal cancer progression, we investi-
gated whether the observed antiproliferative effects were associated with a modulation of
pro-inflammatory cytokine secretion. In SW-620 cells, only EU at the higher concentration
(600 µM) significantly reduced IL-4 levels (−83.17% compared to LPS positive control,
p < 0.01). Also, CN at both the concentrations tested, reduced IL-4 levels (−83.1% for CN
75 µM, p < 0.01 and −82.5% for CN 37.5 µM, p < 0.01). The combination of EU + CN
(Figure 3B) resulted in similar IL-4 reduction with respect to the LPS positive control
(−83.7% for EU 600 µM + CN 75 µM, p < 0.01 and −46.8% for EU 300 µM + CN 37.5 µM,
p < 0.01), showing no statistically significant difference compared with the single treat-
ments. In Caco-2 cells (Figure 3C), EU significantly reduced IL-4 levels with respect to
the LPS positive control (−74.6% for EU 600 µM, p < 0.01 and −52.5% for EU 300 µM,
p < 0.01). Also, CN significantly decreased IL-4 levels in Caco-2 cells with respect to the LPS
positive control (−60.4% for CN 75 µM, p < 0.01 and −46.2% for CN 37.5 µM, p < 0.01). The
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combination EU + CN at the higher doses (EU 600 µM + CN 75 µM) showed a reduction
in IL-4 (−74.6% with respect to LPS positive control, p < 0.01) not statistically different
from the effects observed with the single doses, while at lower doses (EU 300 µM + CN
37.5 µM) the combination EU + CN showed a more powerful effect than single doses
(−85.4% with respect to LPS positive control, p < 0.001;). In NCM-460 cells, only EU at the
lower dose (300 µM) significantly reduced IL-4 secretion with respect to LPS treatment
(−43.2%, p < 0.01). No significant reductions were observed for CN and for the combined
treatments (Figure 3A).

Figure 3. Effects of EU and CN, alone or in combination, on the secretion of the inflammatory
cytokine IL-4 into the culture media. NCM-460 cells (A), SW-620 (B), and Caco-2 (C). ** p < 0.01 and
*** p < 0.001 compared to the LPS-stimulated positive control. Data represent the mean ± SEM of
three independent experiments (n = 3), with each condition analyzed in technical quadruplicate.

For IL-8 secretion, in SW-620 cells (Figure 4B) a significant reduction compared to LPS
positive control was observed for EU 600 µM (−27.9%, p < 0.05) but not for EU 300 µM.
Instead, CN at both concentrations significantly and markedly reduced IL-8 levels (−82.2%
for CN 75 µM, p < 0.01 and −66.5% for CN 37.5 µM, p < 0.01). In SW-620, the combined
EU + CN treatment resulted in IL-8 reductions with respect to LPS treatment like those
observed for CN alone (−81.6% for EU 600 µM + CN 75 µM, p < 0.01 and −77.3% for EU
300 µM + CN 37.5 µM, p < 0.01). In Caco-2 cells (Figure 4C), IL-8 secretion was not affected
by EU but was significantly decreased by CN treatment with respect to LPS positive control
(−92.5% for CN 75 µM, p < 0.01 and −90% for CN 37.5 µM, p < 0.01). The combination
EU + CN led to IL-8 reduction with respect to LPS positive control, comparable to that
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obtained by CN treatment (−94.3% for EU 600 µM + CN 75 µM, p < 0.01 and −94.2% for
EU 300 µM + CN 37.5 µM, p < 0.01). In NCM-460 cells (Figure 4A), both EU 600 µM and
EU 300 µM significantly but moderately reduced IL-8 levels with respect to LPS positive
control (−27.7% for EU 600 µM, p < 0.01 and −36.4% for EU300 µM, p < 0.01). Also, CN,
but only at 37.5 µM, significantly reduced IL-8 secretion with respect to LPS treatment
(−15.5% for 37.5 µM, p < 0.05), although the reduction was moderate. No significant effects
on IL-8 were observed in NCM-460 with EU + CN combined treatment.

Figure 4. Effects of EU and CN, alone or in combination, on the secretion of the inflammatory
cytokine IL-8 into the culture media. NCM-460 (A), SW-620 (B), and Caco-2 (C) cells. * p < 0.05 and
** p < 0.01 compared to the LPS stimulated positive control. Data represent the mean ± SEM of three
independent experiments (n = 3), with each condition analyzed in technical quadruplicate.

2.4. Transcriptome Analysis

To gain a better understanding of the molecular mechanisms and gene networks
affected by EU and CN treatments, we performed a global transcriptomic analysis using
RNA sequencing on both tumoral and non-tumoral cells. For the transcriptional responses
of the three cell lines (SW-620, Caco-2, and NCM-460) treated with CN (75 µM) and EU
(600 µM), volcano plots (Figure 5) were generated to highlight differentially expressed
genes with an absolute fold change > 1.5 and a posterior probability > 0.85 (red dots
represent overexpressed genes and blue dots downregulated ones).
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Figure 5. Volcano plots of differentially expressed genes after EU (600 µM) and CN (75 µM) treatment
in NCM-460 (A), SW-620 (B), and Caco-2 (C). Each plot represents the results of the comparison
between treated and untreated cells, with the X-axis depicting the Log2 (fold change) and the
Y-axis showing statistical significance as −log10 (1-prob). Blue and red dots represent downreg-
ulated and overexpressed genes, respectively, with an absolute fold change > 1.5 and a posterior
probability (P) > 0.85 (as determined by the NOISeq algorithm). These values were selected as thresh-
olds, represented by the dashed gray lines; gray dots represent genes that did not exceed these
significance criteria.

For SW-620 cells treated with EU, the volcano plot showed a robust transcriptional
response, balanced between up- and downregulated genes. EU displays stronger tran-
scriptional changes with respect to CN, especially for the downregulated gene cluster
(Figure 5B).

For Caco-2 cells treated with EU, the volcano plot showed a clear prevalence of
downregulated genes with very high absolute fold change values. The population of
upregulated genes was smaller and less pronounced in terms of magnitude of fold change.
Conversely, in this cell line, CN treatment showed an increased presence of the upregulated
genes; however, in this case most of the differentially expressed genes exhibited fold change
values close to the 1.5 threshold, suggesting a relatively milder transcriptional response for
CN treatment (Figure 5C).

For NCM-460 cells treated with EU and CN, the volcano plots showed a less pro-
nounced transcriptional response compared to the SW-620 and Caco-2 cell lines. Even in
these non-transformed cells, there are few genes severely up- or downregulated by the
treatments (Figure 5A).

2.5. NCM-460—Overrepresentation Analysis

To confirm the safety profile of the treatments at a molecular level, we performed
an overrepresentation analysis (ORA) to verify whether EU or CN affected pathways
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related to cell death or stress in normal colonocytes. According to the ORA, neither EU
nor CN significantly altered genes linked to cell death or proliferation in the hallmark
gene set, suggesting a non-toxic behavior of the two compounds on normal colonocytes
(Figures 6 and 7, Tables 1 and 2).

Figure 6. Overrepresented hallmark gene sets and respective altered genes in NCM-460 cell line when
treated with EU. Size represents the number of altered genes within the groups, indicated in red.

Figure 7. Overrepresented hallmark gene sets and respective altered genes in NCM-460 cell line when
treated with CN. Size represents the number of altered genes within the groups, indicated in red.
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Table 1. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in
NCM-460 cell line when treated with EU.

Gene Count Genes Fold Enrichment Hallmark Gene Set

7 F10/PTGES/ABCC2/MT2A/
FABP1/PDK4/CYP1A1 3.066 Xenobiotic Metabolism

7 CTSE/F10/C8G/MEP1A/
RAPGEF3/CRIP2/HMGCS2 5.44 Coagulation

6 ACSL1/AQP7/FABP1/
HMGCS1/HMGCS2/CYP1A1 3.069 Fatty Acid Metabolism

Table 2. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in
NCM-460 cell line when treated with CN.

Gene Count Genes Fold Enrichment Hallmark Gene Set

2 CYP1A1/FOSB 5.746 UV Response Up

3 CYP1A1/ALDH1A1/
ALDH3A1 8.619 Fatty Acid Metabolism

2.6. SW-620 Overrepresentation Analysis

To understand the transcriptional changes observed in SW-620 cells treated with EU
or CN, the ORA was employed to identify which hallmark genes were most affected by
treatments. In SW-620 cells, EU treatment (Figure 8 and Table 3) affected genes linked
to inflammatory signals (IL-2, STAT5, interferon-g response, TNF-a signaling via NF-
kB), proliferation, survival and differentiation (KRAS signaling down, KRAS signaling
up, hypoxia, estrogen response late, apical surface). Interestingly, CN treatment (Figure 9,
Table 4) was confirmed to have a lower impact on the alteration of gene expression, inducing
changes mainly linked to the inflammatory response pathways.

Figure 8. Overrepresented hallmark gene sets and respective altered genes in SW-620 cell line when
treated with EU. Size represents the number of altered genes within the groups, indicated in red.
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Table 3. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in SW-620
cell line when treated with EU.

Gene Count Genes Fold
Enrichment Hallmark Gene Set

6 AFAP1L2/LYPD3/ATP6V0A4/SRPX/
SLC2A4/MDGA1 6.966 Apical surface

12
ICOSLG/TUBB2A/G0S2/CDKN1A/
TNFAIP2/GPR183/KLF9/IL18/KLF6/

NR4A1/SLC2A3/SGK1
2.896 TNF-α Signaling via NF-kB

10
FGFR3/ATP2B4/SERPINA5/CA2/
OLFM1/CA12/HR/CYP26B1/PTGES/

SGK1
2.413 Estrogen Response Late

10 TGM2/CDKN1A/CA12/IGFBP1/PGF/
MT1E/SRPX/PIM1/KLF6/SLC2A3 2.334 Hypoxia

9 SLPI/G0S2/ADGRA2/PRKG2/CA2/
MYCN/TMEM158/KCNN4/GPRC5B 2.447 KRAS Signaling Up

9 CA2/PSMB9/HSPA1A/ADRA2B/FN1/
PIM1/CTSH/CTSL/WAS 2.431 Complement

9 TXNIP/PSMB9/CDKN1A/TNFAIP2/
PIM1/XAF1/NLRC5/UBE2L6/CD274 2.431 Interferon-γ response

9 COL6A1/SOCS2/TGM2/CA2/GLIPR2/
CCNE1/PIM1/KLF6/SLC2A3 2.287 IL2 STAT5 Signaling

7 FGFR3/ARHGDIG/LYPD3/COL2A1/
IDUA/TENT5C/SGK1 2.425 KRAS Signaling Down

Figure 9. Overrepresented hallmark gene sets and respective altered genes in SW-620 cell line when
treated with CN. Size represents the number of altered genes within the groups, indicated in red.
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Table 4. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in
SW-620 cell line when treated with CN.

Gene Count Genes Fold Enrichment Hallmark Gene Set

2 TNFRSF9/SCN1B 6.844 Inflammatory Response
2 TNFRSF9/CAPN3 5.507 IL-2 STAT5 Signaling

2.7. Caco-2 Overrepresentation Analysis

The molecular pathways affected in Caco-2 cells treated with EU or CN were investi-
gated through ORA. In Caco-2 cells, as well as SW-620, EU showed a stronger transcrip-
tional effect with respect to CN. EU altered the expression of gene sets that are mainly
related to tumor differentiation and angiogenesis (Figure 10, Table 5). Differently, CN
significantly altered the expression of gene sets belonging to xenobiotic metabolism and
MTORC1 signaling (Figure 11, Table 6). Xenobiotic metabolism genes were upregulated by
both treatments, even if only two altered genes (AKR1C2 and CYP1A1) were shared by CN
and EU.

Figure 10. Overrepresented hallmark gene sets and respective altered genes in Caco-2 cell line treated
with EU. Size represents the number of altered genes within the groups, indicated in red.

Table 5. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in Caco-2
cell line when treated with EU.

Gene Count Genes Fold Enrichment Hallmark Gene Set

13 CXCR4/CDKN1C/HS3ST1/
CCN1/PLIN2/NDRG1/PLAUR 3.274 Hypoxia

9
SH2B2/CAPN5/ACOX2/FGA/
GDA/PLAU/FYN/HMGCS2/

PLAT
0.384 Coagulation
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Table 5. Cont.

Gene Count Genes Fold Enrichment Hallmark Gene Set

10

SERPINA3/MICB/PAPSS2/
SERPINA5/SCNN1A/ACOX2/

IGFBP4/CA12/TRIM29/
HMGCS2

2.59 Estrogen Response Late

9
LRRC15/COL8A2/IGFBP2/

CCN1/GEM/IGFBP4/COL6A2/
PLAUR/LOX

2.597 Mesenchymal Transition

4 ATP6V0A4/SULF2/PLAUR/
SRPX 5.065 Apical Surface

9
CCRL2/DUSP4/BCL6/CCN1/

GEM/
DUSP5/PLAU/PLAUR/FOSB

2.292 TNF-α Signaling via NF-kB

8
TGFB2/CYP2J2/PAPSS2/LCAT/

ACOX2/AKR1C2/IGFBP4/
CYP1A1

2.158 Xenobiotic Metabolism

7 UBE2L6/ACSL1/ACSL5/CPT1A/MGLL/HMGCS2/CYP1A1 2.263 Fatty Acid Metabolism

Figure 11. Overrepresented hallmark gene sets and respective altered genes in Caco-2 cell line when
treated with CN. Size represents the number of altered genes within the groups, indicated in red.

Table 6. Overrepresented hallmark gene sets, fold enrichment, and respective altered genes in
Caco-2 cell line when treated with CN.

Gene Count Genes Fold Enrichment Hallmark Gene Set

6 HES6/PTGR1/AKR1C3/
MT2A/CYP1A1/AKR1C2 6.272 Xenobiotic

Metabolism

4 DDIT4/NIBAN1/
CTH/SLC1A4 3.664 MTORC1 Signaling
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2.8. Western Blotting

To further investigate the molecular mechanisms responsible for growth inhibition,
we analyzed the protein expression of key regulators of the cell cycle and apoptosis.
Specifically, we evaluated p21 and PARP1 levels along with caspase-3 activation. PARP1
expression was analyzed in colonocytes following treatment with CN and EU. A significant
downregulation of PARP1 levels was observed in NCM-460 cells following CN 75 µM
treatment, while in both CRC cell lines (SW-620 and Caco-2) a consistent downregulation
of PARP1 was detected with both treatments (Figure 12).

Figure 12. PARP1 and β-actin (reference control protein) expression (upper); densitometric quantifica-
tion of WB bands (as PARP1/β-actin density) in the different lanes (lower). * p < 0.05 and ** p < 0.01
vs. CTL. Data represent the mean ± SEM of three independent experiments (n = 3).

In NCM-460 cells, a clear upregulation of p21 expression was observed but only upon
treatment with CN 75µM. In CRC cell lines, p21 levels were significantly increased only by
EU 600 µM treatment (Figure 13).

The quantification of caspase-3 activation was calculated as the ratio between the
active cleaved form of caspase-3 and the procaspase-3. In NCM-460 cells, treatment with
EU or CN did not modify active caspase-3 compared to the control untreated cells. In
SW-620 cells, only EU treatment (600 µM) induced an increase in active caspase-3 while in
Caco-2 cells, only CN treatment (75 µM) increased caspase-3 activation with respect to the
control (Figure 14).
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Figure 13. p21 and β-actin (reference control protein) expression (upper); densitometric quantification
of WB bands (as p21/β-actin density) in the different lanes (lower). * p< 0.05 and ** p < 0.01 vs. CTL.
Data represent the mean ± SEM of three independent experiments (n = 3).

Figure 14. Procaspase-3, caspase-3, and β-actin (reference control protein) expression (upper); ratio
between the densitometric quantification of WB bands of caspase-3 and procaspase-3 (as target/β-
actin density) in the different lanes (lower). * p < 0.05 vs. CTL. Data represent the mean ± SEM of
three independent experiments (n = 3).
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3. Discussion
Several studies have demonstrated that EOs and their single components exhibit

antitumor activities both in vitro and in vivo against various human cancers, either alone
or in combination with anticancer drugs. CRC in particular has been identified as a target
of these compounds [15]. In a previous study conducted by our research group, EU and CN
demonstrated selective cytotoxic effects on Caco-2 and SW-620 cell lines, without affecting
normal colon cells [16]. In this study, we wanted to gain a more comprehensive understand-
ing of the effects of these compounds by dissecting the molecular mechanism by which
EU and CN affect the viability of CRC cells. For this purpose, we chose the same tumor
cell lines: Caco-2, quite differentiated and with a phenotype similar to that of enterocytes,
characterized by strong barrier properties and a low basal inflammatory tone [17], and
SW-620, derived from poorly differentiated metastatic adenocarcinomas, that exhibited
higher activation of the NF-κB and STAT3 pathways [18]. The clonogenic assay was per-
formed only in Caco-2 cells since they have the capability to form spheroids that mimic
the architecture of the intestinal mucosa. These Caco-2 spheroids represent an excellent
in vitro 3D model system capturing tissue-specific architecture and interactions with the
extracellular matrix and therefore better recapitulate the complex in vivo environment [19].
The assay showed that while EU did not reduce the number of spheroids indicating inhibi-
tion of growth without significant cytotoxicity, CN exhibited a strong cytotoxic effect at
both doses tested, completely inhibiting spheroid growth. On the other hand, when cell
viability was analyzed in 2D monolayer cultures, EU showed the higher cytotoxic effects
both in Caco-2 and SW-620 cell lines, consistent with its pro-apoptotic properties [20,21].
These differences could be explained by EU’s higher partition coefficient (logP = 2.49) [22],
which may induce a “sink effect” where the compound sticks to the outer layer of the
spheroids, resulting in a reduction in their size rather than in their number. In contrast,
CN seems to have lower intrinsic cytotoxicity but is also less lipophilic and hydrophilic
than EU (logP = 1.90) [23], and this characteristic may have allowed more homogeneous
penetration within the spheroid structures. We tested the combination EU+ CN in 2D
models to evaluate possible interactions since these two compounds can be both present in
the same EO, such as that of cinnamon [24]. In this model, results showed a cytotoxicity
of the mix comparable to that of single compounds, reflecting the predominance of EU’s
activity, while the contribution of CN, mainly anti-inflammatory, appears limited under
these conditions. These results suggest that, under the tested conditions, the combined
effect reflected the independent activities of the two molecules in the absence of enhanced
results compared to single treatments. Inflammation is associated with the onset and
progression of CRC. In our study, we decided to test IL-4 and IL-8 expressions since these
two cytokines have been involved in tumor onset and progression [25,26]. IL-4 was shown
to promote tumor cell proliferation, survival, and metastasis by enhancing anti-apoptotic
signals and contributing to a pro-tumor immune microenvironment, also contributing
to therapy resistance [25]. IL-8 plays a pivotal role in CRC by promoting angiogenesis,
metastasis, and tumor progression by stimulating epithelial–mesenchymal transition and
by promoting cancer stem cell survival and chemoresistance [26]. EU and CN, individually
and in combination, especially at higher concentrations, effectively reduced the levels of
IL-4 and IL-8 in both CRC cell lines but with some differences. CN showed a strong efficacy
in reducing IL-4 and IL-8 in both tumor cell lines, suggesting a stable action of the molecule
on the pro-Th2 cytokine network. This effect is particularly evident since SW-620 cells are
characterized by a strong activation of the NF-κB and STAT3 pathways [27], and CN has
been shown to attenuate their activation by inhibiting IκBα phosphorylation and prevent-
ing the nuclear translocation of NF-κB p65, as well as by reducing JAK2-dependent STAT3
activation [28,29]. In contrast, EU does not primarily target inflammatory signaling but
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rather exerts cytotoxic effects probably through a mitochondria-dependent apoptotic mech-
anism, which becomes evident mainly at concentrations that induce ROS-mediated cell
death [30]. Therefore, under conditions characterized by a high inflammatory tone (NF-κB-
and STAT3-dependent), EU showed limited cytokine-modulatory capacity compared to CN.
In Caco-2 cells, where the basal inflammatory tone is low, EU can activate the Nrf2–HO-1
pathway, a redox-regulated cytoprotective system that limits oxidative stress and restrains
inflammatory signaling, leading to a moderate attenuation of cytokine release [31,32]. These
mechanisms may account for the efficacy of EU on cytokine modulation in this cell line,
characterized by a low basal inflammatory tone and a redox-regulated cytokine response,
making them more sensitive to Nrf2–HO-1–mediated modulation rather than to inhibition
of NF-κB/STAT3.

We investigated the molecular mechanisms of the action of EU and CN in Caco-2,
SW-620, and NCM-460 cells through transcriptomic analysis. Subsequent in silico analysis
of differentially expressed genes (DEGs) suggested that EU caused a stronger remodeling
of gene expression compared to CN.

In Caco-2 cells, the coordinated downregulation of SULF2, PLAUR, DUSP4, and
ATP6V0A4 following EU exposure suggests a convergent suppression of pro-inflammatory
and invasive programs. In fact, SULF2 is involved in Wnt-driven tumor progression [33,34],
PLAUR in extracellular matrix remodeling and migration [35,36], DUSP4 in sustaining
epithelial–mesenchymal plasticity [37,38], and ATP6V0A4/V-ATPase-dependent acidifi-
cation in invasive phenotypes [39]. The transcriptional induction of DDIT4 (REDD1) by
CN points to the inhibition of growth-related pathways through the mTORC1–DDIT4 axis.
In particular, DDIT4 promotes the suppression of mTORC1-dependent protein synthesis,
thereby reducing anabolic metabolism and cellular growth [40,41]. Overall, although CN
strongly suppressed IL-8 release in Caco-2 cells, its transcriptional impact was limited
to xenobiotic metabolism and mTORC1 signaling. Conversely, EU induced a broader
transcriptional remodeling affecting epithelial identity, extracellular matrix remodeling,
and migratory behavior. The combined treatment therefore reflects complementary but
not synergistic mechanisms, with EU predominantly driving apoptotic and phenotypic
remodeling responses, and CN exerting a stronger influence on inflammatory signaling.

In SW-620 cells, EU treatment led to the downregulation of MYCN, NR4A1, and SGK1,
a pattern that can be linked to a reduced activation of the proliferative, survival, and
epithelial–mesenchymal transition (EMT) program. MYCN is known to support anabolic
growth and cell survival [42,43], and its expression correlates with more aggressive be-
havior in CRC [44]. Aggressive subtypes of human CRC frequently exhibit amplification
of the c-myc gene [45]; NR4A1 has been linked to transcriptional programs that promote
epithelial–mesenchymal plasticity and invasion [46,47], while SGK1 is a downstream ef-
fector of PI3K/AKT that contributes to resistance to stress and to maintenance of EMT
states [48,49]. Taken together, these data confirm that, in SW-620 cells, EU predominantly
acts by attenuating survival and migration pathways and by reducing EMT-associated
transcriptional signatures rather than by directly modulating inflammatory signaling.

CN instead was associated with the downregulation of NR4A1 and JUNB, two tran-
scriptional regulators involved in the expression of pro-inflammatory genes downstream
of NF-κB and AP-1 [50]. This pattern is consistent with an attenuation of cytokine-related
transcriptional activity, while the observed decrease in TNFRSF9 is not related to a direct
action on NF-κB/STAT pathways but may reflect a reduced stress- or immune-interaction
signaling [51].

Western blotting was performed to fulfill the hypotheses generated from the transcrip-
tomic analysis and to assess key protein expression in the different cell lines. As targets, we
selected PARP1, p21 (CDKN1A), and caspase-3 as key downstream effectors of the regula-
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tory networks identified rather than direct transcriptomic hits. Although these genes were
not differentially expressed at the transcriptional level, we hypothesized that they could
have been modulated at the protein level even in the absence of detectable transcriptional
changes since protein activation and abundance often depend on post-transcriptional and
post-translational regulations, which may account for discrepancies between mRNA and
protein levels [52,53].

PARP1 is a key nuclear enzyme with a critical role in DNA damage response and
serves as a major substrate for activated caspase-3. During apoptosis, caspase-3 cleaves
the intact PARP1 (∼116 kDa) into its signature inactive fragment (∼89 kDa) [54]. The
pronounced reduction in the full-length PARP1 band that we observed provides compelling
evidence that the treatment successfully induced caspase activation and overcame the anti-
apoptotic defensive response typical of cancer cells. This reduction is particularly relevant
in CRC as the resistance to apoptosis is a primary driver of tumor progression and a
common mechanism of therapy failure [55,56]. p21 (cyclin-dependent kinase inhibitor
1A or CDKN1A) acts as the principal inhibitor of cyclin-dependent kinases (CDKs) and
regulates cell cycle progression through the G1 and G2 checkpoints [57]. Crucially, while
p21 can initially mediate cell cycle arrest for DNA repair, its robust induction in tumor cells
is considered a pivotal event that facilitates the transition toward senescence or apoptosis.
In CRC cells, an increased p21 expression has been demonstrated to be essential for the
induction of apoptosis and for overcoming resistance to various therapeutic agents [58,59].
Our Western blot analysis revealed a significant upregulation in p21 protein expression
following treatment with EU and CN. This is a key finding as it is consistent with the
enforcement of a cell cycle checkpoint that ultimately drives the cell towards programmed
death. Therefore, the observed p21 upregulation supports our conclusion regarding the
effective activation of the apoptotic pathways.

Caspase-3 is synthesized as the inactive zymogen, procaspase-3 (with a molecular
mass of approximately ∼32 kDa), which requires proteolytic processing (cleavage) into
its two active subunits (∼17 kDa and ∼19 kDa) in response to apoptotic stimuli [60].
The initiation of this processing cascade represents the definitive point of no return for
apoptosis [61].

In the context of CRC, the ability to overcome apoptosis is a core mechanism of tumor
progression and therapeutic failure. CRC cells frequently inhibit the activation of caspase-3
to ensure their survival. Consequently, treatment efficacy is in part related to its capacity to
induce and activate caspase-3 [62]. Apoptosis activation is quantified by the ratio between
processed (active) caspase-3 and procaspase-3 (inactive). An increase in this ratio serves
as a critical indicator of committed apoptosis [63]. Our Western blot analysis revealed
a marked increase in this ratio following treatment, indicating a substantial proteolytic
activation of the caspase-3 into its mature, active form. As a quantitative indicator, the
heightened caspase-3 ratio confirms a significant induction of apoptosis. The total reduction
in PARP1 across all cell lines, despite the cell line-specific activation of caspase-3, suggests
that EU and CN might also involve alternative pathways, such as caspase-7, or different
apoptotic kinetics. These protein modulations were particularly evident at concentrations
of 600 µM for EU and 75 µM for CN, correlating with the doses that inhibited cell viability.
We observed an increase in caspase 3 activation that in SW620 followed EU treatment,
while in Caco-2 followed CN treatment. These different behaviors are somehow expected
since Caco-2 and SW620 represent different cellular models of CRC.

Regarding non-tumoral NCM-460 cells, PARP1 downregulation and the p21 increase in
the absence of caspase-3 activation or cytotoxicity could be explained by the non-apoptotic
roles of PARP1 (e.g., DNA repair and metabolic regulation) or could reflect adaptive or
stress-related responses rather than apoptotic signaling.
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This observation logically complements our other molecular findings (such as PARP1
cleavage and p21 upregulation), fostering the conclusion that EU treatment effectively
triggered the enzymatic execution cascade of cell death, successfully circumventing the
tumor’s intrinsic resistance mechanisms.

To better interpret these results, it is important to consider the study’s limitations.
The experiments were conducted on stabilized cell lines, which, while recognized models
of two distinct stages of CRC, cannot fully replicate the complex interactions between
tumor cells, the extracellular matrix, the immune system, and the microbiota involved in
CRC development in vivo. The effects of EU and CN should be studied in models that
better reflect the genetic and tissue complexity of the disease. For example, studies on
patients with rapid intestinal tumor development, such as those with familial adenoma-
tous polyposis (FAP), could provide valuable insights [63]. Both EU and CN are natural
compounds generally recognized as safe (GRAS) by the Food and Drug Administration
(FDA) and European Food Safety Authority (EFSA); therefore, they are easily usable as
natural molecules for CRC therapy. We are aware that in silico analysis as preliminary
tools limited to providing a general overview of gene expression levels, which may not
always correlate with protein synthesis. Additionally, while sequencing was performed on
a pool of three biological replicates to ensure a representative signal, the lack of individual
replicates may limit the statistical confidence in DEGs identification, despite the use of the
NOISeq-Sim algorithm. Nevertheless, this study clearly defines the multitarget role of EU
and CN, molecules capable of positively remodeling gene expression in CRC cells. Future
studies focused on proteomics could confirm our findings or highlight new molecular
targets underlying the anticancer activity of EU and CN.

4. Materials and Methods
4.1. Materials

Eugenol (EU) and cinnamaldehyde (CN) were provided by Xeda International S.A.
(Saint-Andiol, France). EU pure (98% w/w, density = 1.06 g/mL, MW = 164.2 g/mol) and
CN pure (98% w/w, density = 1.05 g/mL, MW = 132.16 g/mol) were stored at 4 ◦C and
protected from light to maintain stability and prevent oxidation. CellTiter-Glo® 2.0 Cell
viability assay was purchased from Promega Corporation (Madison, WI, USA). Customized
human magnetic Luminex® screening assay was purchased from R&D Systems, Bio-Techne
Corporation (Minneapolis, MN, USA). Ethanol absolute anhydrous was purchased from
Carlo Erba (Milan, Italy). Lipopolysaccharide (LPS) was purchased from E. coli (strain
0111: B4, CliniSciences LTD, Nanterre, France). Quick Start™ Bradford 1× Dye Reagent,
Immun-Blot® PVDF Membrane, Prec Plus Protein Dual Color Stds 500#, XT MOPS Buffer
Kit, 4–12% Criterion XT Bis-Tris Gel 18W 30 µ and transfer buffer were purchased from
Bio-Rad (Hercules, CA, USA). RIPA buffer, Tris-buffered saline (TBS), Tween, phosphate
buffered saline (PBS), Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG), fetal
bovine serum (FBS), penicillin–streptomycin solution, L-Glutamine, protease inhibitors,
and phosphatase inhibitors were purchased from Sigma Aldrich (Burlington, MA, USA).

4.2. Cell Cultures

The NCM-460 cell line was purchased from Bena Culture Collection (Beijing, China).
Caco-2 and SW-620 cell lines were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA, USA). All the cells were cultured in high-glucose DMEM-HG con-
taining 10% FBS, 2 mM L-glutamine, and antibiotics (100 U/mL penicillin and 100 µg/mL
streptomycin) at 37 ◦C in a humidified incubator with 5% CO2, as previously described by
Strillacci et al. [64].
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4.3. Cell Treatments

Cells were seeded, in triplicate, in 96-well culture plates at 104 cells/well for evaluation
of the viability or in 24-well culture plates at 4 × 104 cells/well for the cytokine analysis.
After 24 h, medium was replaced with fresh ones containing different concentrations
of EU and CN, alone or in combination: EU 600 and 300 µM; CN 75 and 37.5 µM; and
their combinations (EU 600 µM + CN 75 µM and EU 300 + CN 37.5 µM). The selected
concentrations are those that did not show cytotoxic activity on normal NCM-460 cells in
our previous work, and their respective half [16]. Ethanol was used to solubilize essential
oils. The final concentration of ethanol in the cell medium was kept lower than 0.1%.
Ethanol 0.1% was added to the control (untreated) cells. To test the efficacy of our treatments
in the modulation of LPS-induced inflammation, cells were cultured in complete medium
containing LPS (1 µg/mL) alone or with the treatments under investigation for 24 h.

4.4. Clonogenic Cell Survival Assay

The antiproliferative effect on tumoral Caco-2 cells was evaluated using a clono-
genic assay, following an adapted protocol based on the procedure described by Franken
et al. [65]. Cells (0.8 × 103 cells/well) were seeded into 6-well plates and incubated for 24 h.
Subsequently, the cells were treated with varying concentrations of EU (EU; 600 µM and
300 µM) and CN (CN; 150 µM and 75 µM) dissolved in ethanol (final concentration < 0.1%)
for 14 days, with media changes every 23 days. Untreated cells were used as controls.
After the treatment period, cells were washed with PBS, fixed with paraformaldehyde
(PFA), and stained with 0.1% crystal violet solution. Colony formation was analyzed under
a microscope, and the number and size of spheroids per field was recorded. This assay
was performed in three independent biological experiments (n = 3), with each condition
analyzed in technical triplicate.

4.5. Cell Viability Assay

To evaluate the cytotoxic effects of our compounds, after treatments we performed the
CellTiter-Glo® 2.0 Cell Viability Assay according to the manufacturer’s protocol, and the
plates were read in a microplate reader (Victor3™, Perkin Elmer, Waltham, MA, USA). Data
are expressed as a percentage of viability when compared with untreated cells (negative
control—considered as 100% viability). Positive controls were obtained by treating cells
with 1% Triton X-100 (considered as 100% cell death). For background controls, blank
wells with growth medium without cells were used. All viability tests were conducted
as three independent biological experiments (n = 3), with each condition analyzed in
technical triplicate.

4.6. Cytokine Analysis

To determine cytokines secreted by Caco-2, SW-620 and NCM-460 cells (IL-4 and IL-8)
were measured using a multiplex Luminex® reader (BioPlex 200) (Bio-Rad Laboratories
Inc., Hercules, CA, USA) and a customized human magnetic Luminex® screening assay, as
previously described [66]. As a pro-inflammatory stimulus to increase cytokine secretion
and mimic an intestinal pro-inflammatory condition, we added lipopolysaccharide (LPS)
5 µg/mL, a concentration widely used for these cell lines and devoid of toxicity.

For this assay, cells were seeded in 24-well culture plates at a density of 8 × 104 cells/well.
After the treatment period, the concentration of cytokines was based on an equivalent
number of cells (at confluence they reach 250,000 cells per well) and on the evaluation of
cell number and viability, as measured with the CellTiter-Glo® 2.0 Cell Viability Assay.
All experimental conditions were analyzed in three independent biological experiments
(n = 3), each performed in technical quadruplicate.
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4.7. Transcriptome Analysis

Once Caco-2, SW-620, and NCM-460 cells reached 70% confluence in a T75 flask, they
were treated with 600 µM EU or 75 µM CN and incubated for 24 h. Untreated cells were
used as controls. After incubation, both treated and untreated cells were harvested by
trypsinization and centrifuged at 2500 rpm for 5 min, and the resulting cell pellet was
collected. To ensure a representative transcriptional profile, cell pellets from three indepen-
dent biological experiments were pooled together for each condition. Total RNA was then
extracted from the pooled cell pellet and sent for RNA sequencing analysis. Consequently,
sequencing was performed without further technical replicates. The sequencing analysis
was conducted by Genomix4Life s.r.l. using the Illumina NovaSeq6000 platform (San Diego,
CA, USA). The RNA-Seq analysis involved the following steps:

1. Quality control of the reads: Quality assessment of the raw sequencing data was
performed using the FastQC tool, which calculated Phred scores to evaluate the
probability of base-calling errors. Quality control metrics, such as per-base sequence
quality, were summarized and visualized using the FastQC report [67].

2. Adapter and short read removal: Adapter sequences and reads shorter than 25 nu-
cleotides were removed using the bioinformatics tool cutadapt (version 2.5) [68].
Although no adapter sequences were detected, this step was performed to eliminate
very short reads and improve the overall quality of mapping.

3. Read alignment and quantification: Reads were aligned to the Homo sapiens reference
genome (GRCh38.p13) [69] using STAR software (version 2.7.10b) [70]. The alignment
was performed using default settings for paired-end reads, and multi-mapping and
gap tolerance parameters were kept at their default values. Transcript quantification
was performed using the FeatureCounts algorithm to calculate read counts mapped
to genomic features, including genes and exons.

4. Differential expression analysis: R software (version 4.5.0) was used to create a matrix
of all expressed transcripts with corresponding read counts. Data were normalized
using the RSEM method to ensure consistency across samples. Differentially expressed
genes were identified using the Bioconductor package NOISeq-Sim, a non-parametric
method suitable for nonreplicated samples [71].

4.7.1. Criteria for Differential Gene Selection

Differentially expressed genes with a probability (P) > 0.85 of being significantly
different and with a fold change > 1.5 were selected for further analysis. This probability
threshold (P) represents the posterior probability of differential expression—a characteristic
metric of the NOISeq algorithm—and does not correspond to a traditional p-value [71].
Genes were compared between treated (600 µM EU or 75 µM CN) and untreated cells.

4.7.2. Overrepresentation Analysis (ORA)

To assess the differentially expressed cellular metabolic pathway, an overrepresen-
tation analysis was performed using the R/ClusterProfiler v4.16.0 package [72] and the
Hallmark gene set (collection: H) from the Human MSigDb Collections [73]. This collection
represents well-defined biological states and cellular processes. A p-value cutoff of 0.05
was applied to determine statistical relevance, and the Benjamini–Hochberg method was
adopted for multiple-testing correction, allowing for further filtering for q-values < 0.10.

4.8. Western Blotting

Once Caco-2, SW-620, and NCM-460 cells reached 70% confluence in a T75 flask, they
were treated with 600 µM EU or 75 µM CN and incubated for 24 h. Untreated cells were
used as controls. After treatment, cells were washed with phosphate-buffered saline (PBS),
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detached using a cell scraper, and collected in 15 mL Falcon tubes. The samples were
then centrifuged at 1100 rpm for 5 min at 4 ◦C, and the cell pellets were resuspended
in 100 µL of RIPA lysis buffer containing protease and phosphatase inhibitors. After
vortexing for 3–5 min, lysates were incubated on ice for 30 min and then centrifuged at
16,000× g for 30 min at 4 ◦C. The supernatants were aliquoted and stored at −80 ◦C.
Protein concentrations were determined using the Bradford assay following manufacturer
instructions. A total of 50 µg of protein per sample was separated by SDS-PAGE on a 4–12%
polyacrylamide precasted gel (Bio-Rad). The separated proteins were transferred onto
PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad), following the
manufacturer’s protocol. Membranes were blocked with 5% bovine serum albumin (BSA) in
Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 h at room temperature and incubated
overnight at 4 ◦C with the following primary antibodies: anti-β-actin (1:1000, Sigma-
Aldrich), anti-p21, anti-PARP1, anti-procaspase3, and anti-caspase-3 (1:1000, Invitrogen,
Waltham, MA, USA). After washing, membranes were incubated with the appropriate
secondary antibodies (cyanine5 or cyanine3 anti-rabbit and anti-mouse, Invitrogen) at a
dilution of 1:2500 for 1 h in the dark. Membranes were washed three times with TBS-T and
visualized using the Bio-Rad ChemiDoc™ MP imaging system (Bio-Rad, Hercules, CA,
USA). Densitometric analysis of band intensity was performed using Image Lab software
(version 5.2.1), and values were normalized to β-actin as the loading control. This analysis
was performed on three independent biological replicates (n = 3), with each sample loaded
in single for each experiment.

4.9. Statistical Analysis

All data were analyzed using the software GraphPad Prism v.9.00 (GraphPad Soft-
ware, San Diego, CA, USA). Quantitative variables were expressed as means ± SEM.
Statistical analysis was performed using a Student’s t-test and one-way and two-way
ANOVAs, using the unpaired comparison and the multiple comparisons tests Tukey and
Dunnett, respectively. Values of p < 0.05, p < 0.01, p < 0.001 and p < 0.0001 were considered
significant, with different strengths of evidence.

5. Conclusions
The literature on the antitumor effects of eugenol (EU) and cinnamaldehyde (CN)

is extensive; nevertheless, little was known regarding the molecular targets of these
two molecules. This study addresses this specific scientific question for the first time,
highlighting the multitarget mechanisms of action of EU and CN, and their main target
genes. This lays the groundwork for future studies that could utilize these two molecules
in CRC therapy.
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6. Sawicki, T.; Ruszkowska, M.; Danielewicz, A.; Niedźwiedzka, E.; Arłukowicz, T.; Przybyłowicz, K.E. A Review of Colorectal

Cancer in Terms of Epidemiology, Risk Factors, Development, Symptoms and Diagnosis. Cancers 2021, 13, 2025. [CrossRef]
7. Roshandel, G.; Ghasemi-Kebria, F.; Malekzadeh, R. Colorectal Cancer: Epidemiology, Risk Factors, and Prevention. Cancers 2024,

16, 1530. [CrossRef]
8. Boute, T.C.; Swartjes, H.; Greuter, M.J.E.; Elferink, M.A.G.; Van Eekelen, R.; Vink, G.R.; De Wilt, J.H.W.; Coupé, V.M.H. Cumulative

Incidence, Risk Factors, and Overall Survival of Disease Recurrence after Curative Resection of Stage II–III Colorectal Cancer: A
Population-Based Study. Cancer Res. Commun. 2024, 4, 607–616. [CrossRef]

9. Qaderi, S.M.; Galjart, B.; Verhoef, C.; Slooter, G.D.; Koopman, M.; Verhoeven, R.H.A.; de Wilt, J.H.W.; van Erning, F.N. Disease
Recurrence after Colorectal Cancer Surgery in the Modern Era: A Population-Based Study. Int. J. Color. Dis. 2021, 36, 2399–2410.
[CrossRef]

10. Wu, Y.; Li, Y.; Xiong, X.; Liu, X.; Lin, B.; Xu, B. Recent Advances of Pathomics in Colorectal Cancer Diagnosis and Prognosis. Front.
Oncol. 2023, 13, 1094869. [CrossRef]

11. Zhou, J.; Ji, Q.; Li, Q. Resistance to Anti-EGFR Therapies in Metastatic Colorectal Cancer: Underlying Mechanisms and Reversal
Strategies. J. Exp. Clin. Cancer Res. 2021, 40, 328. [CrossRef]

12. Underwood, P.W.; Ruff, S.M.; Pawlik, T.M. Update on Targeted Therapy and Immunotherapy for Metastatic Colorectal Cancer.
Cells 2024, 13, 245. [CrossRef]

13. Garzoli, S.; Alarcón-Zapata, P.; Seitimova, G.; Alarcón-Zapata, B.; Martorell, M.; Sharopov, F.; Fokou, P.V.T.; Dize, D.; Yamthe,
L.R.T.; Les, F.; et al. Natural Essential Oils as a New Therapeutic Tool in Colorectal Cancer. Cancer Cell Int. 2022, 22, 407. [CrossRef]

14. Spisni, E.; Petrocelli, G.; Imbesi, V.; Spigarelli, R.; Azzinnari, D.; Donati Sarti, M.; Campieri, M.; Valerii, M.C. Antioxidant,
Anti-Inflammatory, and Microbial-Modulating Activities of Essential Oils: Implications in Colonic Pathophysiology. Int. J. Mol.
Sci. 2020, 21, 4152. [CrossRef]

15. Gautam, N.; Mantha, A.K.; Mittal, S. Essential Oils and Their Constituents as Anticancer Agents: A Mechanistic View. BioMed Res.
Int. 2014, 2014, 154106. [CrossRef]

16. Petrocelli, G.; Farabegoli, F.; Valerii, M.C.; Giovannini, C.; Sardo, A.; Spisni, E. Molecules Present in Plant Essential Oils for
Prevention and Treatment of Colorectal Cancer (CRC). Molecules 2021, 26, 885. [CrossRef] [PubMed]

17. Sambuy, Y.; De Angelis, I.; Ranaldi, G.; Scarino, M.L.; Stammati, A.; Zucco, F. The Caco-2 Cell Line as a Model of the Intestinal
Barrier: Influence of Cell and Culture-Related Factors on Caco-2 Cell Functional Characteristics. Cell Biol. Toxicol. 2005, 21, 1–26.
[CrossRef] [PubMed]

18. Han, S.-Y.; Choung, S.Y.; Paik, I.-S.; Kang, H.-J.; Choi, Y.-H.; Kim, S.J.; Lee, M.-O. Activation of NF-.KAPPA.B Determines the
Sensitivity of Human Colon Cancer Cells to TNF.ALPHA.-Induced Apoptosis. Biol. Pharm. Bull. 2000, 23, 420–426. [CrossRef]

19. Rainaldi, G.; Boe, A. Sandra Gessani 3D (Three-Dimensional) Caco-2 Spheroids: Optimized in Vitro Protocols to Favor Their
Differentiation Process and to Analyze Their Cell Growth Behavior. J. Pharm. Pharmacol. 2016, 4, 341–350. [CrossRef]

20. Han, S.J.; Kwon, S.; Kim, K.S. Challenges of Applying Multicellular Tumor Spheroids in Preclinical Phase. Cancer Cell Int. 2021,
21, 152. [CrossRef]

21. Jaganathan, S.K.; Mazumdar, A.; Mondhe, D.; Mandal, M. Apoptotic Effect of Eugenol in Human Colon Cancer Cell Lines. Cell
Biol. Int. 2011, 35, 607–615. [CrossRef] [PubMed]

22. Dias, N.C.; Nawas, M.I.; Poole, C.F. Evaluation of a Reversed-Phase Column (Supelcosil LC-ABZ) under Isocratic and Gradient
Elution Conditions for Estimating Octanol–Water Partition Coefficients. Analyst 2003, 128, 427–433. [CrossRef]

23. Hansch, C.; Leo, A.; Hoekman, D. Exploring QSAR—Hydrophobic, Electronic, and Steric Constants; American Chemical Society:
Washington, DC, USA, 1995.

https://doi.org/10.3390/ijms27020649

https://doi.org/10.1038/s41392-024-01953-7
https://doi.org/10.3390/jcm13010040
https://doi.org/10.1186/s12885-024-12776-8
https://www.ncbi.nlm.nih.gov/pubmed/39289671
https://doi.org/10.3390/cancers15030866
https://www.ncbi.nlm.nih.gov/pubmed/36765824
https://doi.org/10.1186/s13578-019-0361-4
https://doi.org/10.3390/cancers13092025
https://doi.org/10.3390/cancers16081530
https://doi.org/10.1158/2767-9764.CRC-23-0512
https://doi.org/10.1007/s00384-021-03914-w
https://doi.org/10.3389/fonc.2023.1094869
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.3390/cells13030245
https://doi.org/10.1186/s12935-022-02806-5
https://doi.org/10.3390/ijms21114152
https://doi.org/10.1155/2014/154106
https://doi.org/10.3390/molecules26040885
https://www.ncbi.nlm.nih.gov/pubmed/33567547
https://doi.org/10.1007/s10565-005-0085-6
https://www.ncbi.nlm.nih.gov/pubmed/15868485
https://doi.org/10.1248/bpb.23.420
https://doi.org/10.17265/2328-2150/2016.07.008
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.1042/CBI20100118
https://www.ncbi.nlm.nih.gov/pubmed/21044050
https://doi.org/10.1039/b300574g
https://doi.org/10.3390/ijms27020649


Int. J. Mol. Sci. 2026, 27, 649 23 of 24

24. Jayaprakasha, G.K.; Rao, L.J.; Sakariah, K.K. Chemical Composition of Volatile Oil from Cinnamomum Zeylanicum Buds. Z.
Naturforschung C 2002, 57, 990–993. [CrossRef]

25. Francipane, M.G.; Perez Alea, M.; Lombardo, Y.; Todaro, M.; Medema, J.P.; Stassi, G. Crucial Role of Interleukin-4 in the Survival
of Colon Cancer Stem Cells. Cancer Res. 2008, 68, 4022–4025. [CrossRef]

26. Bazzichetto, C.; Milella, M.; Zampiva, I.; Simionato, F.; Amoreo, C.A.; Buglioni, S.; Pacelli, C.; Le Pera, L.; Colombo, T.; Bria, E.;
et al. Interleukin-8 in Colorectal Cancer: A Systematic Review and Meta-Analysis of Its Potential Role as a Prognostic Biomarker.
Biomedicines 2022, 10, 2631. [CrossRef]

27. Hamilton, K.E.; Simmons, J.G.; Ding, S.; Van Landeghem, L.; Lund, P.K. Cytokine Induction of Tumor Necrosis Factor Receptor 2
Is Mediated by STAT3 in Colon Cancer Cells. Mol. Cancer Res. 2011, 9, 1718–1731. [CrossRef]

28. Almoiliqy, M.; Wen, J.; Xu, B.; Sun, Y.; Lian, M.; Li, Y.; Qaed, E.; Al-Azab, M.; Chen, D.; Shopit, A.; et al. Cinnamaldehyde Protects
against Rat Intestinal Ischemia/Reperfusion Injuries by Synergistic Inhibition of NF-κB and P53. Acta Pharmacol. Sin. 2020, 41,
1208–1222. [CrossRef] [PubMed]

29. Cheng, W.-X.; Zhong, S.; Meng, X.-B.; Zheng, N.-Y.; Zhang, P.; Wang, Y.; Qin, L.; Wang, X.-L. Cinnamaldehyde Inhibits
Inflammation of Human Synoviocyte Cells Through Regulation of Jak/Stat Pathway and Ameliorates Collagen-Induced Arthritis
in Rats. J. Pharmacol. Exp. Ther. 2020, 373, 302–310. [CrossRef]

30. Al-Harbi, S.; Alkholiwy, E.M.A.; Ali Ahmed, S.O.; Aljurf, M.; Al-Hejailan, R.; Aboussekhra, A. Eugenol Promotes Apoptosis in
Leukemia Cells via Targeting the Mitochondrial Biogenesis PPRC1 Gene. Cells 2025, 14, 260. [CrossRef] [PubMed]

31. Bezerra, D.; Militão, G.; De Morais, M.; De Sousa, D. The Dual Antioxidant/Prooxidant Effect of Eugenol and Its Action in Cancer
Development and Treatment. Nutrients 2017, 9, 1367. [CrossRef]

32. Ma, L.; Liu, J.; Lin, Q.; Gu, Y.; Yu, W. Eugenol Protects Cells against Oxidative Stress via Nrf2. Exp. Ther. Med. 2020, 21, 107.
[CrossRef]

33. Lai, J.-P.; Oseini, A.M.; Moser, C.D.; Yu, C.; Elsawa, S.F.; Hu, C.; Nakamura, I.; Han, T.; Aderca, I.; Isomoto, H.; et al. The Oncogenic
Effect of Sulfatase 2 in Human Hepatocellular Carcinoma Is Mediated in Part by Glypican 3-Dependent Wnt Activation. Hepatology
2010, 52, 1680–1689. [CrossRef]

34. Wang, C.; Shang, C.; Gai, X.; Song, T.; Han, S.; Liu, Q.; Zheng, X. Sulfatase 2-Induced Cancer-Associated Fibroblasts Promote
Hepatocellular Carcinoma Progression via Inhibition of Apoptosis and Induction of Epithelial-to-Mesenchymal Transition. Front.
Cell Dev. Biol. 2021, 9, 631931. [CrossRef]

35. Lv, T.; Zhao, Y.; Jiang, X.; Yuan, H.; Wang, H.; Cui, X.; Xu, J.; Zhao, J.; Wang, J. uPAR: An Essential Factor for Tumor Development.
J. Cancer 2021, 12, 7026–7040. [CrossRef]

36. Smith, H.W.; Marshall, C.J. Regulation of Cell Signalling by uPAR. Nat. Rev. Mol. Cell Biol. 2010, 11, 23–36. [CrossRef] [PubMed]
37. Boulding, T.; Wu, F.; McCuaig, R.; Dunn, J.; Sutton, C.R.; Hardy, K.; Tu, W.; Bullman, A.; Yip, D.; Dahlstrom, J.E.; et al. Differential

Roles for DUSP Family Members in Epithelial-to-Mesenchymal Transition and Cancer Stem Cell Regulation in Breast Cancer.
PLoS ONE 2016, 11, e0148065. [CrossRef]

38. Xu, Z.; Zhang, Y.; Dai, H.; Han, B. Epithelial–Mesenchymal Transition-Mediated Tumor Therapeutic Resistance. Molecules 2022,
27, 4750. [CrossRef]

39. Gao, X.; Zhou, J.; Qiao, Y.; Lin, C.; Zhang, G.; Wu, Q.; Su, Z.; Zhang, Q.; Huang, S. ATP6V0A4 as a Novel Prognostic Biomarker
and Potential Therapeutic Target in Oral Squamous Cell Carcinoma. BMC Oral Health 2025, 25, 1269. [CrossRef] [PubMed]

40. Fattahi, F.; Saeednejad Zanjani, L.; Habibi Shams, Z.; Kiani, J.; Mehrazma, M.; Najafi, M.; Madjd, Z. High Expression of DNA
Damage-Inducible Transcript 4 (DDIT4) Is Associated with Advanced Pathological Features in the Patients with Colorectal
Cancer. Sci. Rep. 2021, 11, 13626. [CrossRef]

41. Fattahi, F.; Kiani, J.; Alemrajabi, M.; Soroush, A.; Naseri, M.; Najafi, M.; Madjd, Z. Overexpression of DDIT4 and TPTEP1 Are
Associated with Metastasis and Advanced Stages in Colorectal Cancer Patients: A Study Utilizing Bioinformatics Prediction and
Experimental Validation. Cancer Cell Int. 2021, 21, 303. [CrossRef]

42. Lee, M.; Seok, J.; Saha, S.K.; Cho, S.; Jeong, Y.; Gil, M.; Kim, A.; Shin, H.Y.; Bae, H.; Do, J.T.; et al. Alterations and Co-Occurrence of
C-MYC, N-MYC, and L-MYC Expression Are Related to Clinical Outcomes in Various Cancers. Int. J. Stem Cells 2023, 16, 215–233.
[CrossRef]

43. Stine, Z.E.; Walton, Z.E.; Altman, B.J.; Hsieh, A.L.; Dang, C.V. MYC, Metabolism, and Cancer. Cancer Discov. 2015, 5, 1024–1039.
[CrossRef]

44. Lu, M.; Hu, X.; Cheng, C.; Zhang, Y.; Huang, L.; Kong, X.; Li, Z.; Zhang, Q.; Zhang, Y. RPF2 Mediates the CARM1-MYCN Axis to
Promote Chemotherapy Resistance in Colorectal Cancer Cells. Oncol. Rep. 2023, 51, 11. [CrossRef]

45. Heerdt, B.G.; Molinas, S.; Deitch, D.; Augenlicht, L.H. Aggressive Subtypes of Human Colorectal Tumors Frequently Exhibit
Amplification of the C-Myc Gene. Oncogene 1991, 6, 125–129.

46. Zhu, J.; Li, J.; Yang, K.; Chen, Y.; Wang, J.; He, Y.; Shen, K.; Wang, K.; Shi, T.; Chen, W. NR4A1 Depletion Inhibits Colorectal Cancer
Progression by Promoting Necroptosis via the RIG-I-like Receptor Pathway. Cancer Lett. 2024, 585, 216693. [CrossRef]

https://doi.org/10.3390/ijms27020649

https://doi.org/10.1515/znc-2002-11-1206
https://doi.org/10.1158/0008-5472.CAN-07-6874
https://doi.org/10.3390/biomedicines10102631
https://doi.org/10.1158/1541-7786.MCR-10-0210
https://doi.org/10.1038/s41401-020-0359-9
https://www.ncbi.nlm.nih.gov/pubmed/32238887
https://doi.org/10.1124/jpet.119.262907
https://doi.org/10.3390/cells14040260
https://www.ncbi.nlm.nih.gov/pubmed/39996733
https://doi.org/10.3390/nu9121367
https://doi.org/10.3892/etm.2020.9539
https://doi.org/10.1002/hep.23848
https://doi.org/10.3389/fcell.2021.631931
https://doi.org/10.7150/jca.62281
https://doi.org/10.1038/nrm2821
https://www.ncbi.nlm.nih.gov/pubmed/20027185
https://doi.org/10.1371/journal.pone.0148065
https://doi.org/10.3390/molecules27154750
https://doi.org/10.1186/s12903-025-06653-4
https://www.ncbi.nlm.nih.gov/pubmed/40721755
https://doi.org/10.1038/s41598-021-92720-z
https://doi.org/10.1186/s12935-021-02002-x
https://doi.org/10.15283/ijsc22188
https://doi.org/10.1158/2159-8290.CD-15-0507
https://doi.org/10.3892/or.2023.8670
https://doi.org/10.1016/j.canlet.2024.216693
https://doi.org/10.3390/ijms27020649


Int. J. Mol. Sci. 2026, 27, 649 24 of 24

47. Li, M.; Zhang, Z.; Li, M.; Chen, Z.; Tang, W.; Cheng, X. NR4A1 as a Potential Therapeutic Target in Colon Adenocarcinoma: A
Computational Analysis of Immune Infiltration and Drug Response. Front. Genet. 2023, 14, 1181320. [CrossRef] [PubMed]

48. Liang, X.; Lan, C.; Jiao, G.; Fu, W.; Long, X.; An, Y.; Wang, K.; Zhou, J.; Chen, T.; Li, Y.; et al. Therapeutic Inhibition of SGK1
Suppresses Colorectal Cancer. Exp. Mol. Med. 2017, 49, e399. [CrossRef]

49. Sang, Y.; Kong, P.; Zhang, S.; Zhang, L.; Cao, Y.; Duan, X.; Sun, T.; Tao, Z.; Liu, W. SGK1 in Human Cancer: Emerging Roles and
Mechanisms. Front. Oncol. 2021, 10, 608722. [CrossRef]

50. Liu, X.; Wang, Y.; Lu, H.; Li, J.; Yan, X.; Xiao, M.; Hao, J.; Alekseev, A.; Khong, H.; Chen, T.; et al. Genome-Wide Analysis Identifies
NR4A1 as a Key Mediator of T Cell Dysfunction. Nature 2019, 567, 525–529. [CrossRef]

51. Kim, M.-K.; Shin, K.-J.; Bae, S.; Seo, J.-M.; Jung, H.; Moon, Y.-A.; Yang, S.-G. Tumor-Mediated 4-1BB Induces Tumor Proliferation
and Metastasis in the Colorectal Cancer Cells. Life Sci. 2022, 307, 120899. [CrossRef] [PubMed]

52. Weaver, A.N.; Yang, E.S. Beyond DNA Repair: Additional Functions of PARP-1 in Cancer. Front. Oncol. 2013, 3, 290. [CrossRef]
53. Liu, Y.; Beyer, A.; Aebersold, R. On the Dependency of Cellular Protein Levels on mRNA Abundance. Cell 2016, 165, 535–550.

[CrossRef]
54. Pfeffer, C.; Singh, A. Apoptosis: A Target for Anticancer Therapy. Int. J. Mol. Sci. 2018, 19, 448. [CrossRef] [PubMed]
55. Xu, K.; Yu, Z.; Lu, T.; Peng, W.; Gong, Y.; Chen, C. PARP1 Bound to XRCC2 Promotes Tumor Progression in Colorectal Cancer.

Discov. Onc. 2024, 15, 238. [CrossRef]
56. Demuth, P.; Thibol, L.; Lemsch, A.; Potlitz, F.; Schulig, L.; Grathwol, C.; Manolikakes, G.; Schade, D.; Roukos, V.; Link, A.; et al.

Targeting PARP-1 and DNA Damage Response Defects in Colorectal Cancer Chemotherapy with Established and Novel PARP
Inhibitors. Cancers 2024, 16, 3441. [CrossRef]

57. Ravizza, R.; Gariboldi, M.B.; Passarelli, L.; Monti, E. Role of the P53/P21 System in the Response of Human Colon Carcinoma
Cells to Doxorubicin. BMC Cancer 2004, 4, 92. [CrossRef]

58. Shamloo, B.; Usluer, S. P21 in Cancer Research. Cancers 2019, 11, 1178. [CrossRef]
59. Kim, H.; Kim, H.; Jang, E.; Eom, Y.-W.; Yoon, G.; Choi, K.S.; Kim, E. Dual Role of P21 in Regulating Apoptosis and Mitotic

Integrity in Response to Doxorubicin in Colon Cancer Cells. Cell Death Discov. 2025, 11, 133. [CrossRef]
60. Jänicke, R.U.; Ng, P.; Sprengart, M.L.; Porter, A.G. Caspase-3 Is Required for α-Fodrin Cleavage but Dispensable for Cleavage of

Other Death Substrates in Apoptosis. J. Biol. Chem. 1998, 273, 15540–15545. [CrossRef]
61. Elmore, S. Apoptosis: A Review of Programmed Cell Death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef]
62. Zhou, M.; Liu, X.; Li, Z.; Huang, Q.; Li, F.; Li, C. Caspase-3 Regulates the Migration, Invasion and Metastasis of Colon Cancer

Cells. Int. J. Cancer 2018, 143, 921–930. [CrossRef]
63. Calabrese, C.; Rizzello, F.; Gionchetti, P.; Calafiore, A.; Pagano, N.; De Fazio, L.; Valerii, M.C.; Cavazza, E.; Strillacci, A.; Comelli,

M.C.; et al. Can Supplementation of Phytoestrogens/Insoluble Fibers Help the Management of Duodenal Polyps in Familial
Adenomatous Polyposis? CARCIN 2016, 37, 600–606. [CrossRef]

64. Strillacci, A.; Griffoni, C.; Spisni, E.; Manara, M.C.; Tomasi, V. RNA Interference as a Key to Knockdown Overexpressed
Cyclooxygenase-2 Gene in Tumour Cells. Br. J. Cancer 2006, 94, 1300–1310. [CrossRef]

65. Franken, N.A.P.; Rodermond, H.M.; Stap, J.; Haveman, J.; Van Bree, C. Clonogenic Assay of Cells in Vitro. Nat. Protoc. 2006, 1,
2315–2319. [CrossRef]

66. Spigarelli, R.; Calabrese, C.; Spisni, E.; Vinciguerra, S.; Saracino, I.M.; Dussias, N.K.; Filippone, E.; Valerii, M.C. Palmi-
toylethanolamide (PEA) for Prevention of Gastroesophageal Inflammation: Insights from In Vitro Models. Life 2024, 14, 1221.
[CrossRef]

67. FastQC A Quality Control Tool for High Throughput Sequence Data. Available online: https://www.bioinformatics.babraham.
ac.uk/projects/fastqc/ (accessed on 27 October 2024).

68. Martin, M. Cutadapt Removes Adapter Sequences from High-Throughput Sequencing Reads. EMBnet J. 2011, 17, 10. [CrossRef]
69. GENCODE. Available online: https://www.gencodegenes.org/ (accessed on 27 October 2024).
70. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast

Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]
71. Tarazona, S.; Furió-Tarí, P.; Turrà, D.; Pietro, A.D.; Nueda, M.J.; Ferrer, A.; Conesa, A. Data Quality Aware Analysis of Differential

Expression in RNA-Seq with NOISeq R/Bioc Package. Nucleic Acids Res. 2015, 43, gkv711. [CrossRef]
72. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.

OMICS A J. Integr. Biol. 2012, 16, 284–287. [CrossRef]
73. Liberzon, A.; Birger, C.; Thorvaldsdóttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database Hallmark

Gene Set Collection. Cell Syst. 2015, 1, 417–425. [CrossRef]

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

https://doi.org/10.3390/ijms27020649

https://doi.org/10.3389/fgene.2023.1181320
https://www.ncbi.nlm.nih.gov/pubmed/37564873
https://doi.org/10.1038/emm.2017.184
https://doi.org/10.3389/fonc.2020.608722
https://doi.org/10.1038/s41586-019-0979-8
https://doi.org/10.1016/j.lfs.2022.120899
https://www.ncbi.nlm.nih.gov/pubmed/35988753
https://doi.org/10.3389/fonc.2013.00290
https://doi.org/10.1016/j.cell.2016.03.014
https://doi.org/10.3390/ijms19020448
https://www.ncbi.nlm.nih.gov/pubmed/29393886
https://doi.org/10.1007/s12672-024-01112-y
https://doi.org/10.3390/cancers16203441
https://doi.org/10.1186/1471-2407-4-92
https://doi.org/10.3390/cancers11081178
https://doi.org/10.1038/s41420-025-02416-w
https://doi.org/10.1074/jbc.273.25.15540
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1002/ijc.31374
https://doi.org/10.1093/carcin/bgw041
https://doi.org/10.1038/sj.bjc.6603094
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.3390/life14101221
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.14806/ej.17.1.200
https://www.gencodegenes.org/
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkv711
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.3390/ijms27020649

	Introduction 
	Results 
	Effects of EU and CN on Spheroid Growth 
	Effect of EU and CN Co-Administration on the Metabolic Activity of CRC Cells 
	Cytokines Analysis 
	Transcriptome Analysis 
	NCM-460—Overrepresentation Analysis 
	SW-620 Overrepresentation Analysis 
	Caco-2 Overrepresentation Analysis 
	Western Blotting 

	Discussion 
	Materials and Methods 
	Materials 
	Cell Cultures 
	Cell Treatments 
	Clonogenic Cell Survival Assay 
	Cell Viability Assay 
	Cytokine Analysis 
	Transcriptome Analysis 
	Criteria for Differential Gene Selection 
	Overrepresentation Analysis (ORA) 

	Western Blotting 
	Statistical Analysis 

	Conclusions 
	References

