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Abstract

Background and Objectives: This investigation was driven by the growing interest in natural cancer therapeutics, which aim to mini-
mize the side effects of chemical treatments and enhance immunity. Thus, this study aimed to assess the impacts of a carrageenan/soy
protein mixture on Human Colorectal Tumor Cells (HCT-116) colon cancer cells through pathway regulation and cell death assessment.
Methods: This experiment compared the treated HCT (THCT) cells exposed to a carrageenan/soy protein mixture (0.25/0.05 mg/mL)
with the untreated control cells (UNT) over the experimental durations of 24, 48, and 72 hours. Results: The treatment triggered sophis-
ticated cell death dynamics, characterized by progressive morphological changes. Viability displayed a fascinating pattern—decreasing
to 78.8% at 24 h (p < 0.001) before partially recovering to 86.86% by 72 h (p = 0.018). Death mechanisms showed remarkable temporal
organization: early apoptosis appeared exclusively at HCT 24 h (p = 0.0056), late apoptosis peaked early then declined, while necrosis
followed a wavelike progression: initially high, dropping at 48 h (p = 0.0183), then dramatically surging by 72 h (p < 0.0001) to become
the dominant death mode. Gene expression correlations analysis underwent striking temporal reconfiguration: 24 h showed BAX ex-
pression correlating with Bcl-2 and NF-kB (p < 0.01) and a strong association with Notch-1/2 (p < 0.0001); by 48 h, the correlations for
BAX had weakened while NF-kB formed negative relationships with Bcl-2 (p < 0.001) and positive ones with Notch-1 and HSE-1 (p <
0.001); at 72 h, Bcl-2/Notch-1 aligned powerfully (p < 0.001) while HSE-I developed significant negative correlations with most genes,
particularly Notch-2 (p < 0.0001) and NF-kB (p < 0.001). Conclusion: The natural carrageenan—soy mixture triggered a three-stage
death process in colon cancer cells, with a surprising 72-hour phase where cells looked healthier but were dying. This pattern altered key
gene activity, disrupting the cancer cell survival process and offering a promising new approach to target the metabolism of stubborn
cancers.

Keywords: HCT-116 colon cancer cells; carrageenan; soy protein; natural therapeutics; apoptosis; necrosis; cell viability; NF-kB; notch
signaling; gene expression regulation

1. Introduction relies on DNA repair genes, whose impairment character-
izes roughly 15% of colorectal cancers [7]. Together, these
genetic systems constitute a multilayered protective net-
work that, when functioning optimally, prevents colorectal
carcinogenesis through coordinated cell death, inflamma-

tory modulation, and growth control [8].

Cancers (in particular colorectal cancer) are a signif-
icant worldwide health problem, developing through pro-
gressive genetic and epigenetic changes [1]. The dis-
ease pathway involves both the inactivation of tumor sup-
pressors and the activation of oncogenes [2]. However,
chemotherapy remains a standard treatment approach; it
frequently causes undesirable side effects, and treatment
resistance can be generated [3]. The body’s natural de-
fense against CRC involves the coordinated action of mul-
tiple gene families. Apoptotic regulators such as p53
and BAX function to eliminate potentially cancerous cells,
though p53 mutations occur in approximately 75% of col-
orectal malignancies [4]. Inflammatory mechanisms ex-

Avoiding the weaknesses of traditional cancer thera-
pies (toxic side effects and treatment resistance) [9]. Pre-
vious study are now exploring nature’s products for better
solutions [10]. Two compounds have captured significant
attention: carrageenan (extracted from red seaweed) [11]
and soy protein [12]. This natural pair showed remarkable
promise in fighting cancer in general, colorectal cancers in
particular, offering a gentler yet potentially powerful ap-

hibit context-dependent effects, initially protecting acute
inflammatory responses but potentially becoming carcino-
genic when chronically activated via the COX-2 and TNF-«
pathways [5]. Growth regulation depends on cell survival
genes, including AKT and mTOR signals, that normally
prevent aberrant cell proliferation [6]. Genomic integrity

proach to targeting these challenging malignancies [13].

Carrageenan offers substantial promise as an anti-
cancer agent due to its multifaceted mechanisms of action
and natural origin [11]. It can induce apoptosis in hu-
man colorectal cancer cells through activation of caspase-
dependent pathways [14]. Carrageenan compound exhibits
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directed cytotoxicity toward malignant cells while sparing
normal tissues, resulting in significant growth inhibition in
breast cancer cell lines with minimal effect on healthy mam-
mary epithelial cells [15]. Carrageenan downregulates Vas-
cular Endothelial Growth Factor (VEGF) expression and
has the capability of suppressing angiogenesis, thereby lim-
iting tumor vascularization [16]. Additionally, it enhances
immunomodulatory properties by stimulating natural killer
cell activity and promoting anti-tumor immune responses
[17]. Furthermore, it can overcome multidrug resistance
mechanisms in cancer cells, potentially addressing signif-
icant limitations of conventional chemotherapies [18], as
well as reducing tumor burden in animal models of colorec-
tal cancer [19].

Soy protein demonstrates remarkable anticancer po-
tential through multiple well-documented mechanisms.
The abundant isoflavones found in soy [20], especially
genistein and daidzein, demonstrate significant capacity to
inhibit cancer growth that relies on hormonal pathways for
development and progression [21]. Isoflavone is a selec-
tive estrogen receptor modulator, resulting in substantial
growth inhibition in breast cancer cells through estrogen
receptor antagonism [22], and it can induce apoptosis via
intrinsic pathways in prostate cancer models [23]. Addi-
tionally, it acts similarly to carrageenan, where it has the
same capacity to limit tumor vascularization that inhibits
angiogenesis through downregulation of VEGF signaling
[24]. The anti-inflammatory properties of soy protein pep-
tides [25] confirmed the suppression of NF-kB activation,
reducing tumor-promoting inflammation [26]. Moreover,
specific bioactive peptides found in soy protein can block
essential enzymes involved in cancer progression, such as
matrix metalloproteinase [27].

Otherwise, carrageenan’s anticancer limitations in-
clude poor bioavailability [28], potential proinflammatory
effects in intestinal tissue [29], inconsistent efficacy across
different cancer types [11], difficulties in standardization
due to batch variability [30], and poorly characterized drug
interactions [11]. These factors restrict its practical thera-
peutic potential despite promising laboratory results [28].
Soy protein’s anticancer efficacy faces critical constraints:
inconsistent isoflavone concentrations (50-300 mg/100 g)
from agricultural and processing variables [12]; concern-
ing estrogenic activity that may promote certain hormone-
responsive tumors [31]; limited bioavailability, with most
genistein lost before reaching target tissues [21]; unpre-
dictable metabolism due to gut microbiome diversity [32];
and reduced bioactive compound accessibility through food
matrix effects [33].

Given the limitations of both compounds and the ur-
gent need for effective natural treatments for colorectal
cancer, this study explored the impact of combining car-
rageenan and soy protein on critical regulatory pathways in
HCT-116 colon cancer cells at various time points. This
current research focused on tracking changes in the regula-

tions of gene expression related to apoptosis, inflammation,
and cell survival, while also measuring the rate of apop-
tosis in these cancer cells after treatment with the combi-
nation. This approach aimed to uncover the potential of a
carrageenan-soy protein blend as a promising strategy for
targeting colorectal cancer.

2. Materials and Methods

2.1 Cell Culture and Treatment of HCT-116 Colon Cancer
Cell Line

HCT-116 colon cancer cells (ATCCCCL247™) were
maintained in DMEM supplemented with 10% FBS at 37
°C, with viability monitored using Trypan blue and pas-
saging performed at 70% confluence. The cell line was
validated by STR profiling and tested negative for my-
coplasma. The study compared untreated control cells
(UNT) with the THCT group that received a combina-
tion of k-Carrageenan (Signa Aldrish part of the Merck
KGaA, Darmstadt, Germany group, Cat No. 11114-20-8)
and soy protein ( Product code: NCS-57380, iHerp, Irvine,
CA, USA) (THCT), which were sterilized by filtration and
administered at 0.25/0.05 mg/mL, respectively, per 5000
cells. Both treated and untreated HCT cell groups were
harvested at specific intervals (24-, 48-, and 72-hours post-
treatment) to enable thorough temporal analysis of cellular
responses [13].

2.2 Assessment of HCT Colon Cancer Cell Survival and
Programmed Cell Death Following Experimental
Intervention

We assessed cellular responses using two comple-
mentary methods. For viability testing, HCT-116 cells
were cultured in 96-well plates (5 x 103 cells/well) for
24 hours before receiving either no treatment (UNH) or
the carrageenan/soy protein formulation (THCT). The MTT
metabolic assay was then performed by adding MTT solu-
tion to fresh media, allowing 4 hours for formazan crystal
formation, and dissolving these crystals with DMSO before
spectrophotometric measurement at 540 nm.

To evaluate apoptotic effects, we seeded cells more
densely (2 x 10° cells/flask) and exposed them to brief 5-
minute treatments followed by extended incubation periods
(2472 hours). These cells were then processed for flow cy-
tometric analysis using the FITC Annexin V/V/propidium
iodide dual staining method, which distinguishes between
early apoptotic, late apoptotic, and necrotic cell populations
with high sensitivity.

2.3 Transcriptional Profile Characterization in HCT
Colorectal Carcinoma Cells Following Therapeutic
Exposure

HCT-116 cells were densely cultured (6 x 106 cells
per flask) and subjected to experimental treatments before
being collected at predetermined time points. Total RNA
was isolated using the high-yield QIAGEN RNeasy® Midi
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Fig. 1. Temporal progression of cell death in HCT colorectal cancer cells exposed to carrageenan-soy protein mixture. (A)
Morphological appearance of untreated control cells, with black arrows indicating normal cellular features. (B) Morphological alterations
observed in treated cells after 24 h, with red arrows showing apoptotic characteristics. (C) Morphological changes in treated cells after
48 h, with red arrows indicating apoptotic features. (D) Morphological changes in treated cells after 72 h, with red arrows highlighting
apoptotic characteristics. Images were captured at 400x magnification. (E) Cell viability was measured over time from 0 to 72 hours,
demonstrating statistically significant differences (p < 0.05) across four independent experiments. In the figure, asterisks (*) denote
significant differences between the untreated control cells (UNT) and the treatment group at the respective time points. (F) Quantitative
analysis of cell death pathways demonstrating the treatment’s impact on apoptosis stages, with statistically significant outcomes (p <
0.05) from four independent experiments. (G—I) Flow cytometry plots illustrating the distribution of cell populations at 24 h, 48 h, and
72 h, respectively, differentiating viable, early apoptotic, late apoptotic, and necrotic cells. Scale bar = 100 pm.
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Table 1. Sequence details of gene-specific primers used for quantitative real-time PCR analysis of apoptotic and signaling

pathway markers.

Primer name  Position Primer sequence Primer length
sense CCTGTGCACCAAGGTGCCGGAACT 24
BAX antisense  CCACCCTGGTCTTGGATCCAGCCC 24
BCL-2 sense TTGTGGCCTTCTTTGAGTTCGGTG 24
antisense ~ GGTGCCGGTTCAGGTACTCAGTCA 24
CXCRA sense TTCTACCCCAATGACTTGTG 20
antisense ATGTAGTAAGGCAGCCAACA 20
GAPDH sense GCACCGTCAAGGCTGAGAAC 20
antisense TGGTGAAGACGCCAGTGGA 19
sense CCAGTTTGCTTTCCTCATTCC 21
HSE-1 antisense  TCTTCTCTCCCAGTATTCAAGTTCC 25
sense AGCGACCTGTGTGGATGAG 19
Jadded-1 antisense GGCTGGAGACTGGAAGACC 19
sense ATCCCATCTTTGACAATCGTG C 22
NE-kB antisense ~ CTGGTCCCGTGAAATACACCTC 22
Notch-1 sense GACATCACGGATCATATGGA 20
antisense CTCGCATTGACCATTCAAAC 20
Noteh-2 sense TGACAACAGCAACAGCAAGG 20
antisense GATGCCACCTGAACAACTGC 20

Kit protocol (Cat. No. 74134, QIAGEN, Manchester,
UK), followed by reverse transcription to cDNA using
Promega’s ImProm-II™ system. Transcriptional changes
were measured using quantitative real-time PCR, which
combined the high-sensitivity BioFact™ Master Mix (Cat.
No. DQ362-40h, BIOFACT Co., Ltd., Daejeon, Korea)
with precisely designed oligonucleotide primers targeting
key regulatory genes (sequences provided in Table 1), en-
abling accurate amplification and detection of even subtle
expression differences between treatment conditions. Gene
expression data were calibrated against the consistently ex-
pressed reference gene GAPDH, serving as an internal con-
trol. The widely validated 2~22t algorithm was then ap-
plied to quantify relative transcriptional changes.

2.4 Statistical Methods and Visual Data Representation.

We performed statistical evaluation using MegaStat
software (version 10.2.2.1, J.B. Orris, Butler University, In-
dianapolis, IN, USA) to determine treatment efficacy. The
analytical approach employed one-way ANOVA to exam-
ine both internal control group variability and the differen-
tial responses between experimental and control cells, with
results considered statistically significant at p < 0.05. We
studied how target genes relate to each other using a simple
Python system. We used NumPy for calculations, pandas to
organize our data, and seaborn to make clear visual charts.

3. Results

3.1 Carrageenan-Soy Protein Treatment Induces
Apoptotic Features in HCT-116 Cells

The morphological reconfiguration of HCT adeno-
carcinoma epithelium exhibited pronounced progression

throughout the 72-hour carrageenan-soy protein treatment
protocol. Untreated control HCT exhibited prototypical ep-
ithelial cytomorphology—displaying uniformly spheroid to
ellipsoid cellular conformations with distinctly demarcated
central nuclei and well-defined microvillous projections
emanating from their intact plasma membranes (Fig. 1A).
The 24-hour timepoint analysis revealed initial cytological
transformation, with discrete cellular subsets demonstrating
unequivocal early-phase apoptotic phenomena: quantifi-
able cytoplasmic retraction, nascent plasmalemmal evagi-
nations, and preliminary disruption of cellular ultrastructure
(Fig. 1B). At 48 hours post-treatment, this apoptotic pheno-
type had amplified substantially across the specimen field,
characterized by accentuated cytosolic compaction, elab-
orate membrane vesiculation, comprehensive cytoskeletal
disorganization, and significant nucleo-morphological al-
terations, including chromatin condensation and karyor-
rhexis throughout the experimental population (Fig. 1C).
The 72-hour assessment revealed a noteworthy homeo-
static plateau, where cellular samples maintained their es-
tablished apoptotic ultrastructure without further morpho-
logical progression beyond the cytological state established
during the preceding temporal interval (Fig. 1D).

Quantitative viability assessments revealed a biphasic
cellular response to HCT cells treated with carrageenan-
soy protein treatment. At all examined time points—24,
48, and 72 hours—HCT cells exposed to the soy protein—
carrageenan mixture displayed a significant reduction in
viability compared with the untreated control group, with
p values recorded at <0.05 for each interval. The com-
pound initially exerted potent cytotoxicity, reducing vi-
able cell populations to 78.8% at 24 hours post-exposure
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to the carrageenan/soy protein treatment compared to the
untreated control cells (UNT) (p < 0.001). A gradual in-
crease followed this acute toxic phase, with carrageenan
and soy protein-cell viability increasing to 82.95% by 48
hours, while maintaining significant differences from the
untreated control populations (p = 0.03). The recovery tra-
jectory continued through 72 hours, with viability further
improving to 86.86%, although still statistically lower than
that of untreated cells (p = 0.018). During the current obser-
vation period, cell viability showed a consistent reduction
at the 24-hour mark and continued to rise throughout the
72-hour timeframe. However, the differences in viability
between these sequential time intervals did not reach statis-
tical significance (Fig. 1E).

Treatment with carrageenan/soy protein triggered a
distinct death pattern in HCT cells over time. Necrosis
dominated the response, following a wavelike trajectory—
high at 24 hours, dipping at 48 hours (p = 0.0183 versus
24 h), then surging dramatically by 72 hours to levels sig-
nificantly higher than both earlier timepoints (p = 0.0043
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versus 24 h; p = 0.0000 versus 48 h). Meanwhile, early
apoptosis exhibited a distinct profile, becoming significant
only at 24 hours (p = 0.0056) before disappearing entirely
at later timepoints. This brief apoptotic response accounted
for approximately 18% of total cell death, occurring exclu-
sively during the first day, creating a stark contrast with the
sustained and ultimately intensifying necrotic cell death ob-
served throughout the experiment. Late apoptosis displayed
a distinctive temporal signature, peaking significantly at 24
hours compared to all other timepoints (48 and 72 hours),
then declining at 48 hours and stabilizing at 72 hours. Late
apoptosis accounted for approximately 25% of the cumula-
tive cell death response, with the 24 hours again providing
the most considerable contribution (Fig. 1F-I).

3.2 Expression of Apoptotic Markers in HCT Cells
Following the Carrageenan/Soy Protein Treatment

HCT cells treated with carrageenan/soy protein mix-
ture induced a significant BAX gene upregulation across all
time points. Expression followed a distinct pattern: consid-
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Fig. 2. Time-course analysis of BAX and BCL-2 mRNA levels in HCT cells following treatment with the carrageenan/soy protein

formulation. UNT denotes untreated control cells, and THCT refers to cells treated with the carrageenan/soy protein mixture. Statistical
differences between groups were evaluated using one-way ANOVA (p < 0.05). (A) BAX expression at 24 hours; (B) at 48 hours; (C) at
72 hours. (D) BAX expression compared across all time points. (E) BCL-2 expression at 24 hours; (F) at 48 hours; (G) at 72 hours; and

(H) comparative BCL-2 expression at all time points.
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erable elevation at 24 hours compared to untreated controls
(p < 0.001) (Fig. 2A), continued elevation but at lower lev-
els at 48 hours (p < 0.001) (Fig. 2B), and peak expression
at 72 hours (Fig. 2C). The 72-hour timepoint displayed the
most robust BAX levels, significantly exceeding both base-
line and earlier measurements (p < 0.001 for both compar-
isons) (Fig. 2D).

BCL-2 gene expression exhibited a complex profile
in HCT cells after exposure to a carrageenan and soy pro-
tein mixture. Treatment triggered significant BCL-2 up-
regulation at 24 hours compared to the untreated controls
(»p = 0.005) (Fig. 2E), followed by a return to baseline
levels at 48 hours, with no statistical difference from the
untreated controls (Fig. 2F). BCL-2 gene expression ex-
hibited a second significant increase at the 72-hour time
point compared to untreated control baseline levels (p <
0.001) (Fig. 2G). The highest expression of BCL-2 levels
was observed at 24 hours, significantly exceeding those at
later time points (p < 0.001). The 72-hour measurements
showed a marked decline from 48-hour levels (p < 0.001),
reaching the lowest BCL-2 expression observed during the
experiment (Fig. 2H).

3.3 Temporal Regulation of NF-kB Expression After
Carrageenan/Soy Protein Treatment

The present NF-kB expression levels exhibited
a precise time-dependent expression profile after car-
rageenan/soy protein administration to the HCT cells.
The current treatment initiated a significant inflammatory
response, marked by substantial NF-kB upregulation at
24 hours compared to untreated controls (p = 0.0001)
(Fig. 3A). This elevated expression in the current treated
group persisted for 48 hours, remaining significantly
higher compared to the untreated control level (p <
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0.0001) (Fig. 3B). By 72 hours, NF-kB expression de-
creased below control values. However, this difference
lacked statistical significance (Fig. 3C).

Analysis of the expression revealed maximum NF-kB
levels at 24 hours, which were significantly higher than
those measured at both 48 hours (p = 0.0018) and 72 hours
(p = 0.001). The 48-hour timepoint showed slight upregu-
lation of expression, lower than the initial peak but still sig-
nificantly elevated compared to 72-hour levels (p < 0.001).
This expression pattern demonstrates a systematic attenua-
tion of the inflammatory signal over the three-day experi-
mental course (Fig. 3D).

3.4 Temporal Regulation of Cell Signaling Expression
After Carrageenan/Soy Protein Treatment

Notch-1 exhibited a distinctive biphasic expression
pattern in response to carrageenan/soy protein treatment.
The carrageenan/soy protein formulation generated a bipha-
sic Notch-1 expression pattern, with significant upregula-
tion at both 24 and 72 hours compared to untreated controls
(» = 0.0000 and 0.0032, respectively) (Fig. 4A,C). How-
ever, the expression pattern of this target gene showed a
distinct interruption at 48 hours, when Notch-1 levels re-
versed course and dropped below control values, though
this decrease did not reach statistical significance (Fig. 4B).
Temporal comparison within the treatment group demon-
strated that Notch-1 mRNA expression reached its maxi-
mum at 24 hours, significantly overwhelm the levels ob-
served at both 48 and 72 hours (p < 0.001 for both compar-
isons), while the 48-hour measurement represented the low-
est point of Notch- 1 expression throughout the experimental
period, showing significant reduction compared to the sub-
sequent 72-hour expression levels (p < 0.001) (Fig. 4D).
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Fig. 3. Time-course analysis of NF-kB regulatory gene levels in HCT cells treated with carrageenan/soy protein formulation.

UNT denotes untreated control cells, and THCT refers to cells exposed to the carrageenan/soy protein formulation. Panels show NF-kB

expression at (A) 24 h, (B) 48 h, and (C) 72 h, with (D) presenting a comparative analysis across all time points. Statistical significance

between groups was assessed using one-way ANOVA (p < 0.05).
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Fig. 4. Temporal changes in Notch-1 and Jagged-1 gene expression in HCT cells following carrageenan/soy protein mixture

treatment. UNT denotes untreated control cells, while THCT refers to cells treated with the carrageenan/soy protein mixture. Panels
illustrate (A) Notch-1 expression at 24 h, (B) Notch-1 at 48 h, (C) Notch-1 at 72 h, and (D) comparative Notch-1 expression across all
time intervals. Panels (E-G) present Jagged-1 expression at 24 h, 48 h, and 72 h, respectively, while Panel (H) shows a comparison of

Jagged-1 expression across all time intervals. Statistical differences between groups were analyzed using one-way ANOVA (p < 0.05).

The expression level of the Jagged-1 gene in HCT-
116 cells exposed to carrageenan/soy protein treatment in-
creased significantly and gradually at 24, 48, and 72 hours
compared to 0 hours (p < 0.001 for each period) (Fig. 4E—
G). Although there was no significant increase in Jagged-1
mRNA level at 24 hours compared to its level at 48 hours,
its expression decreased significantly compared to its level
at 72 hours (p < 0.001). Furthermore, Jagged-1 mRNA ex-
pression declined significantly at 48 hours compared to 72
hours (p < 0.001) (Fig. 4H).

When treated with carrageenan/soy protein, HCT-116
cells showed significant changes in gene activity. Notch-2
levels jumped significantly at 24 and 72 hours compared to
untreated cells (p < 0.001 and p = 0.0005), with the high-
est peak at 24 hours (Fig. 5A,C). We also exhibited a no-
table increase at 48 hours compared to the untreated control
(Fig. 5B), although it wasn’t statistically significant. For
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Notch-2, we observed its strongest response at 24 hours,
much higher than at 48 or 72 hours (p < 0.001 for each
comparison). Interestingly, Notch-2 levels dropped signif-
icantly at 48 hours before rising again to 72 hours (p =
0.0107) (Fig. 5SD).

Carrageenan/soy protein dramatically reshaped gene
expression in HCT-116 cells. HSE-1 activity surged sig-
nificantly at 24 hours (p < 0.001 versus control), creat-
ing a peak response that far outpaced later timepoints (p <
0.001 versus both 48 and 72 hours) (Fig. SE). This initial
genetic surge couldn’t sustain itself—HSE-1 levels gradu-
ally declined, showing only modest elevation at 48 hours
(Fig. 5F) before significantly dropping below normal by 72
hours (p = 0.044) (Fig. 5G). Meanwhile, Notch-2 expres-
sion followed a different pattern, decreasing consistently at
both 48 and 72 hours without a significant difference be-
tween these later timepoints (Fig. SH).
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Fig. 5. Temporal changes in Notch-2 and HSE-1 gene expression in HCT cells following carrageenan/soy protein mixture treat-

ment. Gene expression analysis at sequential timepoints: (A) Notch-2 levels at 24 hours; (B) Notch-2 levels at 48 hours; (C) Notch-2

levels at 72 hours; (D) Notch-2 expression comparison across all time intervals; (E) HSE-1 levels at 24 hours; (F) HSE-1 levels at 48

hours; (G) HSE-1 levels at 72 hours; and (H) HSE-1 expression comparison across all time intervals. Statistical significance between
groups was determined using one-way ANOVA (p < 0.05). UNT represents untreated control cells, while THCT indicates cells treated

with the carrageenan/soy protein mixture.

3.5 Gene Expressions Correlations After an Experiment
Over Time

The targeted gene expression analysis of car-
rageenan/soy protein-treated HCT cells after 24 hours
revealed distinct correlation patterns. BAX exhibited
significant positive relationships with both Bcl-2 (r =
0.71) and NF-kB (r = 0.76), while Notch-1 and Notch-2
demonstrated a significant positive correlation (r = 0.91).
JAG-1 showed a negative correlation with Notch-2 (r =
—0.52) but positively correlated with NF-kB (r = 0.81).
HSE-1 displayed a strong positive alignment with Bcl-2 (r
= 0.849) alongside a significant negative relationship with
Notch-2 (r=-0.75) (Fig. 6).

Otherwise, HCT cells treated with carrageenan/soy
protein for 48 hours revealed substantially altered relation-
ship patterns compared to the 24-hour timepoint. After 48
hours, BAX showed weak positive correlations with Bcl-

2 (r =0.16, p > 0.05) and NF-kB (r = 0.15, p > 0.05),
contrasting with their previously strong associations. Also,
NF-kB exhibited a strong negative correlation with Bel-2 (r
=-0.92, p < 0.001) while developing strong positive re-
lationships with Notch 1 (r =0.90, p < 0.001) and HSE-1
(r=10.90, p < 0.001). Particularly noteworthy was the ro-
bust correlation between HSE-1 and Notch 1 (r=0.97, p <
0.0001), while Notch-2 showed only moderate correlations
with other genes. JAG-1 maintained moderate positive cor-
relations with several genes, including HSE-1 (r = 0.70, p
< 0.01) and Notch 1 (r=0.69, p < 0.01) (Fig. 6).

After 72 hours, BAX maintained a moderate positive
correlation with Bcl-2 (r=0.41, p < 0.05) and weaker asso-
ciations with other genes. Notably, Bc/-2 and Notch 1 dis-
played a powerful positive correlation (r=0.95, p < 0.001),
suggesting synchronized regulation at this time point. NF-
kB showed a strong positive correlation with Notch-2 (r =
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Fig. 6. Illustrates the dynamic changes in genetic interactions within HCT cancer cells following treatment with the carrageenan

and soy protein combination. Distinct, color-coded matrices display the gene correlations evolving at 24, 48, and 72 hours. Strong

positive associations between genes are marked in vivid red, while strong negative correlations appear as deep blue. The targeted gene

correlation analysis was conducted using a robust Python workflow that utilized NumPy for computations, pandas for data management,

and seaborn for generating clear and informative heatmaps.

0.82, p < 0.001) while developing a strong negative rela-
tionship with HSE-1 (r =-0.80, p < 0.001). HSE-1 exhib-
ited significant negative correlations with nearly all genes,
most prominently with Notch-2 (r=-1.00, p < 0.0001) and
Notch 1 (r =-0.68, p < 0.01). JAG-1 maintained moder-
ate positive correlations with Bel-2 (r=0.60, p < 0.01) and
Notch 1 (r=0.60, p < 0.01) (Fig. 6).

4. Discussion

The current study confirmed the remarkable efficacy
of the carrageenan and soy protein mixture against HCT
cells through an intricate temporal progression of cellular
transformations and death mechanisms. The current find-
ings illustrate three distinct phases connecting morpholog-
ical alterations, viability patterns, and molecular signaling
networks.
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During the initial phase, the mixture rapidly disrupted
epithelial integrity within 24 hours. While control cells
maintained their characteristic spheroid morphology, with
distinct nuclei and microvillous projections, treated cells
underwent dramatic remodeling, featuring cytoplasmic re-
traction and membrane evaginations—classic hallmarks of
programmed cell death [34]. This current morphologi-
cal transformation aligned perfectly with our death marker
analysis, showing simultaneous activation of early apop-
tosis, late apoptosis, and significant necrosis, confirming
all the hallmarks of apoptotic progression [35]. The gene
expression profile at 24 hours featured a remarkably syn-
chronized response pattern. The current pro-apoptotic BAX
[36] showed strong positive associations with both anti-
apoptotic BCL-2 [37] and inflammatory mediator NF-kB
[38], indicating a balanced cellular response [39]. Cur-
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rently, Notch-1 and Notch-2 demonstrated perfect synchro-
nization while HSE-1 maintained an unexpected positive
correlation with BCL-2, yet a negative association with
Notch-2, suggesting activation of non-canonical signaling
mechanisms [40]. These current complex interactions trig-
gered comprehensive early activation of Notch compo-
nents, HSE-1, NF-kB, BAX, and BCL-2, representing a
holistic stress-adaptation program simultaneously promot-
ing both survival and death mechanisms [37,41,42].

In the present study, after 48 hours of exposure, a
strategic shift emerged in cellular response. Morpholog-
ically, cells displayed intensified apoptotic features with
pronounced cytosolic compaction and extensive membrane
vesiculation [43]. Paradoxically, the current progression
coincided with the complete disappearance of early apopto-
sis markers and a temporary decrease in necrosis, suggest-
ing a transitional phase where cells initially committed to
apoptosis were completing their death process. At the same
time, necrotic pathways temporarily abated [35]. The cur-
rent transition phase featured a profound reconfiguration of
signaling networks. The strong correlations between cur-
rent BAX and both BCL-2/NF-kB (observed at 24 h) sig-
nificantly diminished. NF-kB formed a strong inverse re-
lationship with BCL-2 while establishing positive connec-
tions with Notch-1 and HSE-1, indicating inflammatory sig-
naling had assumed a dominant regulatory role, potentially
suppressing conventional anti-apoptotic mechanisms while
enhancing alternative survival pathways [39]. The current
BCL-2 stabilized to baseline levels while NF-kB moderated
but remained elevated, corresponding with the shift from
controlled to disorganized cell death [44]. The current vi-
ability data supported this interpretation, showing modest
recovery from 78.8% to 82.95%, indicating some cellular
subpopulations had activated survival mechanisms against
the treatment.

In this study, most revealing patterns emerged at hour
72, where three distinct phenomena converged: morpho-
logically, cells reached a “homeostatic plateau” with no fur-
ther structural changes; viability continued improving to
86.86%; yet paradoxically, necrosis surged dramatically to
levels significantly exceeding earlier timepoints. Despite
some current HCT cells displaying stabilized architecture
and increased flexibility, the carrageenan/soy protein mix-
ture fundamentally compromised essential internal cellu-
lar systems, ultimately triggering widespread necrotic col-
lapse. In the present study, further gene expression anal-
ysis at 72 hours featured a dramatic shift in signaling re-
lationships. The current BAX reached maximum expres-
sion while the BCL-2 plummeted to minimal levels, creat-
ing an overwhelmingly pro-death environment [45]. Also,
the NF-kB activity fell below the untreated control levels
precisely when BAX peaked and BCL-2 collapsed, indicat-
ing inflammatory pathway withdrawal may have functioned
as a molecular trigger for terminal necrosis [46]. Further-
more, the current HSE-1 declined from peak levels to below
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baseline (untreated control level), concurrent with BCL-2
suppression and necrosis amplification, suggesting stress
protection failure ultimately enabled the massive terminal
necrotic surge [47].

The Notch signaling (cell survival genes) [48] analy-
sis verified additional insights into the current mixture re-
sponse. The current Notch-1 expression exhibited a wave-
like pattern with peaks at 24 and 72 hours separated by a
48-hour depression, closely tracking the oscillating necrotic
response. These current findings contrast with Jagged-1’s
steady increase throughout the experiment. By 72 hours,
treated HCT cells established a new equilibrium state where
the reestablished moderate BAX/BCL-2 correlation sug-
gested successful navigation through earlier stress phases in
surviving cells [37]. The current noticeable BCL-2/Notch-
1 relationship indicates that cancer cells repurposed Notch
signaling to reinforce their survival mechanisms [49]. Most
remarkably, current HSE-1 expression transformed into
a master negative regulator, showing inverse correlations
with nearly all targeted genes, indicating it functioned as
a critical regulatory “brake” stabilizing cellular responses
during prolonged exposure [50].

Our findings verified that carrageenan/soy protein
mixture acted as a sophisticated therapeutic mechanism,
evolving across multiple phases: initial multimodal assault
(24 h), adaptive transition (48 h), and terminal necrotic
resolution (72 h). This sequence offered significant ad-
vantages over conventional cancer treatments that typi-
cally engaged single death pathways, which cancer cells
often evolved to resist [S1]. This biphasic viability re-
sponse suggested the mixture created a selective pressure
that eliminated vulnerable cells while temporarily allow-
ing stress-adapted populations to persist before eventual
necrotic elimination [52]. The dramatic rise in necrosis
at 72 hours, despite morphological stabilization, suggested
that carrageenan/soy protein targeted metabolic and bioen-
ergetic systems that remained functional long enough to
maintain cellular architecture but ultimately collapsed [53].
This mechanism could prove especially valuable against
therapy-resistant cancer cells that have evolved robust anti-
apoptotic defenses but remain vulnerable to metabolic dis-
ruption [13]. These molecular dynamics suggested promis-
ing therapeutic opportunities: combining carrageenan/soy
protein with BCL-2 or ~y-secretase inhibitors during early
response could enhance initial apoptotic death. In contrast,
HSE-1 inhibitors at 48 hours might prevent stress adapta-
tion and accelerate the elimination of resistant cell popula-
tions. Additionally, the complete absence of early apopto-
sis after 24 hours indicated that treatment timing was criti-
cal, suggesting pulsed administration protocols might op-
timize therapeutic efficacy by repeatedly reinitiating the
early apoptotic response while maintaining necrotic pres-
sure [54].
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5. Conclusion

Our findings demonstrate that the carrageenan—soy
protein mixture induces a distinct and multifaceted death
response in colon cancer cells, clearly diverging from the
mechanisms targeted by conventional therapeutic strate-
gies. Rather than relying on a single apoptosis pathway
that is frequently bypassed by resistant cancer phenotypes,
this mixture orchestrated a sequential cascade: an early
multimodal cytotoxic assault at 24 hours, followed by an
adaptive transition phase at 48 hours, and culminating in
a necrotic collapse by 72 hours. The paradox observed at
the 72-hour time point—where transient improvements in
cellular morphology and viability metrics coincided with
catastrophic necrotic failure—highlights the potential of
this mixture to compromise core metabolic and bioenergetic
systems while temporarily preserving structural integrity.

Importantly, the associated reconfiguration of apop-
totic gene expression, particularly the emergence of HSE-
1 as a master negative regulator, uncovers novel molecular
control points that merit deeper exploration. From a transla-
tional perspective, these insights suggest that carrageenan—
soy protein formulations may provide a basis for developing
innovative therapeutic strategies with the capacity to over-
come apoptotic resistance in aggressive colorectal cancers.
As such, this approach holds promising clinical application
value, warranting further in vivo validation and preclinical
evaluation to establish its safety, efficacy, and potential in-
tegration into future colorectal cancer treatment regimens.

Significant Statement

This groundbreaking study revealed that carrageenan-
soy protein mixture induced a unique triphasic death re-
sponse in colon cancer cells, orchestrating a remarkable 72-
hour paradox where improved cellular appearance masked
catastrophic metabolic collapse—a potentially revolution-
ary approach for defeating therapy-resistant cancers by ex-
ploiting temporal gene regulatory reprogramming rather
than targeting single death pathways.
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