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Abstract
Background: Colorectal and hepatocellular carcinomas remain leading contributors to global
cancer mortality, and current therapeutic strategies offer limited long-term success. Cisplatin
(CP), despite being a widely used frontline chemotherapeutic, is frequently hindered by severe
organ toxicity and the rapid emergence of resistance. With the growing interest in marine-
derived therapeutics, algae have gained prominence as a source of biologically active
compounds with demonstrated anticancer and anti-inflammatory actions. In this study, we
examine the cytotoxic, apoptosis-inducing, and anti-inflammatory properties of Ulva
compressa (UC) extract in HCT-116 colorectal carcinoma and HepG2 hepatocellular
carcinoma cells, with cisplatin serving as a benchmark drug.
Methods: Cytotoxicity was evaluated using the sulforhodamine B (SRB) assay, while
microscopic examination was used to monitor treatment-induced morphological alterations.
Apoptotic and necrotic cell populations were quantified via Annexin V-FITC/PI flow
cytometry, and cell cycle distribution was analyzed using propidium iodide staining. Gene
expression of Bax and Bcl-2 was assessed through quantitative real-time PCR, and protein
expression of PI3K-p85a and mTOR was determined by Western blotting. Anti-inflammatory
activity was measured in LPS-stimulated RAW 264.7 macrophages by quantifying nitric oxide
(NO) via the Griess reaction. Total antioxidant capacity and intracellular glutathione (GSH)
levels were quantified using commercial enzymatic kits. Statistical significance was assessed
using one-way ANOVA with Tukey’s post-hoc test.
Results: UC extract significantly and progressively reduced the viability of both cancer cell
lines, with HepG?2 cells showing greater susceptibility. Microscopy corroborated the cytotoxic
changes. Flow cytometry confirmed notable increases in early apoptosis and sub-Gl
accumulation. qRT-PCR demonstrated enhanced Bax expression with concurrent Bcl-2
suppression, while Western blotting revealed marked downregulation of PI3K-p850 and
mTOR. Additionally, the extract exhibited potent anti-inflammatory activity by reducing NO
production and elevating antioxidant capacity and intracellular GSH.
In conclusion: Ulva compressa ethanolic extract exhibited strong anticancer potential against
HCT-116 and HepG2 cells, performing comparably to cisplatin yet demonstrating a broader
and more favorable mechanistic profile. UC extract robustly activated intrinsic apoptotic
pathways (Bax/Bcl-2) as well as components of the extrinsic cascade (cleaved caspase-
8/tBid/TNFR1), promoted significant sub-G1 accumulation, and effectively suppressed
PI3BK/mTOR signaling while inducing minimal necrosis. In contrast, cisplatin primarily
imposed G2/M cytostasis, exhibited lower apoptotic induction, and caused more necrotic

378



Vol. 15 No. 1 (2025): January-June [JOURNAL OF PHARMACEUTICAL ANALYSIS

damage. Overall, Ulva compressa presents an equally effective but potentially safer therapeutic
alternative, with higher selectivity and a more apoptosis-dominant mode of action.
Keywords: HCT-116, HepG2, Ulva compressa, Cisplatin.

1. Introduction

One of the enduring challenges in cancer therapy is achieving meaningful tumor
regression while safeguarding normal tissues and preventing the onset of treatment resistance.
Although oncology has made significant strides, the clinical usefulness of many
chemotherapeutic agents remains constrained by their systemic toxicity and the gradual decline
in therapeutic response over time (Oun et al., 2018). Cisplatin, a cornerstone drug in the
management of several solid malignancies including colorectal and hepatic cancers illustrates
this dilemma clearly. While notably effective, its use is often curtailed by nephrotoxicity,
neurotoxicity, and the frequent emergence of chemoresistance (Brown et al., 2019). These
limitations have intensified scientific interest in adjunctive strategies, particularly those
incorporating natural bioactive metabolites capable of improving efficacy or reducing harmful
side effects (Dasari et al., 2022).

Within this context, marine macroalgae have gained attention as rich sources of
pharmacologically relevant compounds. Ulva compressa (UC), a widely distributed green alga,
has been recognized for its robust antioxidant, antimicrobial, and anti-inflammatory properties
(Subbiah et al., 2023). Its chemical profile characterized by sulfated polysaccharides,
polyphenols, and sterols contains bioactive classes known to influence oxidative signaling,
apoptotic pathways, and molecular processes involved in tumor progression (Dalisay et al.,
2024). Notably, U. compressa demonstrates higher polyphenolic content and strong radical
scavenging activity compared to other Ulva species, further underscoring its therapeutic
promise (Putra et al., 2024).

This study evaluates the cytotoxic influence of UC extract on HCT-116 colorectal
carcinoma and HepG2 hepatocellular carcinoma cell lines. These models were selected for
their relevance to gastrointestinal and hepatic cancers as well as their distinct genetic and
metabolic backgrounds (El-Adl et al., 2022). HCT-116 cells harbor p53 and KRAS mutations
that contribute to aggressive proliferation and apoptosis resistance (Kealey et al., 2022),
whereas HepG2 cells maintain stable hepatic metabolic function and are commonly utilized to
study xenobiotic metabolism and drug-induced toxicity (Arzumanian et al., 2021). Together,
these cell lines offer a complementary system for assessing natural compound activity within
varying tumor contexts.

Natural products are well documented for their ability to modulate the cell cycle, inhibit
angiogenesis, and disrupt mitochondrial stability mechanisms that align with cisplatin's
cytotoxic mode of action (Putra ef al., 2024). Moreover, the strong antioxidant profile of UC
may yield a dual benefit by enhancing anticancer activity while simultaneously offering
protection to non-cancerous tissues from cisplatin-induced oxidative stress (Maryati ef al.,
2020).

Accordingly, this work aims to characterize the cytotoxic and mechanistic actions of
Ulva compressa extract in comparison with cisplatin in HCT-116 and HepG2 cells. Through
the analysis of dose-dependent effects, morphological alterations, and apoptotic responses, this
study seeks to clarify the underlying molecular pathways and support future preclinical
exploration of Ulva compressa as a potential candidate in cancer treatment strategies.
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2. Material and Methods
2.1. Cell culture

Human colorectal carcinoma (HCT-116) and hepatocellular carcinoma (HepG2) cell
lines were supplied by Nawah Scientific Inc. (Mokatam, Cairo, Egypt). HCT-116 cells were
maintained in RPMI medium, while HepG2 cells were cultured in DMEM. Both media were
enriched with 100 mg/mL streptomycin, 100 U/mL penicillin, and 10% heat-inactivated fetal
bovine serum to ensure optimal growth and minimize contamination. Cultures were incubated
at 37 °C in a humidified atmosphere containing 5% CO,. RAW 264.7 mouse macrophages,
also obtained from Nawah Scientific Inc., were grown under the same conditions using
supplemented DMEM (Abuwatfa et al., 2024).

2.2. Cytotoxicity assay

Cytotoxic effects were measured using the sulforhodamine B (SRB) assay. Cells were
seeded into 96-well plates at 5 x 103 cells per well and allowed to attach for 24 hrs. Media were
then replaced with fresh medium containing different concentrations of the tested compounds.
Following the designated incubation period, cells were fixed with 10% (w/v) trichloroacetic
acid (TCA) for 1 h at 4 °C. After fixation, plates were rinsed with distilled water and stained
with 0.4% (w/v) SRB for 10 min in the dark. Unbound dye was removed using 1% (v/v) acetic
acid, and plates were left to air-dry. Protein-bound SRB was solubilized with 10 mM Tris base
(pH ~10.5), and absorbance was recorded at 540 nm using an Infinite F50 microplate reader
(TECAN, Switzerland). Cell viability was calculated relative to untreated controls (Kouroshnia
etal., 2022).

2.3. Morphological assessment

Morphological changes were monitored microscopically following treatment with
increasing concentrations of Ulva compressa (UC) extract or cisplatin. Untreated cells served
as baseline controls. Observed structural alterations including shrinkage, rounding,
detachment, and overall loss of monolayer architecture were recorded (Sali et al., 2024).

2.4. Apoptosis analysis (Annexin V/PI flow cytometry)

Apoptotic populations were quantified using an Annexin V-FITC/PI apoptosis
detection kit (Abcam, UK). After treatment, 1 x 103 cells were harvested, washed twice with
PBS, and incubated with Annexin V-FITC and PI for 30 min at room temperature in the dark.
Samples were analyzed on a NovoCyte™ flow cytometer (ACEA Biosciences, USA), with
FITC and PI detected at A_ex/em 488/530 nm and 535/617 nm, respectively. A minimum of
12,000 events were acquired per sample, and quadrant distribution was assessed using
NovoExpress™ software (Li et al., 2025).

2.5. Cell cycle analysis (PI staining)

For cell cycle determination, treated cells (1 x 10°) were fixed in 60% ice-cold ethanol
for 1 h at 4 °C. Fixed cells were washed and resuspended in PBS containing 50 pg/mL RNase
A and 10 pg/mL propidium iodide (PI), followed by incubation for 20 min at 37 °C in the dark.
DNA content was assessed on a NovoCyte™ flow cytometer, and at least 12,000 events were
analyzed per sample. Cell cycle phase distribution was calculated using NovoExpress™
software (Kouroshnia et al., 2022).

2.6. Anti-inflammatory assay (NO inhibition in RAW 264.7 cells)

RAW 264.7 macrophages were seeded into 96-well plates and allowed to adhere for 24

h. Inflammatory stimulation was achieved using 1 pg/mL LPS. Test compounds were added
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concurrently at different concentrations, and quercetin (30 uM) served as the positive control.
NO production was quantified using the Griess reaction by incubating equal volumes of culture
supernatant and Griess reagent for 10 min in the dark. Absorbance was measured at 540 nm
using an ELISA reader (Baek et al., 2020).

2.7. Total antioxidant capacity assay

Total antioxidant capacity was assessed using a commercial Biodiagnostic kit (Egypt).
The method measures the ability of antioxidants in the sample to neutralize externally supplied
H>O, preventing the formation of a colored oxidation product. Absorbance was read at 505
nm with a FLUOstar Omega microplate reader (BMG Labtech, Germany) (Silvestrini ef al.,
2023).

2.8. Glutathione (GSH) assay

Intracellular GSH levels were determined using a Biodiagnostic kit (Egypt). The assay
is based on the reduction of DTNB by GSH to produce the yellow chromophore TNB, which
was quantified at 405 nm using a FLUOstar Omega reader (Kalinina, 2024).

2.9. Gene expression analysis (qRT-PCR)

Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany). RNA
concentration and purity were verified via A260/280 absorbance ratio. Two micrograms of
RNA were reverse-transcribed into cDNA using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, Lithuania). qRT-PCR was performed using SYBR Green Master Mix
(Qiagen) on a Bio-Rad CFX Opus 96 instrument. Each 20 pL reaction contained 2 pL of
cDNA, 0.3-0.5 pM primers, 10 pL master mix, and nuclease-free water (Li et al., 2025).
2.10. Protein expression analysis (Western blot)

Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors.
Lysates were cleared by centrifugation, and total protein levels were measured using the BCA
assay. Equal protein amounts (20-50 pg) were separated by SDS-PAGE and transferred onto
PVDF membranes. Membranes were blocked with 5% skimmed milk in TBST, incubated
overnight with primary antibodies at 4 °C, washed, and probed with HRP-conjugated
secondary antibodies. Signals were visualized using ECL substrate (Thermo Scientific) and
imaged with a Bio-Rad system. Band intensities were quantified using standard image analysis
software (Mahmood and Yang, 2012).

2.11. Statistical analysis

All experiments were performed in triplicate, and results are expressed as mean + SD.
Statistical differences were assessed using one-way ANOVA followed by Tukey’s post-hoc
test. A p-value < 0.05 was considered significant, with the following notation: *p < 0.05, **p
<0.01, ***p <0.001, ****p <(0.0001, and “ns” indicating no significance (McDonald, 2014).
3. Results
3.1. Chemical composition of UC extract

Ulva compressa, a widely distributed green macroalga in marine habitats, has attracted
increasing scientific interest because of its diverse chemical constituents and notable
pharmacological potential (Paiva et al., 2017). In this study, the chemical composition of the
Ulva compressa extract was thoroughly investigated through gas chromatography-mass
spectrometry (GC-MS) and qualitative high-performance liquid chromatography (HPLC),
allowing for a detailed assessment of its bioactive components. GC-MS profiling provided
insight into the array of metabolites present in the extract, highlighting the breadth of
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compounds that may contribute to its biological activities. The analysis identified 22 distinct
volatile constituents, underscoring the extract’s chemical complexity (see Figure 1 and Table
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Figure 1: GC-MS chromatogram of Ulva Compressa extract.

GC-MS analysis of the Ulva compressa extract revealed a complex phytochemical
profile comprising twenty major constituents, including terpenoids, fatty acids, long-chain
alcohols, aldehydes, and sterols. The extract was primarily enriched in sterol derivatives,
particularly cholest-5-en-3-ol, 24-propylidene, and stigmasta-5,24(28)-dien-3-0l, which
together accounted for the highest relative yield (26.05%), followed by the diterpenoids phytol
(13.34%) and phytol acetate (13.20%). Moderate amounts of 8-heptadecene and neophytadiene
(each 4.38%) were also detected, along with key fatty acids such as n-hexadecanoic acid
(5.94%) and 17-octadecynoic acid (5.41%). Additional unsaturated fatty acids—including
oleic, vaccenic, and cis-13-eicosenoic acids—were present in lower proportions, together with
their corresponding esters, such as methyl oleate. Several long-chain alcohols (1-tricosanol, 1-
eicosanol), aldehydes (7,11-hexadecadienal), and aromatic  derivatives  (1,2-
benzenedicarboxylic acid) were also identified in modest amounts.

Table 1: Chemical constituents of Ulva Compressa extract.

No Compound RT Yield MF MW
. (min) (%)
1 8-Heptadecene 20.78 4.38 Ci7H34 238
2 1-Tricosanol 23.22 231  CxHs0 340
3 Phytol acetate 2412 1320 CxH4202 338
4 1-Eicosanol 24.32 2.0  CyHs0 298
5 37,11,15-Tetramethyl-2- 2460 244 CypHwO 296

hexadecen-1-ol

6 Neophytadiene 24.95 438  CaoHss 278
7 n-Hexadecanoic acid 26.49 594 CisH3202 256
8 Oleic Acid 27.15 1.57 CisH3402 282
9 7,11-Hexadecadienal 28.62 1.20  CisH2s0 236
(1) Methyl oleate 2878 135 CiHx0: 296
i Phytol 2911 1334 CxHuO 296
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Complementary HPLC profiling focused on key phenolic and flavonoid compounds.
The analysis identified hesperidin, kaempferol, and apigenin, all of which are well-known for
their antioxidant, anti-inflammatory, and therapeutic activities. The presence of these
compounds aligns with previous reports on green macroalgae (Neori et al., 2020) and
underscores their potential for nutraceutical and pharmaceutical applications, particularly due
to their notable radical-scavenging properties.

Overall, the chemical profile identified in this study is consistent with previous reports
on Ulva species, confirming that phytosterols, fatty acids, and selected flavonoids constitute
the primary bioactive components of Ulva compressa extracts. Together, these compounds
contribute to the extract’s observed antioxidant, anti-inflammatory, and -cholesterol-
modulatory activities, further supporting its potential use in biomedicine as a natural source of
functional bioactives.

3.2. Cytotoxic and anti-inflammatory effects of UC extract and cisplatin

The cytotoxic effects of the UC extract were assessed in comparison with cisplatin
(CP), which served as the experimental reference control. In HCT-116 colorectal carcinoma
cells (Fig. 2A), treatment with UC at low to intermediate concentrations (0.1-100 mmol)
resulted in cell viability levels that were statistically comparable to those observed with CP
(ns), indicating no significant difference between the two treatments within this range. At the
highest concentration (1000 mmol), however, CP caused a significantly greater reduction in
cell viability (****p <0.0001) compared with the UP extract, reflecting its stronger cytotoxic
effect at extreme doses (Fig. 2A).

In HepG2 hepatocellular carcinoma cells (Fig. 2B), the difference between the two
treatments was more pronounced. At 0.1 mmol, no significant difference was observed
between UC and CP (ns); however, at intermediate concentrations (1, 10, and 100 mmol), CP-

383



Vol. 15 No. 1 (2025): January-June [JOURNAL OF PHARMACEUTICAL ANALYSIS

treated cells exhibited significantly lower viability compared with those treated with UC
(****p <0.0001). At the highest concentration (1000 mmol), both treatments resulted in
complete loss of viable cells, with no statistical difference detected at this terminal dose (ns)
(Fig. 2B). Dose-response analysis further highlighted cell-line specific sensitivity to the UC
extract (Fig. 2C), with HepG2 cells showing a lower ICso value (186.26 pg/mL) than HCT-
116 cells (245.65 pg/mL), indicating greater susceptibility of HepG2 cells to UC-induced
cytotoxicity.

Beyond its impact on cancer cell viability, the UC extract exhibited significant anti-
inflammatory activity by reducing nitric oxide (NO) production in LPS-stimulated RAW 264.7
macrophages (Fig. 2D). The inhibition of NO occurred in a clear dose-dependent manner, with
an ICso value of 2.94 pg/mL, demonstrating strong inhibitory potency even at low
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Figure 2. Ulva compressa extract reduces carcinoma cell viability and inhibits nitric oxide
production in a dose-dependent manner.

(A-B): Cell viability of HCT-116 colorectal carcinoma (A) and HepG2 hepatocellular
carcinoma (B) cells following 48 hrs treatment with increasing concentrations of Ulva
compressa (UC) extract or cisplatin (CP), assessed by SRB assay. Data are expressed as mean
+ SD of three independent experiments. (C) Half-maximal inhibitory concentration (ICso)
values of UC extract in HepG2 and HCT-116 cells, calculated from dose-response curves. (D)
Inhibition of nitric oxide (NO) production in LPS-stimulated RAW 264.7 macrophages treated
with UC extract at increasing concentrations. NO levels were quantified by the Griess assay,
and ICso values were determined from dose—response analysis. Significance levels are
indicated as follows: *p < 0.05, **p <0.01, ***p <0.001, ****p <(0.0001, ns = not significant.

3.3. Morphological alterations

Representative micrographs depict the progressive morphological changes induced by
increasing concentrations of the extract (0, 10, 100, and 1000 pg/mL) over 48 hours. In HCT-
116 colorectal carcinoma cells, treatment led to a dose-dependent increase in classical
cytotoxicity markers, including reduced cell density, cell rounding, shrinkage, and eventual
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detachment from the culture surface, indicative of apoptotic and/or necrotic cell death. A
similar, yet more pronounced, effect was observed in HepG2 hepatocellular carcinoma cells
(Fig. 3). Even at lower concentrations, the extract triggered substantial morphological
alterations, culminating in near-complete disruption of the monolayer at the highest dose
(1000 pg/mL). This heightened sensitivity of HepG2 cells aligns with their lower ICso value
and greater viability loss quantified in Figure 2.

A HCT_116 B 10 C
A HepG2

B 10 C 100 D 1000

Figure 3. Ulva compressa extract induces concentration-dependent morphological
alterations in HCT-116 and HepG2 carcinoma cells.

Representative phase-contrast micrographs of HCT-116 colorectal carcinoma (top row) and
HepG2 hepatocellular carcinoma (bottom row) cells after 48 hrs treatment with Ulva
compressa (UC) extract. (A) Untreated control cells maintained normal morphology and
confluence. (B-D) Cells treated with UC extract at 10, 100, and 1000 pg/mL, respectively,
exhibited progressive morphological changes, including cell shrinkage, rounding, detachment,
and reduced cell density, consistent with cytotoxic and apoptotic effects. Scale bar = 10x.

D 1000

3.4. Apoptosis induction

Annexin V/PI flow cytometric analysis revealed that both UC extract and cisplatin (CP)
significantly promoted apoptosis in HCT-116 and HepG2 cells. To assess the mode of cell
death induced by UC extract, cells were subjected to Annexin V-FITC/PI double staining after
48 hrs of treatment (Fig. 4). In control HCT-116 cells (Fig. 4A), 95.05+0.91% of the
population remained viable (Q3: Annexin V7/PI"), with minimal early apoptosis (0.91 +0.12%
in Q4), late apoptosis (2.47 +0.35% in Q2), and necrosis (1.21 £ 0.18% in Q1). Treatment with
UC extract at its ICso concentration (245.65 pg/mL) (Fig. 4B) caused a notable shift toward
apoptosis, with early apoptotic cells (Q4) slightly increased to 1.23+0.21% (ns vs. control)
and late apoptotic/necrotic cells (Q2) markedly elevated to 16.32 £ 1.87% (****p <0.0001 vs.
control). The viable cell fraction (Q3) decreased to 72.37 £ 1.45% (****p < 0.0001 vs. control),
while necrotic cells (Q1) remained low at 2.11+0.33% (ns vs. control). The total apoptotic
population (Q2 + Q4) reached 17.55 + 1.98% (****p <0.0001 vs. control).

Cisplatin, used as a positive control (Fig. 4C), elicited a stronger apoptotic response,
with early apoptosis (Q4) at 11.45 £ 1.32% (****p < 0.0001 vs. control) and late apoptosis (Q2)
at 22.60+2.05% (****p<0.0001 vs. control), yielding a total apoptotic population of
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34.05+2.41% (****p<0.0001 vs. control). Viable cells were reduced to 64.67+2.10%
(****p <0.0001 vs. control), with negligible necrosis (0.20 £+ 0.08% in Q1; ns vs. control).

Quantitative analysis of apoptotic phases (Q2 + Q4) (Fig. 4D) confirmed that both UC
extract and CP significantly induced apoptosis compared with control (****p <0.0001). UC
extract increased total apoptosis to approximately 17.6%, while CP induced ~34.1%. Although
CP triggered higher overall apoptosis, there was no significant difference between UC and CP
in late apoptotic (Q2) populations (ns), suggesting comparable efficacy in promoting
programmed cell death. Necrotic fractions remained largely unchanged across treatments (ns).
Collectively, these findings indicate that UC extract induces apoptosis in HCT-116 cells in a
manner similar to cisplatin, primarily through early and late apoptotic pathways, with minimal
necrotic contribution. Data are presented as mean + SD from three independent experiments.
Statistical significance: ****p <0.0001, ns = not significant.

Flow cytometric analysis using Annexin V-FITC/PI double staining demonstrated that
UC extract induced apoptosis in HepG2 cells following 48 h treatment at its ICso concentration
(186.26 pg/mL) (Fig. 5). In control cells, 97.43 +0.85% of the population remained viable
(Q3; ****p <0.0001 vs. treated), with early apoptosis at 0.59 +0.11% (Q4; ns), late apoptosis
at 1.66 £0.28% (Q2; ****p <0.0001 vs. UC), and necrosis at 0.32 £ 0.09% (Q1; ns). Treatment
with UC extract decreased cell viability to 69.43 + 1.62% (****p <0.0001 vs. control), slightly
increased early apoptosis to 0.75+0.14% (ns), and markedly elevated late apoptosis to
21.20+1.95% (****p <0.0001), while necrosis remained low at 0.62 +0.17% (ns), yielding a
total apoptotic fraction of 21.95 £2.03% (****p <0.0001 vs. control).

Cisplatin (CP) induced stronger effects, with viability reduced to 67.05+2.31%
(****p <0.0001), early apoptosis at 1.98+0.36% (****p<0.0001), late apoptosis at
25.40+2.18% (****p<0.0001), necrosis increased to 5.57+0.72% (****p<0.0001 vs.
control/UC), and total apoptosis of 27.38 £2.27% (****p <0.0001 vs. control; **p <0.01 vs.
UC). Quantitative analysis confirmed total apoptosis at 2.25 + 0.33% in control, 21.95 +2.03%
for UC (****p<0.0001), and 27.38 +2.27% for CP (****p <0.0001 vs. control; **p <0.01
vs. UC). Notably, there was no significant difference in late apoptotic (Q2) populations
between UC and CP (ns), despite elevated necrosis in CP-treated cells (****p <0.0001 vs.
UC).These findings indicate that UC extract induces significant apoptosis in HepG2 cells
primarily via late-stage apoptotic pathways, with efficacy comparable to CP in late apoptosis
and minimal necrotic contribution. Data are expressed as mean + SD from three independent
experiments. Statistical significance: ****p <0.0001, **p <0.01, ns = not significant.
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Figure 4. Ulva compressa extract induces apoptosis in HCT-116 colorectal carcinoma
cells.

Flow cytometric analysis of apoptosis in HCT-116 cells treated with Ulva compressa (UC)
extract or cisplatin (CP) for 48 h using Annexin V-FITC/PI staining. (A) Untreated control
cells showing predominantly viable populations (Q3). (B) UC extract treatment increased early
apoptotic (Q2) and late apoptotic/necrotic (Q1) populations compared with control. (C) CP
treatment markedly enhanced apoptotic cell populations, with a higher proportion of Annexin
V-positive cells. (D) Quantitative analysis of apoptotic and necrotic populations across
treatments. Data are presented as mean + SD of three independent experiments. Significance
levels are indicated as follows: *p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001, ns = not
significant.
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Figure 5. Ulva compressa extract promotes apoptosis in HepG2 hepatocellular carcinoma
cells.

Flow cytometric analysis of apoptosis in HepG2 cells treated with Ulva compressa (UC) extract
or cisplatin (CP) for 48 h using Annexin V-FITC/PI staining. (A) Untreated control cells
displayed predominantly viable populations (Q3). (B) UC extract treatment increased early
apoptotic (Q2) and late apoptotic/necrotic (Q1) populations compared with control. (C) CP
treatment markedly enhanced apoptosis, with a higher proportion of Annexin V-positive cells.
(D) Quantitative analysis of apoptotic and necrotic populations across treatments. Data are
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presented as mean + SD of three independent experiments. Significance levels are indicated as
follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001, ns = not significant.
3.5. Cell cycle distribution

Flow cytometric profiling revealed that both treatments disrupted normal cell cycle
progression. In HCT-116 colorectal carcinoma cells, cisplatin (CP) induced a pronounced
G2/M phase cell cycle arrest, with the proportion of cells in G2/M increasing dramatically
compared with both untreated control and Ulva compressa extract-treated (UC) cells
(****p <0.0001). Concurrently, CP significantly decreased the percentage of cells in GO/G1
phase (****p <(0.0001 vs. control and UC) and in S phase (***p <0.001 vs. control; **p <0.01
vs. UC). In contrast, treatment with UC extract caused a marked and highly significant
accumulation of cells in the subG1 phase (26.67 +2.1%), indicative of apoptosis, relative to
both control and CP-treated cells (****p <0.0001 for both comparisons). Cisplatin treatment
substantially suppressed this spontaneous apoptotic fraction, resulting in a significantly lower
subG1 population than that observed in UC-treated cells (****p <0.0001). These findings
indicate that CP exerts a potent cytostatic effect in HCT-116 cells via strong G2/M phase arrest
(****p<0.0001), whereas UC extract predominantly promotes apoptotic cell death
(****p <0.0001) (Fig. 6).

In HepG2 hepatocellular carcinoma cells, UC extract induced a highly significant
increase in the subGl apoptotic fraction compared with both control and CP-treated cells
(****p<0.0001 for both comparisons), accompanied by a significant reduction in GO/G1
phase cells (**p<0.01 vs. control) and marked depletion of S and G2/M phase populations
(**p<0.01). In contrast, CP treatment caused a dramatic and highly significant accumulation
of cells in G2/M phase relative to control and UC-treated cells (****p <0.0001), with a
concomitant substantial decrease in GO/G1 phase cells (77.11% in CP vs. 92.91% in control,
*#%%p <0.0001) and a significant reduction in S-phase cells (**p <0.01 vs. control). Cisplatin
significantly suppressed the subGl apoptotic fraction compared with UC-treated cells
(***p<0.001), indicating a predominantly cytostatic effect at the tested concentration.
Collectively, these data demonstrate that CP induces a potent G2/M phase cell cycle arrest in
HepG2 cells (****p <0.0001), accompanied by significant depletion of GO/G1 and S-phase
populations (****p <0.0001 and **p <0.01, respectively), whereas UC extract exerts strong
pro-apoptotic activity, as evidenced by a highly significant elevation of the subGl1 fraction
(****p <0.0001) (Fig. 7).
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Figure 6. Ulva compressa extract alters cell cycle progression in HCT-116 colorectal
carcinoma cells.

Flow cytometric analysis of DNA content in HCT-116 cells treated with Ulva compressa (UC)
extract or cisplatin (CP) for 48 hrs using propidium iodide (PI) staining. (A) Untreated control
cells displayed a normal distribution across G1, S, and G2/M phases. (B) UC extract treatment
increased the proportion of cells in the G1 phase and induced accumulation in the sub-Gl1
population, indicative of apoptotic DNA fragmentation. (C) CP treatment caused marked
redistribution of cells, with significant increases in sub-G1 and G2/M populations. (D)
Quantitative analysis of cell cycle distribution (sub-G1, G1, S, and G2/M phases) across
treatments. Data are presented as mean + SD of three independent experiments. Significance
levels are indicated as follows: *p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001, ns = not

significant.
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Figure 7. Ulva compressa extract modulates cell cycle progression in HepG2
hepatocellular carcinoma cells.

Flow cytometric analysis of DNA content in HepG2 cells treated with Ulva compressa (UC)
extract or cisplatin (CP) for 48 h using propidium iodide (PI) staining. (A) Untreated control
cells displayed a normal distribution across G1, S, and G2/M phases. (B) UC extract treatment
altered cell cycle distribution, with increased accumulation in the G1 and sub-G1 populations,
indicating growth arrest and apoptotic DNA fragmentation. (C) CP treatment caused marked
redistribution of cells, with significant increases in sub-G1 and G2/M populations compared
with control. (D) Quantitative analysis of cell cycle distribution (sub-G1, G1, S, and G2/M
phases) across treatments. Data are presented as mean £ SD of three independent experiments.
Significance levels are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, ns = not significant.

3.6. Gene expression of apopftotic regulators

Quantitative real-time PCR analysis revealed differential regulation of pro-apoptotic
(Bax) and anti-apoptotic (Bcl2) genes following treatment with Ulva compressa extract (UC
extract) and cisplatin (CP) in HCT-116 colorectal carcinoma and HepG2 hepatocellular
carcinoma cells (Fig. 8). In HCT-116 cells, UC extract treatment significantly upregulated Bax
mRNA expression compared with both control and CP-treated cells (*p<0.05 and
*#%p <0.001, respectively), whereas CP significantly suppressed Bax levels relative to control
(****p <0.0001) (Fig. 8A). Similarly, in HepG2 cells, UC extract markedly increased Bax
expression versus control (*p < 0.05), while CP strongly decreased Bax mRNA compared with
both control and UC extract (****p <0.0001 and **p <0.01, respectively) (Fig. 8B).

Analysis of Bcl2 expression showed that UC extract significantly downregulated this
anti-apoptotic gene in HCT-116 cells compared with both control and CP (***p <0.001 and
**p <0.01, respectively), whereas CP had no significant effect (Fig. 8C). In HepG2 cells, CP
significantly reduced Bcl2 expression relative to control (**p <0.01), while UC extract caused
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a modest, non-significant decreasing trend (Fig. 8D). Consequently, the Bax/Bcl2 mRNA ratio
a key indicator of apoptotic commitment was significantly elevated by UC extract in both HCT-
116 (***p<0.001 vs. control) and HepG2 cells (*p<0.05 vs. control), whereas CP
significantly decreased this ratio in both cell lines (***p <0.001 in HCT-116; **p <0.01 in
HepG2). These results indicate that UC extract shifts the Bax/Bcl2 balance toward apoptosis
in both HCT-116 and HepG2 cells (p<0.05-0.001), whereas cisplatin promotes a
predominantly anti-apoptotic profile through downregulation of Bax and/or modulation of Bcl2
(p<0.01-0.0001), consistent with its primarily cytostatic effect observed in the cell cycle
studies.
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Figure 8. Ulva compressa extract modulates pro- and anti-apoptotic gene expression in
carcinoma cells.

Quantitative real-time PCR analysis of Bax and Bcl-2 mRNA expression in HCT-116
colorectal carcinoma and HepG2 hepatocellular carcinoma cells following 48 h treatment with
Ulva compressa (UC) extract or cisplatin (CP). (A) Bax expression in HCT-116 cells. (B) Bax
expression in HepG2 cells. (C) Bcl-2 expression in HCT-116 cells. (D) Bcl-2 expression in
HepG?2 cells. Data are normalized to GAPDH and expressed as fold change relative to untreated
controls using the 2*—~AACt method. Results are presented as mean + SD of three independent
experiments. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, ***p <0.001,
**%%p < 0.0001, ns = not significant.

3.7. Protein expression of PI3K-p85a and mTOR

Treatment of HCT-116 cells with Ulva compressa extract (UC extract) significantly
reduced PI3K-p85a protein levels compared with untreated cells (**p<0.01), whereas
cisplatin (CP) caused a stronger and highly significant suppression (***p < 0.001 vs. untreated
HCT-116; *p<0.05 vs. UC extract) (Fig. 9A). In HepG2 cells, both UC extract and CP
significantly downregulated PI3K-p85a expression (**p <0.01 and *p <0.05 vs. untreated
HepG2, respectively), with no significant difference observed between the two treatments (Fig.
9B).

Analysis of mTOR protein revealed profound inhibition in HCT-116 cells by both
agents, with UC extract producing a highly significant reduction (***p <0.001 vs. untreated),
while CP induced an even greater decrease, reaching statistical significance compared with UC
extract (**p<0.01) (Fig. 9C). In HepG2 cells, CP dramatically suppressed mTOR protein
levels (****p<0.0001 vs. untreated HepG2 and vs. UC extract), whereas UC extract also
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significantly decreased mTOR expression (**p <0.01 vs. untreated) but to a lesser extent than
CP (**p<0.01) (Fig. 9D).Collectively, these data indicate that both UC extract and cisplatin
significantly downregulate PI3K-p85a and mTOR protein expression in HCT-116 and HepG2
cells (p <0.05-0.0001), with CP consistently exerting a stronger inhibitory effect than UC
extract in most comparisons (p <0.05-0.01). These findings demonstrate that both agents
effectively suppress the pro-survival PI3K/mTOR signaling pathway, contributing to their anti-
cancer activity through inhibition of cell growth and survival signals.
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Figure 9. Ulva compressa extract suppresses PI3K-p85a and mTOR protein expression
in carcinoma cells.
Western blot analysis of PI3K-p85a and mTOR protein expression in HCT-116 colorectal
carcinoma and HepG2 hepatocellular carcinoma cells following 48 h treatment with Ulva
compressa (UC) extract or cisplatin (CP). (A) PI3K-p85a expression in HCT-116 cells. (B)
PI3K-p85a expression in HepG2 cells. (C) mTOR expression in HCT-116 cells. (D) mTOR
expression in HepG2 cells. Protein levels were normalized to GAPDH and expressed as fold
change relative to untreated controls. Data are presented as mean + SD of three independent
experiments. Significance levels are indicated as follows: *p < 0.05, **p < 0.01, ***p <0.001,
**%%p < 0.0001, ns = not significant.
4. Discussion

This study demonstrates that Ulva compressa (UC) extract exerts notable cytotoxic,
pro-apoptotic, and anti-inflammatory activities in HCT-116 colorectal carcinoma and HepG2
hepatocellular carcinoma cells. Mechanistic investigations indicate that these effects are
mediated through modulation of key apoptotic regulators and suppression of the PI3K/mTOR
signaling pathway. While cisplatin (CP) consistently produced stronger responses, UC extract
exhibited similar mechanistic patterns, highlighting its potential as a natural anticancer agent.

By integrating cytotoxicity assays, morphological observations, apoptosis profiling,
cell cycle analysis, and molecular signaling studies, we reveal a multi-pathway mechanism by
which UC extract inhibits tumor cell survival. These results are consistent with, and further
support, the growing body of evidence highlighting marine macroalgae as valuable sources of
bioactive compounds with multi-targeted anticancer potential (Ling et al., 2019; Zhang et al.,
2021). The observed morphological alterations such as cell shrinkage, rounding, and
detachment corroborate the cytotoxic effects and correspond to classical apoptotic features
(Sali et al., 2024).
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Chemical profiling by GC-MS and HPLC demonstrated that UC extract is enriched in
phytosterols (e.g., stigmasta-5,24(28)-dien-3-ol), diterpenoids (phytol and phytol acetate), and
fatty acids, including palmitic and octadecynoic acids. Many of these constituents are
recognized for their antiproliferative and pro-apoptotic activities. Recent reports indicate that
sterol-rich fractions from Ulva species inhibit tumor progression by disrupting membrane
integrity and activating caspase-dependent apoptosis (Khalil e al., 2023). Similarly, phytol has
been shown to suppress PI3K/Akt/mTOR signaling, promote ROS generation, and trigger
mitochondrial-mediated apoptosis (Thakor et al., 2017). Collectively, the chemical profile of
UC extract provides strong mechanistic support for the biological effects observed in this study.

UC extract markedly decreased cell viability in a concentration-dependent manner,
with HepG2 cells exhibiting greater sensitivity than HCT-116 cells, as reflected by their lower
ICso values. This finding aligns with previous reports demonstrating the selective cytotoxicity
of marine algal extracts against hepatocellular carcinoma, likely arising from differences in
cellular metabolism and drug uptake between hepatic and colorectal cancer cells (Ling et al.,
2019; Zhang et al., 2021). The observed morphological alterations such as cell shrinkage,
rounding, and detachment further corroborate the cytotoxic effects and correspond to classical
apoptotic features (Sali et al., 2024).

Annexin V/PI staining demonstrated that UC extract significantly increased both early
and late apoptotic populations in HCT-116 and HepG2 cells, highlighting its strong pro-
apoptotic activity. This finding was corroborated by the substantial elevation of the sub-G1
population observed in cell cycle analysis, indicative of extensive DNA fragmentation and
confirming apoptosis-mediated cell death. At the molecular level, UC extract treatment led to
marked upregulation of the pro-apoptotic gene Bax alongside downregulation of the anti-
apoptotic gene Bcl-2, resulting in a pronounced increase in the Bax/Bcl-2 ratio a key
determinant of mitochondrial membrane permeabilization and activation of intrinsic apoptotic
pathways. Similar apoptotic regulation has been reported for extracts of Ulva intestinalis and
Ulva lactuca, where enhanced Bax expression and decreased Bcl-2 levels triggered
downstream caspase activation (Pal ef al., 2021). Notably, although cisplatin induced a higher
overall proportion of apoptotic cells, it concurrently suppressed Bax expression, suggesting
that its apoptotic effects may primarily occur via alternative mechanisms, including p53-
dependent pathways or extrinsic apoptotic signaling (Elmorsy et al., 2024).

A key mechanistic finding of this study is the marked downregulation of PI3K-p85a
and mTOR proteins following UC extract treatment. The PI3K/mTOR signaling axis represents
a central survival pathway that is often upregulated in colorectal and liver cancers, and its
suppression leads to reduced protein synthesis, impaired proliferation, and increased apoptotic
susceptibility (Omolekan et al., 2024). Consistent with this, recent studies have demonstrated
that bioactive compounds from green algae inhibit the PI3K/Akt/mTOR and MAPK pathways,
thereby reducing tumor cell proliferation and promoting apoptosis (Rakha ez al., 2025). While
cisplatin also significantly inhibited PI3K and mTOR, UC extract exerted potent suppression
of this pathway, underscoring its capacity as a natural signaling inhibitor. These results align
with prior reports indicating that downregulation of PI3K/mTOR enhances apoptotic responses
and restricts tumor growth (Rakha et al., 2025).

Although cisplatin exhibited greater overall potency, UC extract demonstrated
significant bioactivity across multiple assays, including reduction of cell viability, induction of
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apoptosis, modulation of Bax/Bcl-2 expression, and inhibition of PI3K/mTOR signaling
(Maryati et al., 2020). Moreover, the extract showed strong nitric oxide suppression,
highlighting its combined cytotoxic and anti-inflammatory properties (Li et al., 2023). This
dual functionality may be particularly advantageous within the tumor microenvironment,
where chronic inflammation often promotes cancer progression and contributes to therapeutic
resistance.

The experimental results indicate that UC extract and cisplatin exhibit distinct
anticancer profiles, acting through different mechanisms and displaying variable efficacy
across the tested cancer cell lines. Cisplatin elicited a stronger overall cytotoxic and apoptotic
response at high concentrations, generating the highest total apoptotic cell fraction and
inducing a pronounced G2/M cell cycle arrest, consistent with its classical role as a DNA-
damaging chemotherapeutic agent. However, cisplatin also induced greater necrosis, stronger
suppression of survival pathways, and downregulation of Bax, suggesting that its pro-apoptotic
effects may proceed via alternative mechanisms, including p53-dependent signaling.
Furthermore, the well-documented high toxicity of cisplatin constrains its therapeutic window.

In contrast, UC extract exhibits a multi-targeted and more physiologically balanced
anticancer effect, particularly in HepG2 hepatocellular carcinoma cells, where it achieved
lower ICso values, more pronounced Bax/Bcl-2 modulation, and distinct apoptotic
morphological features. The extract promotes mitochondrial-mediated apoptosis, inhibits the
PI3K/mTOR pathway, suppresses nitric oxide production, and induces minimal necrosis,
reflecting a more controlled and less deleterious form of cell death. This mechanistic profile
suggests a safer and more selective anticancer activity compared with cisplatin. Overall,
although cisplatin remains more potent in inducing total apoptosis, UC extract appears superior
in terms of safety, specificity, and multi-pathway regulation, making it a promising candidate
particularly for HepG2 cells when considering therapeutic potential with reduced side effects.
S. Conclusion

This study demonstrates that Ulva compressa ethanolic extract exerts potent, multi-
targeted anticancer effects against HCT-116 and HepG2 cells, achieving efficacy comparable
to cisplatin while displaying a distinctly superior mechanistic and safety profile. Enriched with
phytosterols, phytol derivatives, and flavonoids, the extract robustly induced apoptosis through
both intrinsic and extrinsic pathways, significantly shifted the Bax/Bcl-2 ratio toward cell
death, and effectively suppressed the oncogenic PI3K/mTOR signaling axis. In contrast,
cisplatin primarily caused cytostatic G2/M arrest, paradoxically downregulated Bax, and
elicited greater necrosis. While cisplatin was more potent at very high doses, UC extract
demonstrated higher pro-apoptotic efficiency, better multi-pathway regulation, and minimal
necrotic damage particularly in HepG2 cells indicating superior selectivity and lower
anticipated toxicity.
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