ORIGINAL ARTICLE

DOI: 10.4274/hamidiyemedj.galenos.2026.04696

Hamidiye Med J

Aloe Vera Modulates Transcriptomic Landscapes and Cell Death
Pathways to Enhance The Response of Colorectal Cancer Cells To
5-Fluorouracil
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@ Tugba Kul Koprulu

University of Health Sciences Tiirkiye, Hamidiye Institute of Health Sciences, Department of Molecular Medicine, Istanbul, Tiirkiye

ABSTRACT

0
i .

Background: Colorectal cancer (CRC), the third most prevalent malignancy globally, causes ~1.9 million annual cases, necessitating
novel therapies. Although 5-fluorouracil (5-FU) is a first-line chemotherapy, its efficacy is limited by resistance and toxicity, with
response rates of only 10-15% in metastatic CRC. Combining 5-FU with natural compounds, such as Aloe barbadensis Miller (AVE),
may enhance therapeutic outcomes by modulating resistance mechanisms.

Materials and Methods: This study evaluated the combined treatment effects of 5-FU and AVE in HCT116 and HT29 CRC cells using
real-time proliferation (xCELLigence), mitochondrial stress assays (Seahorse XFe24),and total RNA sequencing.

Results: The combination of 5-FU and AVE (5-FuAve) significantly reduced cell proliferation and mitochondrial respiration in both
cell lines. Transcriptome analysis revealed 524 upregulated and 98 downregulated genes in HCT116 and 57 upregulated and 17
downregulated genes in HT29. Seven tumor-suppressor genes, including FBLNZ,INPP5D,and TP53INP1,were commonly upregulated,
while oncogenic regulators such as PLK1 and CDC20 were downregulated in both lines.HT29 cells displayed an apoptosis-associated
transcriptomic signature, supported by MAPK pathway enrichment, whereas HCT116 cells showed transcriptomic features consistent
with a potential ferroptotic response:, as indicated by ALOX5 upregulation and arachidonic acid pathway engagement. Despite
differing molecular mechanisms, both cell lines exhibited comparable antitumor responses.

Conclusion: These findings suggest that 5-FuAve exerts multi-modal anti-cancer effects through cell-type-specific mechanisms,
offering a promising strategy for addressing chemoresistance in CRC. Future studies should dissect the individual contributions of
5-FU and AVE to validate these observations and support therapeutic development.

Keywords: fluorouracil, aloe vera, oxygen consumption rate (OCR), xCELLigence, colorectal cancer

Amag: Dinya genelinde en sik gorilen Uglincu kanser tiiri olan kolorektal kanser (CRC), yilda yaklasik 1,9 milyon olguya neden
olmakta ve yeni tedavi stratejileri gerektirmektedir. 5-fluorouracil (5-FU) birinci basamak kemoterapi olmasina ragmen, etkinligi
direng ve toksisite nedeniyle sinirlidir ve metastatik CRC'de yanit oranlari yalnizca %10-15 civarindadir. 5-FU’yu Aloe barbadensis
Miller (AVE) gibi dogal bilesiklerle birlestirmek, direng mekanizmalarini modiile ederek tedavi sonuglarini iyilestirebilir.

Yontem ve Geregler: Bu calismada, gergek zamanli proliferasyon (xCELLigence), mitokondriyal stres testleri (Seahorse XFe24) ve
total RNA dizilemesi kullanarak HCT116 ve HT29 CRC hucrelerinde 5-FU ve AVE'nin kombine tedavi etkileri degerlendirildi.

Bulgular: 5-FU ile AVE (5-FuAve) kombinasyonu tedavisi, her iki hiicre hattinda da hiicre cogalmasini ve mitokondriyal solunumu
onemli 6lclide azaltti. Transkriptom analizi,HCT116’da 524 yukari regiile edilmis ve 98 asagi regiile edilmis geni,HT29’da ise 57 yukari
reguile edilmis ve 17 asagi regiile edilmis geni ortaya ¢ikardi. FBLN2, INPP5D ve TP53INP1 dahil olmak lzere yedi tumor baskilayici
gen ortak olarak yukari regiile edilirken, PLK1 ve CDC20 gibi onkojenik duzenleyiciler her iki hiicre hattinda da asagi regule edildi.
HT29 hiicreleri, MAPK yolak zenginlesmesiyle desteklenen apoptoza iliskin bir transkriptomik profil sergilerken, HCT116 hucreleri
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ALOX5 yukari reguilasyonu ve arasidonik asit yolak katilimiyla tutarli olasi bir ferroptozik yanita isaret eden transkriptomik ozellikler
gosterdi. Molekiiler mekanizmalardaki farkliliklara ragmen, her iki huicre hatti da karsilastirilabilir anti-timor yanitlar sergiledi.

Sonug: Bu bulgular, 5-FuAvenin hiicre tipine 6zgl mekanizmalar yoluyla gok yonlu anti-kanser etkileri gosterdigini ve kolorektal

kanserde kemoterapiye direnci ele almak icin umut vadeden bir strateji sundugunu gostermektedir. Gelecekteki calismalarla, bu
gozlemleri dogrulamak ve terapétik gelismeyi desteklemek icin 5-FU ve AVE'nin bireysel katkilari ayrintili olarak incelemelidir.

Anahtar Kelimeler: 5-fluorourasil, aloe vera, oksijen tiiketim orani (OCR), xCELLigence, kolorektal kanser

Introduction

Colorectal cancer (CRC) ranks as the third most prevalent
malignancy globally, accounting for approximately 1.9
million new cases annually, and represents the second
leading cause of cancer-associated deaths (1). Projections
indicating that nearly 1.6 million individuals may succumb
to CRC by 2040 (2) underscore the urgent need for novel
therapeutic approaches in its management. A major
challenge in CRC treatment lies in the limited efficacy of
existing therapies, primarily due to chemoresistance or poor
treatment response (3,4). This issue is further compounded
by the metastatic progression of cancer cells, complicating
clinical outcomes. The cornerstone of CRC chemotherapy
is 5-fluorouracil (5-FU), a pyrimidine analog (5,6). However,
only a small fraction (~3%) of the administered dose exerts
cytotoxic effects on tumor cells via anabolic pathways (6).
While uracil and 5-FU derivatives are readily taken up by
tumor cells, 5-FU’s primary antitumor mechanism involves
the inhibition of thymidylate synthase (TS), thereby
disrupting DNA replication (6,7). Additionally, its metabolite
5-fluorouridine triphosphate incorporates into RNA,
impairing RNA synthesis and function (8).

Despite its widespread use, 5-FU demonstrates limited
efficacy in CRC, with significant side effects and a response
rate of merely 10-15% in advanced metastatic cases (5,9).
Nevertheless, it remains a first-line chemotherapeutic
agent, prompting research into strategies to enhance its
therapeutic index. Combination therapies incorporating
5-FU and other anticancer agents have improved response
rates to 40-50% (5,10). However,dose escalation to augment
efficacy often leads to severe toxicity and acquired resistance
(11). Consequently, exploring effective combinations of
5-FU with complementary drugs is critical to overcoming
these limitations. Research has demonstrated that folinic
acid not only mitigates the adverse effects of 5-FU but
also enhances its therapeutic efficacy (6,12). Similarly, in
actinic keratosis—a potential precursor to squamous cell
carcinoma-the combination of 5-FU with calcipotriol (a
synthetic vitamin D3 analog) exhibited fewer side effects
compared to conventional treatments (13). In CRC, the co-

administration of 5-FU and thymoquinone suppressed
tumorigenesis by downregulating the cancer stem cell
marker CD133 (14). In hepatocellular carcinoma, combining
5-FU with salinomycin overcame chemoresistance by
reducing CD133 and EPCAM expression in cancer stem
cells. This combination also inhibited the Wnt/p-catenin
pathway, preventing nuclear translocation of active
[-catenin and reversing epithelial mesenchymal transition
a key mechanism linked to drug resistance (15). Another
study on colon cancer revealed that the Irinotecan/5-FU
combination disrupted mitochondrial membrane integrity
and induced apoptosis via caspase activation in HT29 and
SNU-C4 cell lines (16). Parallel findings showed that 5-FU
and curcumin in combination promoted cell death in CNE-
27 cells by suppressing NF-»B activity and upregulating the
pro-apoptotic protein Bax (17). Aloe barbadensis Miller (AVE),
a widely recognized medicinal plant, exhibits low-toxicity
antineoplastic effects in various cancers of the lung, breast,
colon, and liver (18-20). Its potential to inhibit metastasis
and counteract drug resistance has been well-documented
(21). In gastric, colon, and hepatocellular carcinoma cell
lines, comparative analyses of AVE extracts identified AVE
gel as the most potent antitumor agent, with Aloe-emodin
also demonstrating significant activity (22). AVE contains
over 75 bioactive compounds, including minerals, vitamins,
enzymes, and saponins, with its therapeutic benefits likely
arising from their synergistic interactions rather than
isolated effects (23,24).

This study found that combining 5-FU with AVE enhanced
the antitumor effect in CRC by augmenting malignant cells’
response to chemotherapy and potentially modulating
resistance-associated mechanisms, thus improving the
therapeutic outcomes of 5-FU.

Materials and Methods

Cell Culture

BEAS-2B  (ATCC® CRL-3588™, human bronchial
epithelium), HCT116 (ATCC® CCL-247™, human colorectal
carcinoma), and HT29 (ATCC® HTB-38™, human colorectal
adenocarcinoma) were obtained from the American
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Type Culture Collection (Manassas, VA, USA). Cells were
maintained in exponential growth phase in DMEM medium
(GIBCO, Invitrogen, Carlsbad, CA, USA) supplemented with
10% heat-inactivated fetal bovine serum (GIBCO), 10 U of
penicillin per mL (GIBCO), and 10ug streptomycin per mL
(GIBCO) at 37 °Cin a 5% CO, humidified atmosphere. Cells
treated with trypan blue at a 1:1 ratio were placed on a TC20
slide and enumerated using the TC20 Cell Counter (Bio-Rad,
USA). AVE leaves were rinsed with dH,0 and dried on filter
paper. After they were dried, the leaves were homogenized
to create a gel, which was then centrifuged at 300xg for
3 minutes. The resulting gel was diluted with dH,0 and
mixed at 60 °C for two hours. The mixture was subsequently
filtered at 12,000 rpm for 20 minutes, and the supernatant
was concentrated to the desired volume (3.01 g) under low
pressure. 5-FU (Sigma Aldrich, USA) used in this experiment
was dissolved in DMSO to create a 20 mg/mL stock solution,
which was stored at-20 °C.

Real-time Monitoring of Cell Proliferation by xCELLigence
System

To measure the cytotoxic response of BEAS-2B, HCT116,
and HT29 cell lines in real time, cells were seeded into
96-well microplates (E-plates)at a density of 15x10° cells/
well, 4x10* cells/well and 3x10* cells/well, respectively.
The E-plates feature small gold electrodes on the bottom
that record impedance changes, which are dynamically
translated into Cell Index (Cl) values by the xCELLigence
Real-Time Cell Analysis (RTCA) MP instrument (Agilent
Technologies, USA). Analyses were performed at 37 °C with
5% CO, using the xCELLigence. The cells were subsequently
treated with eight different concentrations of 5-FU (5, 10,
15, 20, 25, 30, 35, and 40 pyg/mL) and AVE (5, 8, 10, 15, 25,
30, 35, and 40 pg/mL), with each concentration tested in
triplicate. For each cell line, untreated cells served as the
control group. According to RTCA MP results, the IC, value
of 5-FU was 21.38 pg/mL and 17.58 pg/mL, and the IC,,
value of AVE was 14.52 ug/mL and 15.08 pg/mL in HCT116
and HT29, respectively.

Mitochondrial Stress Profiling in HCT116 and HT29 Cell
Lines Using SeaHorse XFe24 Flux Analyzer

For mitochondrial respiration analysis, cells were seeded
at a density of 2x10* cells/well in 100 yL medium in XFe24
cell culture microplates and incubated at 37 °Cwith 5% CO,.
After a 24-h incubation period, cells were treated with IC,;
concentrations of 5-FU (21.38 pg/mL in HCT116 and 17.58
pg/mLin HT29) and AVE (14.52 yg/mLin HCT116 and 15.08
pg/mLin HT29) as determined by RTCA MP.The treated cells
were kept at 37 °C for 48 hours in a humidified atmosphere
with 5% CO,. During the last 24 h of treatment, the sensor

cartridge was prepared by loading 1 mL of SeaHorse XFe24
Calibrant Solution into each well and incubating overnight
at 37 °Cin a CO,-free environment for 1 hour to allow pH
stabilization. For the mitochondrial stress test, oligomycin
(an ATP synthase inhibitor), FCCP (an uncoupling agent),
and rotenone/antimycin A (complex I/Ill inhibitors) from
the Seahorse XF Cell Mito Stress Kit (Agilent Technologies,
USA) were loaded into the designated cartridge ports at
the concentrations specified by the manufacturer. The
humidified sensor cartridge was then loaded into the XFe24
analyzer, and the prepared cell culture plate was carefully
placed to obtain real-time metabolic measurements. After
completing the run, analyses were conducted with the
Seahorse Wave Controller Software 2.4.

Total RNA Isolation and Quality Assessment

Total RNAwas extracted from control cells and from cells
treated with the FU and AVE, extract (5-FuAve) combination
using the EZ-10 Spin Column Total RNA Miniprep Kit
(BioBasic, USA). Following overnight incubation at 37 °C,
cells were treated with optimized compound concentrations
and then incubated for 48 hours. Cell lysis was performed
using the provided lysis buffer, followed by homogenization
with 70% ethanol. The lysate was transferred to EZ-10
spin columns and centrifuged at 12.000xg for 1 minute.
Subsequent washes were performed with RW and RPE
buffers to remove contaminants. Purified RNA was eluted
in 50 pL of RNase-free water and immediately stored at
-80 °C. RNA quality control was performed using two
complementary approaches: total RNA concentration was
determined using the Qubit 4.0 Fluorometer with the Qubit
RNA Broad Range Kit (Thermo Fisher Scientific), and RNA
integrity was assessed using the TapeStation 4150 system
with RNA ScreenTape (Agilent Technologies); all samples
demonstrated RNA Integrity Numbers (RIN) >8.0.

RNA-Seq Library Preparation and Sequencing

Transcriptome profiling was conducted using total RNA
sequencing. Ribosomal RNA depletion was performed on
100 ng of high-quality total RNA (RIN >8) using the QlAseq
FastSelect RNA Library Kit (QIAGEN, USA). First-strand cDNA
synthesis was performed using random primers, followed
by second-strand synthesis incorporating deoxyuridine
triphosphate to ensure strand specificity. Libraries were
prepared through adapter ligation and unique dual indexing
to enable multiplexing. PCR amplification was optimized to
12 cycles to prevent over-amplification artifacts. Library
quantification was performed using the Qubit dsDNA High
Sensitivity Assay (Thermo Fisher Scientific), followed by
equimolar pooling of all samples at 2 nM.Final library quality
was verified by capillary electrophoresis (TapeStation 4150)



Tugba Kul Kopruli. Aloe Vera Enhances 5-FU in CRC

before sequencing. Paired-end sequencing (2x150 bp) was
performed on the NovaSeq 6000 platform (Illumina, USA)
with a target depth of 40 million reads per sample.

Functional Enrichment Analysis of Deregulated Genes

Differentially expressed genes (DEGs) in HCT116 and
HT29 cells treated with 5-FuAve were identified using the
QIAGEN CLC Genomics Workbench Premium (version 23.0.4).
Read counts were normalized using the TMM (Trimmed
Mean of M-values) method, and differential expression
analysis was performed using a negative binomial
distribution-based statistical model. Genes with a log, fold
change (FC) less than-2.0 or greater than 2.0,along witha p
value <0.05 and FDR-adjusted p value <0.05, were selected
for downstream in silico analyses. Gene ontology (GO) and
pathway analyses were conducted and visualized using the
SRplot web server (25). Comparative transcriptomic analysis,
Kaplan-Meier survival analysis, and protein-protein
interaction network construction were performed using the
Protein Interaction Network Analysis (PINA) v3.0 platform,
with the Colon Adenocarcinoma (TCGA-COAD) dataset from
The Cancer Genome Atlas serving as the cancer reference.
Based on mRNA expression levels, patients were stratified
into upper 50% and lower 50% groups. Overall survival (OS)
was used as the endpoint,and Spearman correlation yielded
a coefficient of 0.1 (26).

This study does not require ethical committee approval
and informed consent because it does not involve human
or animal subjects and is based solely on commercially
purchased cell lines.

Statistical Analysis

Results were presented as mean values # standard
deviation. All experimental data were obtained from three
replicates and were assessed using one-way analysis of
variance with a significance threshold of p < 0.05.

Results

Determination of Antiproliferative and Cytotoxic Effects of
5-FU and AVE on BEAS-2B,HCT116,and HT29

The data presented in Figure 1 demonstrate the time-
and dose-dependent antiproliferative effects of 5-FU and
AVE on BEAS-2B,HCT116,and HT29 cell lines, as measured
by normalized Cl over a 70-h period. Both compounds
showed clear concentration-dependent responses, with
higher doses (25-40 upg/mL) causing more pronounced
inhibition of cell proliferation in all cell types. Notably,
AVE exhibited robust cytotoxic activity against HT29 cells,
resulting in rapid decreases in Cl even at low concentrations
(10 pg/mL) (p < 0.05). Differences in responses among the

cell lines were striking, with normal BEAS-2B cells showing
greater sensitivity to AVE than to 5-FU, which suggests
potential toxicity concerns for normal tissues. In contrast,
HCT116 carcinoma cells showed intermediate sensitivity
to both compounds; AVE produced a more rapid response
than 5-FU (p < 0.05). The results revealed that significant
antiproliferative effects typically became apparent 24-
48 hours after treatment, consistent with mechanisms
involving cell-cycle arrest or the induction of apoptosis.
These findings suggest that, although AVE may offer
advantages over 5-FU in terms of potency against certain
cancer cell types—particularly the HT29 adenocarcinoma
line—its significant toxicity to normal cells may limit its
therapeutic window.

Analysis of Oxygen Consumption in HCT116 and HT29 Cells
Using the Cell Mito Stress Test

The metabolic activity of HCT116 and HT29 colon
cancer cells was assessed using a mitochondrial stress test
to evaluate the effects of 5-FU, AVE, and their combination
(5-FU+AVE), along with control treatments. The main
modulators, oligomycin (an ATP synthase inhibitor), FCCP
(@ mitochondrial uncoupler), and rotenone/antimycin A
(Rot/AA; electron transport chain inhibitors), were used to
examine mitochondrial function. Real-time measurements
of metabolic parameters in HCT116 and HT29 cells,
recorded over a time course, potentially reflect the oxygen
consumption rate (OCR). Figure 2 shows the comparative
analysis of mitochondrial respiratory dynamics in HCT116
cells treated with 5-FU,AVE, and 5-FuAve, measured by real-
time OCR. While the control group exhibited a baseline
metabolic profile, the 5-FU treatment caused a significant
decrease in OCR (p <0.05),indicating impaired mitochondrial
function.This phenomenon is consistent with the known role
of 5-FU in disrupting pyrimidine metabolism and inducing
oxidative stress. In contrast, AVE alone shows a distinct
metabolic signature, potentially suggesting modulation of
alternative pathways unrelated to the mechanism of 5-FU.
The 5-FuAve treatment demonstrates a combined effect
that may reflect increased cytotoxicity or modulation of
drug-resistance mechanisms, as evidenced by a significant
deviation from the additive effects of individual treatments.

Identification and Functional Enrichment of Differentially
Expressed Genes and Comparative Transcriptomic Analysis

Transcriptome analysis identified 622 DEGs in HCT116
and 74 DEGs in HT29 cells with log,FC values below-2.0 or
above 2.0, meeting the significance thresholds of p < 0.05
and FDR-adjusted p value <0.05. Among these, 524 genes
were upregulated, while 98 were downregulated in HCT116
cellsand 57 upregulated genes and 17 downregulated genes
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in HT29 cells, respectively (Figure 3a and Supplementary
Data 1).The top 10 up-and downregulated genes in HCT116
and HT29 cells are given in Figure 3b and c, respectively. As
shown in Figure 43, seven genes are upregulated and three
genes are downregulated in both HCT116 and HT29 cells,
while one geneisupregulated in HCT116 but downregulated
in HT29 (Table 1). Further analyses were carried out to gain
deeper insight into the functional significance of these
DEGs. GO enrichment analysis was performed to determine
the related biological processes, cellular components, and
molecular functions (Figure 4a, d). In HCT116 cells, the GO
terms epidermis development, wound healing, fat-soluble
vitamin metabolic process, regulation of body fluid levels,
establishment of skin barrier,multicellular organismal water
homeostasis,sensory system development,cellular response
to xenobiotic stimulus, regulation of water loss via skin and

BEAS-2B 5-FU

=

Normalized Cell Index

30.0 40.0
Time (in Hour)

HCT116 5-FU

Normalized Cell Index
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negative regulation of cell adhesion were identified as the
most significant biological processes (Figure 4b, c). The
most significant molecular functions were: extracellular
matrix structural constituent; iron ion binding; extracellular
matrix structural constituent conferring tensile strength;
heme binding; integrin binding; tetrapyrrole binding;
cargo receptor activity; tumor necrosis factor (TNF)-
activated receptor activity; quaternary ammonium group
transmembrane transporter activity; and death receptor
activity.

In HT29 cells, the GO terms positive regulation of
ubiquitin-protein transferase activity; execution phase of
apoptosis; cellular response to biotic stimulus; regulation of
ubiquitin-protein transferase activity; negative regulation of
execution phase of apoptosis; positive regulation of protein
ubiquitination; neutrophil migration; positive regulation

BEAS-2B AVE

== Control
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Figure 1. Time- and dose-dependent effects of 5-fluorouracil and Aloe barbadensis Miller on BEAS-2B, HCT116, and HT29 cell proliferation by
xCELLigence.BEAS-2B,HCT116,and HT29 cells were plated onto the E-plate at densities of 15,000,40,000,and 30,000 cells per well,respectively.
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of cellular catabolic process; positive regulation of protein
modification by small protein conjugation or removal; and
regulation of execution phase of apoptosis were identified
as the most significant biological processes (Figure 4e, f).
The most significant molecular functions were: CXCR
chemokine receptor binding, receptor antagonist activity,

signaling receptor inhibitor activity, chemokine activity,
molecular function inhibitor activity, enzyme inhibitor
activity, chemokine receptor binding, purinergic nucleotide
receptor activity, nucleotide receptor activity, and 14-3-3
protein binding. Additionally, pathway analysis was used to
examine the signaling pathways affected by the identified

HCT116

Oligomycin

|

OCR (pmol/min)

~e~Control

—-5.FU

——AVE

5-FU+AVE

50

Time (minutes)

HT29

Oligomycin

OCR (pmol/min)

ROT/AA

~+~Control

—-5-FU

-~AVE
5-FU+AVE

50

60

Time (minutes)

Figure 2. Dynamic changes in oxygen consumption rate (OCR) of HCT116 cells treated with 5-fluorouracil, Aloe barbadensis Miller, and their
combination. Using the optimal seeding density (20,000 cells/well) on 24-well Seahorse XF24 polystyrene microplate. Each data point is
presented as mean#standard deviation. OCR values were normalized to baseline measurements. Injection series: Oligomycin (1.5 pM); FCCP (1.5
uM); Rot/AA) (0.5 uM).
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DEGs in both HCT116 and HT29 cells. In HCT116 cells, the
10 most significant deregulated pathways were identified
as p53 signaling pathway, arachidonic acid metabolism,
amoebiasis, cytoskeleton in muscle cells, renin secretion,
Ovarian steroidogenesis, Complement and coagulation
cascades, Oocyte meiosis, Calcium signaling pathway, and
Melanoma (Figure 5a,b).In HT29 cells,NF-kappa B signaling
pathway, FoxO signaling pathway, CRC, mitogen-activated
protein kinase (MAPK) signaling pathway, TNF signaling
pathway, endometrial cancer, apoptosis, non-small cell lung
cancer, Melanoma and p53 signaling pathway were the
10 most significant deregulated pathways (Figure 5e,f).
Kaplan-Meier survival analysis was performed using
the PINA v3.0 platform to compare the DEGs identified
in our study with those from TCGA-COAD. Patients were
stratified into two groups based on the expression levels
of the upregulated genes TRIM55 [log,(FC) = 2.792066173,
FDR-adjusted p value = 0.028605512] in HCT116

HCT116: Downi

Size of each list

HCT116: Down HT29: Up
HCT116: Up

HT29: Down
Number of elements: specific (1) or shared by 2, 3, ... lists
@ e

2(11)

cells and KRT5 [log,(FC) = 3.89602477738263, FDR-
adjusted p value = 0.036933788] in HT29 cells (top
50% vs. bottom 50%), and OS was assessed. The
analysis revealed that high expression of the genes
TRIM55 and KRT5 was linked to better OS (Figure 5c, g).
The protein-protein interaction networks of TRIM55 and
KRT5 showed that while TRIM55 had 250 interactors with
1,135 interactions, KRT5 had 201 interactors and 4,334
interactions (Figure 5d, h).

Discussion

The current study demonstrates that the combination
of 5-FU and AVE, extract (5-FuAve) exerts potent antitumor
effects on CRC cells, albeit through distinct, cell-line-
specific molecular mechanisms. Real-time proliferation
assays, mitochondrial stress analyses, and transcriptome
profiling demonstrate that 5-FuAve effectively suppresses
cell proliferation, impairs mitochondrial respiration, and

Figure 3. (a-c) Differentially expressed genes. Venn diagram showing down and upregulated genes in HCT116 and HT29 cells (a). Top 10
downregulated (green bars) and top 10 upregulated (red bars) genes in HCT116 (b) and c) HT29 cells.
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Figure 4. (a-f) Gene ontology analysis. Bar plot showing the top 10 GO terms for biological process (BP), cellular component (CC), and molecular
function (MF) in HCT116 cells (a). Dot plot illustrating the most significant biological processes in HCT116 cells (b). Circular plot showing the
most significant biological processes and their associated differentially expressed genes in HCT116 cells (c). Bar plot showing the top 10 GO
terms for BP, CC,and MF in HT29 cells (d). Dot plot illustrating the most significant biological processes in HT29 cells (e). Circular plot showing
the most significant biological processes and their associated differentially expressed genes in HT29 cells (f).
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regulates key oncogenic and tumor-suppressor pathways
in both the HCT116 and HT29 cell lines. Post-treatment
transcriptional analysis revealed a significant increase in
the expression of tumor suppressor genes common to both
cell lines. The coordinated upregulation of FBLNZ2, INPP5D,
TP53INP1, GADD45G, BTG2, and ATF3 is consistent with the
potential activation of anti-proliferative, pro-apoptotic, and
DNA damage response pathways (27-30). Simultaneous
downregulation of critical oncogenicregulators such as PLK1
and CDC20 (31-34) further underscores the multi-targeted
efficacy of the 5-FuAve combination. This coordinated
upregulation of opposing genetic networks effectively shifts
the cellular balance away from proliferation and survival
toward growth arrest and cell death. Notably, despite these
common gene expression changes, our pathway enrichment
analysis uncovered divergent mechanistic routes to cell
death in the two CRC models. In HT29 cells, the significant
enrichment of the MAPK, TNF, and apoptosis pathways
is consistent with a putative mechanism of cell death
associated with apoptosis. This is consistent with the role of
genes such as GADD45G in the observed metabolic collapse.
Conversely, in HCT116 cells, the prominent enrichment of
the arachidonic acid metabolism pathway, coupled with
the marked upregulation of ALOX5, provides transcriptomic
evidence suggestive of a potential ferroptotic response—
an iron-dependent form of cell death driven by lipid
peroxidation (33). The upregulation of MDM2 in HCT116

cells, a negative regulator of p53, may explain the lack of
significant apoptosis pathway enrichment in this cell line,
suggesting potential impairment of p53-mediated apoptosis
that is compensated for by the activation of this alternative
death pathway. A critical and paradoxical finding was the
differential regulation of cystathionine beta-synthase (CBS).
Its downregulation in HT29 cells aligns with its established
pro-tumorigenicrole in CRC(34,35) representing a beneficial
therapeutic outcome. However, its upregulation in HCT116
cells warrants careful interpretation. This may indicate a
stress-induced adaptive response or a cell line-specific
resistance mechanism, either of which could mitigate
treatment efficacy, highlighting the need for caution and
further investigation. Ultimately, the convergence of these
distinct molecular mechanisms— apoptosis in HT29 and
a putative ferroptotic pathway in HCT116—resulted in
comparable phenotypic outcomes: suppressed proliferation
and cell death. This suggests that 5-FuAve possesses
the versatility to target heterogeneous CRC populations
through multiple modalities, thereby potentially addressing
the common challenge of resistance to single-agent
therapies. BEAS-2B cells are of bronchial epithelial origin
and do not represent normal colonic epithelium, which is
a limitation of the current study. The toxicity observed in
BEAS-2B cells may reflect the broad bioactivity of AVE's
phytochemical constituents rather than a lack of tumor-cell
specificity per se. Future studies employing normal colon

Table 1. Shared DEGs between HCT116 and HT29 cells: Seven upregulated and three downregulated genes in both cell lines, with one

gene showing opposite regulation-upregulated in HCT116 and downregulated in HT29.

HCT116 HT29
Gene log,(FC) FC FDR p value | log,(FC) FC FDR p value
Upregulated in both HCT116 and HT29
Fibulin 2 (FBLN2) 3,20356815 | 9,21234313 | 0,00868210 | 2,528234515 | 5,768653124 | 4,614E-09
Inositol polyphosphate-5-phosphatase D (INPP5D) 3,19173167 | 9,13707037 | 5,7686E-44 | 2,158557855 | 4,464683339 | 6,4709E-05
(TTUIT;;IZ’L"lt)e'” P53 inducible nuclear protein 1 262392613 | 6,16425324 | 2,6702E-97 | 2318983623 | 4,989805645 | 1,5887E-45
(Géf\‘gmgg;’“ and DNA damage inducible gamma | 5 4505417 | 546621118 | 00001527 | 2,065574394 | 4,186006042 | 14593E-20
BTG anti-proliferation factor 2 (BTG2) 2,35905509 | 5,13034231 | 4,93E-79 2,792143852 | 6,926583143 | 5,1184E-55
Autophagy related 9B (ATG9B) 2,04334135 | 4,12199099 | 2,685E-15 2,817766923 | 7050702085 | 4,3725E-12
Activating transcription factor 3 (ATF3) 2,00429816 | 4,0119348 | 6,319E-40 | 2,659183629 | 6,51675505 | 0,00018333
Upregulated in HCT116, but downregulated in HT29
Cystathionine beta-synthase (CBS) 6,2167376 | 74,374575 | 5,879E-20 -2,02060616 | -4,05754238 | 0,00078347
Downregulated in both HCT116 and HT29
Polo like kinase 1 (PLK1) -2,8950775 | -7,4388389 | 1,9315E-94 | -2,6207406 | -6,1506572 | 1,1588E-58
PIF1 5-To-3' DNA helicase (PIF1) -2,4748359 | -5,5590405 | 4,9468E-24 | -2,0221970 | -4,0620191 | 5,68E-06
Cell division cycle 20 (CDC20) -2,306965 | -4,9484086 | 3,1262E-70 | -2,5681318 | -59304098 | 4,8107E-58
DEG, differentially expressed gene; FC, fold change; FDR, false discovery rate.
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Figure 5. (a-h) Pathway analysis in HCT116 and HT29 cells, survival analysis and protein-protein interaction (PPI) networks of TRIM55 and
KRT5 dot plot showing the top 10 most significant pathways in HCT116 cells (a). Circular plot illustrating the top significant pathways along
with their related differentially expressed genes in HCT116 cells (b). Kaplan-Meier curve showing differences in survival among patients with
varying TRIM55 expression (c). PPl network of TRIM55, revealing 250 interacting partners and 1,135 total interactions (d). Dot plot showing the
top 10 most significant pathways in HT29 cells (e). Circular plot illustrating the top significant pathways along with their related differentially
expressed genes in HT29 cells (f). Kaplan-Meier curve showing differences in survival among patients with varying KRT5 expression (g). PPI
network of KRT5, revealing 201 interacting partners and 4,334 total interactions (h).




Tugba Kul Koprull. Aloe Vera Enhances 5-FU in CRC

epithelial cell lines, such as NCM460 or CCD841CoN, are
planned to calculate a formal selectivity index and to more
comprehensively assess the tissue-specific safety profile of
the 5-FuAve combination.

Study Limitations

This suggests that the combination therapy may
engage diverse pathways depending on the cellular
context, highlighting the complexity of drug responses
in heterogeneous tumor types. However, this study has
several limitations. Notably, RNA sequencing was performed
exclusively on the control and combination treatment
(5-FuAve) groups; single-agent sequencing groups (5-
FU alone or AVE alone) were not included. This restricts
the ability to delineate the individual transcriptomic
contributions of each agent and to distinguish their
specific effects from those arising from their interaction
or non-specific cytotoxicity. Future studies should include
treatment groups receiving each agent alone, followed by
comparable sequencing analyses, to better understand their
independent and combined molecular impacts. Despite
these Llimitations, the current work provides valuable
insights into the differential responses of CRC cells to
combination therapy with 5-FuAve and underscores the
need for tailored therapeutic approaches. Furthermore,
the proposed apoptotic and ferroptotic mechanisms are
based on transcriptomic evidence and pathway enrichment
analyses: direct validation assays such as caspase-3/7
activation and Annexin V/PI flow cytometry for apoptosis,
and lipid peroxidation measurement and GPX4 protein
expression analysis for ferroptosis were not performed in
this study and are planned as priority objectives for future
investigations.

Conclusion

This study demonstrates that the combination of 5-FU
with Aloe vera extract (5-FuAve) induces distinct but
comparably potent transcriptomic alterations in the CRC
cell lines HCT116 and HT29. While HT29 cells display
transcriptomic features consistent with a putative apoptotic
response, HCT116 cells appear to compensate for an
attenuated apoptotic response via a potential ferroptosis-
associated pathway. Several commonly upregulated genes,
including FBLN2, INPP5D, TP53INP1, and GADD45G, suggest
that 5-FuAve treatment induces a core tumor-suppressive
signature. Notably, context-dependent gene responses, such
as the divergent regulation of CBS and the differential
engagement of the p53 signaling pathway, highlight the
complexity of cellular responses shaped by tumor-specific
molecular landscapes. By concurrently activating tumor
suppressors, suppressing oncogenes, and engaging cell

type-specific death pathways, this combination therapy
provides preliminary in vitro evidence that it can address
certain limitations of 5-FU monotherapy, pending validation
in more complex experimental models.
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