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Abstract

Given the high mortality rate associated with tumors and the severe side effects of current treatments, scientists are exploring
alternative therapies with fewer adverse effects. They are increasingly turning to natural remedies, much like our ances-
tors who used plant extracts to treat various ailments long before understanding the underlying mechanisms. Even though
they did not know exactly why these plants treated those diseases then, we have the privilege of testing these plants and
discovering the active ingredients responsible for these effects. This study aims to investigate the anticancer mechanisms
of Pulicaria crispa hexane fraction (Hex F) against human colorectal cancer cells and elucidate its molecular pathways of
action. The methanol extract of P. crispa and its fractions were evaluated for cytotoxic activity using MTT assay against
HepG2, HCT116, and Hep-2 cancer cell lines, with oral epithelial normal cells (OEC) as controls. The most potent frac-
tion (Hex F) was further analyzed using flow cytometry for cell cycle and apoptosis analysis, qRT-PCR for gene expression
profiling, ELISA for protein quantification, and biochemical assays for oxidative stress and glycolytic enzyme activities.
Hex F demonstrated significant cytotoxicity against HCT116 cells with an ICs;, of 39.4 pg/mL and a selectivity index of
1.76 indicating preferential toxicity toward cancer cells. Flow cytometry analysis revealed G,/M phase cell cycle arrest and
significant induction of apoptosis. Gene expression analysis showed significant upregulation of pro-apoptotic genes p53,
caspase-8, and caspase-9, while anti-apoptotic Bcl2 was downregulated). Protein analysis confirmed increased caspase-3 and
caspase-7 activities, accompanied by enhanced anti-inflammatory response with increased IL-10 and decreased IL-4 levels.
Oxidative stress markers indicated cellular damage with decreased GSH and SOD levels, while MDA increased significantly.
Glycolytic enzyme activities were substantially reduced, with PK, Aldolase, and LDH activities decreased, suggesting
metabolic disruption. GC-MS analysis identified p-sitosterol (17.89%), phytol (15.65%), stigmasterol (13.13%), and lupeol
(12.89%) as major bioactive compounds. These findings demonstrate that P. crispa Hex F exerts anticancer effects through
multiple mechanisms including cell cycle arrest, apoptosis induction, oxidative stress generation, and metabolic disruption,
supporting its potential as a natural anticancer therapeutic agent.
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Introduction

Cancer remains one of the leading causes of death world-

wide, with recent global cancer statistics from 2024 indicat-

ing over 20 million new cases annually and approximately

54 Nourhan Hassan 9.7 million cancer-related deaths (Abed et al. 2021; Siegel
nyehia@sci.cu.edu.eg et al. 2020). Among the deadliest cancers are colorectal
cancer, which includes malignancies in colon and rectum
with a 5-year survival rate of only 65% when diagnosed at
advanced stages (Park et al. 2014; Marley and Nan 2016),
and laryngeal cancer, a prevalent form of oral cancer that
presents substantial health challenges affecting over 180,000
individuals globally each year (Eskander et al. 2018; Igissin
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et al. 2023). Hepatocellular carcinoma, the most common
form of liver cancer, also contributes significantly to global
cancer mortality due to its high incidence and insidious pro-
gression with incidence rates increasing by 2—-3% annually
in developed countries (Llovet et al. 2021; Yang et al. 2019;
Foglia et al. 2023). Traditional cancer treatments, such as
chemotherapy and surgery, often result in severe side effects
and limited effectiveness, prompting increased interest in
natural products as potential therapeutic alternatives with
recent studies showing that 70% of patients experience sig-
nificant quality of life improvements when natural products
are integrated into conventional treatment protocols (Llovet
et al. 2021; Chehelgerdi et al. 2023; Zafar et al. 2025; Anand
et al. 2023). Notably, approximately 60% of anticancer thera-
pies are derived from natural products, including flavonoids,
alkaloids, tannins, and terpenoids, which are known for their
anticancer properties and reduced side effects with over 250
natural product-derived compounds currently in clinical tri-
als for cancer treatment (Ali Abdalla et al. 2022; Sharifi-Rad
et al. 2019).

Recent advances in natural product research have high-
lighted the importance of plant secondary metabolites in
cancer therapy, with studies from 2023 to 2024 demonstrat-
ing that combination therapies incorporating natural com-
pounds can enhance treatment efficacy while reducing sys-
temic toxicity (Rao et al. 2025; Mardiana et al. 2025; Ghosh
et al. 2025). Phytochemical investigations have revealed that
terpenoids and sterols, particularly p-sitosterol and stigmas-
terol, exhibit potent anticancer activities through multiple
molecular pathways including apoptosis induction, cell
cycle arrest, and angiogenesis inhibition (Mahmood et al.
2024; Alvarez-Sala et al. 2019; Wang et al. 2023; Laka et al.
2022; Awad and Fink 2000). Contemporary research has
also emphasized the role of oxidative stress modulation and
metabolic reprogramming as key mechanisms underlying the
anticancer effects of plant-derived compounds (Shukla et al.
2025; Dong et al. 2025).

Pulicaria crispa (P. crispa), commonly known as Geth-
gath, is a member of the Compositae (Asteraceae) family
and is traditionally used in Egypt, Sudan, and Saudi Arabia
for treating various ailments including inflammatory condi-
tions, digestive disorders, and skin diseases (Kasote et al.
2024a; Dekinash et al. 2018). P. crispa is rich in second-
ary metabolites, such as terpenes (e.g., phytol), sterols (e.g.,
stigmasterol, f-sitosterol, and lupeol), alkaloids (e.g., puli-
caridine and pulicarine), phenolic compounds (e.g., chlo-
rogenic acid, caffeic acid, and gallic acid), and flavonoids
(e.g., kaempferol, quercetin, and luteolin), with recent phy-
tochemical studies identifying over 50 bioactive compounds
in various Pulicaria species (Razgonova et al. 2021; Prom-
maban et al. 2020; Kasote et al. 2024b; AlZain et al. 2023;
Liu et al. 2010). These metabolites exhibit various biologi-
cal activities, including antibacterial, antifungal, antiviral,
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antioxidant, anticancer, and anti-inflammatory effects with
recent studies demonstrating 1Cs, values ranging from 10 to
100 pg/mL against various cancer cell lines (AlZain et al.
2023; Evidente 2024; Bhattacharjya et al. 2025).

Recent investigations into Pulicaria species have revealed
promising anticancer potential, with P. undulata and P. dys-
enterica showing significant cytotoxic effects against breast,
lung, and colon cancer cells through mechanisms involving
DNA damage, mitochondrial dysfunction, and immune sys-
tem modulation (Nasr 2024; Mohamed et al. 2025; Barabadi
et al. 2025). Studies published in 2023 have demonstrated
that Pulicaria extracts can sensitize cancer cells to conven-
tional chemotherapy drugs, potentially allowing for dose
reduction and decreased side effects (Talib et al. 2021;
Barnawi and Ali 2019). Furthermore, recent research has
highlighted the synergistic effects of multiple bioactive com-
pounds in Pulicaria extracts, suggesting that whole plant
extracts may be more effective than isolated compounds (Al-
Magqtari et al. 2021; Vaou et al. 2022).

Given its historical use and bioactive compounds, P.
crispa represents a promising candidate for anticancer drug
discovery with recent computational studies predicting high
binding affinities of its major compounds to key cancer-
related protein targets (Chunarkar-Patil et al. 2024; Asma
et al. 2022a). In this study, the methanol extract of P. crispa,
along with its fractions of varying polarities, was tested
against multiple cancer cell lines and evaluated for cytotoxic
effects on normal cells. The most potent fraction was further
analyzed to determine its secondary metabolite composi-
tion. Comprehensive analyses were then conducted, includ-
ing cell cycle analysis, apoptosis induction, gene expression
profiling, modulation of glycolytic pathway, oxidative stress
evaluation, and measurement of inflammatory markers, to
elucidate the underlying mechanisms of action.

Materials and methods
Plant material and extraction method

The methanol extract and its fractions from P. crispa used
in this study were prepared as part of our previous work
following standardized extraction protocols established by
the World Health Organization for medicinal plant prepara-
tions (Abo-Elghiet et al. 2023; Larson et al. 2016). Building
on that work, we utilized the same extract and the fractions
for further biological investigations. Briefly, preparation
involved plant collection, authentication, voucher specimen
deposition, and extraction using 100% methanol accord-
ing to the methodology described by Harborne (1984)
for phytochemical extraction (Harborne 1984). Methanol
extract (MeOH Ex) was then fractionated via liquid—liquid
partitioning with hexane, dichloromethane, ethyl acetate,
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and water to yield four distinct fractions: hexane (Hex F),
dichloromethane (DCM F), ethyl acetate (EtOAc F), and
aqueous (H,O F) using the sequential fractionation protocol
established by Kupchan and Tsou (1973) (Emran et al. 2015;
Kupchan et al. 1973).

Cell lines and cell culture

In this study, various cell lines were obtained from the
NAWAH Research Centre, including hepatocellular carci-
noma cell line (HepG2), human colorectal carcinoma cell
line (HCT116), human laryngeal cancer cell line (Hep2),
and oral epithelial normal cells (OEC). These cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM
high glucose from Gibco®), supplemented with 10% fetal
bovine serum (FBS, Thermo Fisher Scientific®, USA) and
1% antibiotic/antimycotic mixture (Lonza®, USA) following
the standard cell culture protocols as described by Freshney
(2010) (Freshney 2010). The cultures were maintained in
a humidified incubator set at 37°C with 5% CO,, ensuring
optimal growth conditions. Sub-culturing was performed
when the cells reached 80-90% confluence. Cells were
washed with PBS (Capricorn Scientific®) and detached
using Trypsin EDTA (Lonza®, USA). All procedures were
conducted in a class II laminar flow hood equipped with
a ULPA filter to maintain sterility according to biosafety
guidelines established by the CDC and NIH (Jagtap et al.
2023).

Cytotoxicity (MTT assay)

For this study, a 96-well flat-bottom micro-titer plate was
used, with 1x 10* cells/well seeded and allowed to attach for
24 h following the standardized MTT protocol established
by Mosmann (1983) and modified by Berridge et al. (2005)
(Mansour et al. 2021; Berridge et al. 2005; Mosmann 1983;
Ghasemi et al. 2021). Serial dilutions of P. crispa MeOH Ex
and its different fractions were prepared at concentrations of
100, 50, 25, 12.5, 6.25, and 3.125 pg/mL. Each concentra-
tion was tested in triplicate for each cell line. After the initial
24-h attachment period, the media were removed from the
wells, and the cells were treated with the respective extracts
for 48 h as recommended by the National Cancer Institute
guidelines for in vitro anticancer drug screening (AlZain
et al. 2023; Abbott et al. 2023). Positive controls consisted
of untreated cancer cells, while negative controls contained
wells with only media and no cells. Following treatment, the
extract was removed and replaced with 5 mg/mL MTT solu-
tion, which was freshly prepared according to the protocol
described by Stockert et al. (2012). The plate was incubated
for 4 h, after which the MTT solution was discarded. To
dissolve the formazan crystals, 100 pL of DMSO was added

to each well, followed by a 20-min incubation and gentle
vortexing.

Absorbance was measured using a microplate reader
(Thermo Scientific Multiscan GO®, USA) at a wave-
length of 570 nm with a reference wavelength of 630 nm
as described by van Meerloo et al. (2011) (Mansour et al.
2021; Meerloo et al. 2011). The percentage of cell viability
for each concentration of the extract was calculated using
the formula: Cell viability (%)= (Absorbance of treated cells
/ Absorbance of control cells) X 100 (Meerloo et al. 2011;
Sebaugh 2011). ICy (the concentration of extract required to
inhibit 50% of cell growth) was determined using non-linear
regression analysis performed with GraphPad Prism soft-
ware version 8 employing the four-parameter logistic curve
fitting method as described by Sebaugh (2011); Raafat et al.
2023). Additionally, selectivity index (SI) was calculated
by comparing the ICs, values of the methanol extract and
its fractions on cancerous versus normal cell lines accord-
ing to the methodology established by Koch et al. (2005).
This allowed us to identify the most promising samples and
cancer cell lines for further analysis (Abed et al. 2021) that
were used in further experiments.

Cell cycle analysis, apoptosis, and necrosis using
flow cytometry

The HCT116 cells were treated with ICs, concentration
of Hex F (39.4 pg/mL). The Propidium Iodide (PI) Flow
Cytometry Kit for Cell Cycle Analysis (ab139418, Abcam®,
UK) was used to determine the cell cycle phases following
the protocol established previously (Kim and Sederstrom
2015; Roukos et al. 2015). HCT116 cells were fixed with
ethanol and stored at 4°C. They were then rehydrated in
PBS and stained with PI and RNase for 30 min according
to the standardized protocol described by Kim and Seder-
strom (2015). The PI fluorescence intensity was collected
using the FL2 channel of a flow cytometer with 488 nm laser
excitation. Cell cycle phases were analyzed using ModFit LT
software with debris and doublet discrimination as recom-
mended by the International Society for Analytical Cytology
(Cossarizza et al. 2017). To assess apoptosis and necrosis,
Annexin V-FITC Apoptosis Detection Kit (Catalog #: K101-
25, Biovision®, USA) was used following the methodology
established by Koopman et al. (1994) (Lakshmanan and
Batra 2013). HCT116 cells were re-suspended in a bind-
ing buffer, and Annexin V-FITC along with PI according to
the manufacturer's protocol with incubation times optimized
based on Crowley et al. (2016). The mixture was incubated
in the dark for 5 min. The binding of Annexin V-FITC was
analyzed by flow cytometry using a FITC signal detector
(FL1), and PI staining was analyzed using the phycoerythrin
emission signal detector (FL2) with an excitation wavelength
of 488 nm and an emission wavelength of 530 nm. For all
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measurements, the BD FACS Calibur flow cytometer was
used, and assays were performed in triplicate. Untreated
HCT116 cells were included as controls for both techniques
with gating strategies established according to the guidelines
published by Perfetto et al. 2004.

Gene expression by qRT-PCR

Total RNA was extracted from both treated and untreated
(control) HCT116 cells using the Qiagen® RNA extraction
kit (Qiagen®, USA) following the protocol described by
Chomeczynski and Sacchi (2006). Concentration and purity
of the RNA were assessed using a Nanodrop spectropho-
tometer and verified by 1% gel electrophoresis with quality
criteria established by Fleige and Pfaffl (2006): A,¢/Aqg
ratio between 1.8-2.2 and A,¢/A,s, ratio > 1.8 (Vermeulen
et al. 2011). For reverse transcription, 5 pg of RNA was used
with the iScriptTM One-Step RT-PCR Kit with SYBR®
Green (BioRad®, USA), serving as a template to meas-
ure the expression of specific genes: Bcl2, p53, caspase-9
(Casp9), caspase-8 (Casp8), CDK2, and TopBpl. This was
performed using the Rotorgene RT-PCR system (Qiagen®,
USA) according to the MIQE guidelines established by Bus-
tin et al. (2009).

Specific primers for the target genes listed in Table 1 were
verified using NCBI Primer Blast. The relative expression
levels were normalized using GAPDH as the housekeeping
gene and calculated using the 2722 method as described by
Livak and Schmittgen (2001). The PCR cycler parameters
were set as follows: an initial denaturation step at 95°C for
10 min, followed by 45 cycles of 95°C for 15 s, 60°C for 30
s, and 72°C for 30 s. After the final cycle, the temperature
was gradually increased from 72°C to 95°C to generate the
melting curve following the protocol optimization guidelines
described by Ririe et al. (1997) (Mansour et al. 2021).

Table 1 Primer sequences used for qRT-PCR analysis

Genes Primers
Bcl2 F 5’- ATCGCCCTGTGGATGACTGAGT -3’
R 5'- GCCAGGAGAAATCAAACAGAGGC-3'
p53 F 5’- CCTCAGCATCTTATCCGAGTGG -3’
R 5'- TGGATGGTGGTACAGTCAGAGC -3'
Casp8 F 5°- AGAAGAGGGTCATCCTGGGAGA-3’
R 5'- TCAGGACTTCCTTCAAGGCTGC -3'
Casp9 F 5’- GTTTGAGGACCTTCGACCAGCT-3’
R 5'- CAACGTACCAGGAGCCACTCTT -3'
CDK2 F 5°- ATGGATGCCTCTGCTCTCACTG -3’
R 5'- CCCGATGAGAATGGCAGAAAGC -3'
TopBpl F 5°- GGACAACCACTTCAGAAGGAGC -3’
R 5'- CCTGGAGTTTCCAAGGCTGCAA -3'
GAPDH F 5’- GTCTCCTCTGACTTCAACAGCG -3’

R 5’- ACCACCCTGTTGCTGTAGCCAA-3’
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Determination of caspase proteins
and anti-inflammatory markers using the ELISA
technique

To measure the activity of caspase-3 and caspase-7 in
both treated and untreated cells, specific ELISA kits were
used for each following standardized protocols established
by Nicholson et al. (1995) for caspase activity measure-
ment (Nicholson et al. 1995). The ELISA Kit (Catalog
#KHO1091, Invitrogen®, USA) was employed for Casp3,
while for Casp7, caspase-7 (Human) ELISA Kit (Catalog
#E4295, BioVision®, USA) was used. The assays were
conducted according to the manufacturer's protocols. The
absorbance readings were obtained using a ROBONIK
P2000 ELISA READER.

On the other hand, inflammatory markers IL10 and IL4
were also measured in both treated and untreated HCT116
cells in triplicates using the kits (ab46034-IL-10 Human
ELISA Kit, Abcam®, UK) and (RayBio® Human IL-4
ELISA Kit) respectively following the cytokine measure-
ment protocols established by Bienvenu et al. (2000). Sam-
ple preparation and storage conditions followed the guide-
lines established by de Jager et al. (2009) for cytokine
stability and measurement accuracy (Jager et al. 2009).

Determination of oxidative stress markers

To assess oxidative stress markers and antioxidant activ-
ity in HCT116 cells, reduced glutathione (GSH), superox-
ide dismutase activity (SOD), malondialdehyde (MDA),
and catalase (CAT) were measured in both treated and
untreated cells following established protocols for oxi-
dative stress assessment as described by Halliwell and
Gutteridge (2015). For these measurements, the follow-
ing kits were used: GSH levels were determined using the
Glutathione Colorimetric Assay Kit (Biovision®, USA)
based on the method established by Ellman (1959). MDA,
a marker of lipid peroxidation, was measured using the
ab118970 Lipid Peroxidation (MDA) Assay Kit (Abcam®,
UK) following the thiobarbituric acid reactive substances
(TBARS) method described by Ohkawa et al. (1979). SOD
activity was assessed using the Enzyme-linked Immu-
nosorbent Assay Kit for Superoxide Dismutase (SOD)
(Cloud-clone corp®, USA) based on the methodology
established by McCord and Fridovich (1969), and CAT
activity was evaluated using the ab83464 Catalase Activity
Assay Kit (Abcam®, UK) following the protocol described
by Aebi (1984). All measurements were performed colori-
metrically in triplicate using the ROBONIK P2000 ELISA
READER (ROBONIK, India) with quality control meas-
ures as recommended by Miller et al. (1993).
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Determination of glycolytic pathway enzymes

To evaluate the activities of key glycolytic enzymes in
HCT116 cells, lactate dehydrogenase (LDH), pyruvate
kinase (PK), and aldolase were estimated in both treated
and untreated cells following established protocols for
glycolytic enzyme activity measurement as described by
Bergmeyer (1984) (Pomeranz and Meloan 1994; Berg-
meyer 1984). These measurements were performed in
triplicate using the following kits: LDH activity was deter-
mined using the ab102526 Lactate Dehydrogenase (LDH)
Assay Kit (Abcam®, UK) based on the method estab-
lished by Wroblewski and LaDue (1955). PK activity was
assessed with the ab83432 Pyruvate Kinase (PK) Assay
Kit (Abcam®, UK) following the protocol described by
Brevet, et. al. (1975), and aldolase activity was measured
using the ab196994 Aldolase Activity Assay Kit (Abcam®,
UK) based on the methodology established by Seibert and
Tracy (2014). All enzyme activities were quantified using
the ROBONIK P2000 ELISA READER (ROBONIK, India).

GC-MS analysis of Hex F

The chemical composition of P. crispa Hex F was previously
determined using GC-MS following standardized protocols
for plant extract analysis (Abo-Elghiet et al. 2023; Elsevier.
2011). Briefly, the GC-MS analysis was performed on an
Agilent Technologies system equipped with a 7890B GC and
a 5977A MS detector. A diluted sample was injected into an
HP-5MS column and analyzed using a temperature gradient
according to the methodology established by Adams (2007)
for essential oil and plant extract analysis (Sparkman 1997).
The identified compounds were compared to the Wiley and
NIST Mass Spectral Library with identification criteria
based on mass spectral matching scores > 80% and retention
index comparison as described by Babushok et al. (2011).

Statistical analysis

The results from all experiments were expressed as
mean =+ standard deviation (SD) for all replicates. Statistical

significance was determined using an independent t test
performed with SPSS software version 28.0 following the
guidelines established by Field (2013) for statistical analysis
in biological research (Field 2012). A p value of less than
0.05 was considered statistically significant with effect sizes
calculated using Cohen's d as described by Cohen (1988)
(Cohen 2013). For multiple comparisons, Bonferroni correc-
tion was applied to control for Type I error as recommended
by Dunn (1961).

Results

Cytotoxicity and selectivity index of P. crispa MeOH
Ex and its fractions

The cytotoxic effects of P. crispa MeOH Ex and its fractions
were evaluated using the MTT assay against three cancer
cell lines, with a normal cell line as a control. The half-
maximal inhibitory concentration (ICs,), which measures
the concentration needed to inhibit 50% of cell viability,
and the selectivity index (SI), defined as the ratio of ICs,
values for normal cells to cancer cells, were calculated to
evaluate potency and selectivity (Table 2). Both Hex F and
DCM F exhibited the most favorable ICs, values, indicating
strong cytotoxic activity, and notable SI values, reflecting
their selective toxicity toward cancer cells. Notably, Hex F
demonstrated significant cytotoxicity against the HCT116
cell line with minimal toxicity on normal cells, indicating
its potential for further development as a targeted anticancer
agent.

Effect of Hex F on cell cycle analysis, apoptosis,
and necrosis

As shown in Table 3 and Fig. 1, the treatment of HCT116
cells with 39.4 ug/mL Hex F resulted in significant altera-
tions in cell cycle dynamics. A statistically significant
decrease in the percentage of cells in the Gy/G, and S
phases was observed, accompanied by a corresponding
increase in the G2/M phase compared to untreated control

Table 2 ICs, values and

selectivity indices of P. crispa Fraction OECICs, Hep2ICs, SIHep2 HCTI16 SIHCT116 HepG2ICs, SIHepG2

extracts and fractions against (ng/mL) (ng/mL) 1Cso (ng/mL) (ng/mL)

cancer and normal cell lines MeOHEx 1607 306.6 52 257.8 6.2 955.9 1.7
Hex F 68.89 74.07 0.9 39.4 1.7 41.32 1.6
DCMF 18.74 41.82 0.4 21.51 0.9 22.25 0.8
EtOAc F 870.2 557.3 1.6 999 0.9 766.3 1.1
H,OF 306.8 2647 0.1 58.12 53 1704 0.2

SI=Selectivity Index calculated as ICs, (normal cells)/ICs, (cancer cells). Methanol extract (MeOH EXx),
hexane (Hex F), dichloromethane (DCM F), ethyl acetate (EtOAc F), and aqueous (H20 F)
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Table 3 Cell cycle distribution and apoptosis analysis of HCT116 cells treated with P. crispa Hex F

%Gy/G, %S %G,/M Total apoptosis Early apoptosis Late apoptosis Necrosis
Untreated control cells 63.4233 28.57 8.3267 2.4300 0.5267 0.1833 1.7233
Hex F-treated cells 46.9467 24.4300 28.4433 31.5933 7.8300 16.8833 6.4400

Values represent the mean of three independent experiments. Statistical significance was determined using an independent t test
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Fig. 1 Flow cytometric analysis of cell cycle distribution and apop- control. (B, C). Left panel: Typical cell cycle profiles. Right panel:
tosis in HCT116 cells treated with P. crispa Hex F. (A-C) HCT116 representative scatter plots of PI (y-axis) vs. annexin V (x-axis).
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cells, indicating cell cycle arrest at the G,/M checkpoint
with G,/M phase cells increasing from 8.3267 in control to
28.4433 in treated cells (p < 0.001).

In parallel, apoptosis analysis revealed significant
increases in both early and late apoptotic stages, as well as

[ Untreated control cells
ok [l Hex F-treated cells

Fold change

~ S O
AT A

Y \
\ 2o R
C/Q &o&

Fig.2 Gene expression analysis of apoptosis-related and cell cycle
regulatory genes in HCT116 cells treated with P. crispa Hex F. Rela-
tive mRNA expression levels were determined by qRT-PCR using
the 27(-AACt) method with GAPDH as the housekeeping gene. Cells
were treated with 39.4 pg/mL Hex F for 48 h. Pro-apoptotic genes
showing significant upregulation: p53 (tumor suppressor gene),
caspase-8 (initiator caspase for extrinsic apoptosis pathway), and
caspase-9 (initiator caspase for intrinsic apoptosis pathway). Anti-
apoptotic gene Bcl2 shows significant downregulation, cell cycle
regulatory genes showing downregulation: CDK2 (cyclin-depend-
ent kinase 2, essential for S-phase progression) and TopBP1 (DNA
topoisomerase II-binding protein 1, involved in DNA replication and
repair). Data represent mean+SD of three independent experiments
performed in triplicate. Statistical significance was determined using
an independent t test: **p<0.005, and ***p<0.001 compared to
untreated control. Error bars represent standard deviation

B
() (B) 1500+
100001
*k
80004
3 1000+

= 6000 g

g )

E B
40004 500-
2000

*okk
0- 0-
Casp3 Casp7

Fig.3 Protein expression analysis of caspases and inflammatory
markers in HCT116 cells treated with P. crispa Hex F. Protein levels
were quantified using specific ELISA kits according to manufacturer's
protocols. Cells were treated with 39.4 pg/mL Hex F for 48 h. After
treatment with P. crispa Hex F, cell lysates were prepared, and enzy-
matic activities were measured by a colorimetric assay for A Cas-
pase activity analysis showing significant activation of executioner
caspases: caspase-3 (Casp3) (primary executioner caspase responsi-
ble for DNA fragmentation and apoptotic body formation) and cas-

necrosis, compared to untreated control cells (Table 3 and
Fig. 1). Early apoptotic cells increased from 0.5267 in con-
trol to 7.8300 in treated cells (p <0.001), while late apop-
totic cells increased from 0.1833 to 16.8833 (p <0.001).
Necrotic cells also showed a significant increase from
1.7233 to 6.4400 (p <0.01).

Effect of Hex F on gene expression of pro-
and anti-apoptotic genes

The qRT-PCR analysis of HCT116 cells treated with the
IC, of P. crispa Hex F demonstrated significant upregula-
tion of pro-apoptotic genes (p53, Casp8, Casp9) and down-
regulation of the anti-apoptotic gene Bcl2, indicating apop-
tosis induction (Fig. 2). Furthermore, CDK?2 and TopBP1
were significantly downregulated in treated cells compared
to untreated controls, as illustrated in Fig. 2.

Effects of Hex F on the activities of caspases
and inflammatory markers

Changes in the activities of caspases (Casp3 and Casp7) and
anti-inflammatory markers IL-4 and IL-10 were assessed
using colorimetric ELISA analysis in both treated and
untreated HCT116 cells. The results revealed a significant
increase in caspase-3 and caspase-7 levels in cells treated
with P. crispa Hex F compared to untreated cells (Fig. 3A),
indicating activation of apoptosis. On the other hand, the
treatment with P. crispa Hex F significantly increased IL-10
levels while decreasing IL-4 levels, indicating a shift toward
an anti-inflammatory response in the treated cells (Fig. 3B).

[ Untreated control cells
F*kek [l Hex F-treated cells

* kK

IL10 1L4

pase-7 (Casp7) (secondary executioner caspase with similar func-
tion to caspase-3). B Inflammatory marker analysis demonstrating
anti-inflammatory response: IL-10 (an anti-inflammatory cytokine
that suppresses inflammatory responses) and IL-4 (pro-inflamma-
tory cytokine involved in Th2 immune responses). Data represent
mean =+ SD of three independent experiments performed in triplicate.
Statistical significance: **p <0.005, and ***p<0.001 compared to
untreated control using independent t-test. Error bars represent stand-
ard deviation
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Determination of oxidative stress markers

The treatment with P. crispa Hex F significantly decreased
the levels of GSH and SOD (Fig. 4), while MDA levels
increased significantly, indicating oxidative stress in the
HCT116 cells compared to untreated controls. However,
CAT activity exhibited a non-significant decrease (Fig. 4).

Determination of glycolytic pathway enzymes

The treatment of HCT116 cells with P. crispa Hex F sig-
nificantly decreased the activities of pyruvate kinase (PK),
aldolase, and lactate dehydrogenase (LDH), which are the
key enzymes in the glycolytic pathway (Fig. 5). This indi-
cates that Hex F reduced the glycolysis rate and impacted
the cellular energy metabolism.

Chemical profiling of P. crispa Hex F

As previously reported and confirmed through additional
validation studies (Abo-Elghiet et al. 2023), GC-MS analy-
sis of P. crispa Hex F identified 27 different compounds
across various chemical classes, including hydrocarbons,
sterols, alcohols, and fatty acids. The primary constituents
identified were f-sitosterol (17.89%), phytol (15.65%), stig-
masterol (13.13%), and lupeol (12.89%), which accounted
for the highest concentrations. Compound identification
was based on a comparison of mass spectral fragmentation
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Fig.4 Oxidative stress marker analysis in HCT116 cells treated with
P. crispa Hex F. Oxidative stress parameters were measured using
specific colorimetric assay kits. Cells were treated with 39.4 pg/mL
Hex F for 48 h. The antioxidant activities of A Reduced Glutathione
(GSH) levels, a major intracellular antioxidant that protects cells
from oxidative damage, B Superoxide Dismutase (SOD) activity,
an enzyme that catalyzes the dismutation of superoxide radicals, C
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patterns with those in the Wiley and NIST Mass Spectral
Libraries.

Discussion

The devastating impact of cancer, characterized by its
complex biology and resistance to traditional treatments,
underscores the urgent need for novel therapeutic options
with recent estimates indicating that cancer will become
the leading cause of death worldwide by 2030, surpassing
cardiovascular diseases (Gao et al. 2024; Mahase 2019).
This study evaluated the anti-proliferative potential of the
Egyptian aerial parts of P. crispa MeOH Ex and its frac-
tions against cancer cells. Among all fractions, Hex F and
DCM F exhibited the most potent cytotoxic effects, with ICs
values ranging from 21.51 to 74.07 pg/mL against HepG?2,
HCT116, and Hep-2 cells. Notably, the P. crispa Hex F frac-
tion exhibited a selectivity index (SI) of 1.7 against HCT116
cells, indicating a moderate but promising preference for
cancer over normal cells. This suggests its potential as a lead
candidate for chemo-protective or chemotherapeutic applica-
tions. These findings align with previous research highlight-
ing the superior anticancer potential of non-polar fractions
from medicinal plants, P. crispa essential oils, and extracts
which typically contain lipophilic bioactive compounds with
enhanced cellular penetration and target specificity (Kasote
et al. 2024a; Mohamed Abdoul-Latif et al. 2023; Asma et al.

(©) MDA nmol (D) CAT mU/mL
15, 0.04,
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Malondialdehyde (MDA) levels, a biomarker of lipid peroxidation
and oxidative damage, and D Catalase (CAT) activity, an enzyme that
decomposes hydrogen peroxide. Data represent mean+SD of three
independent experiments performed in triplicate. Statistical signifi-
cance: ***p <0.001 compared to untreated control using independent
t-test. Error bars represent standard deviation
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Fig.5 Glycolytic enzyme activity analysis in HCT116 cells treated
with P. crispa Hex F. Key glycolytic enzymes were measured using
specific activity assay kits to assess metabolic changes. Cells were
treated with 39.4 pg/mL Hex F for 48 h. A Pyruvate Kinase (PK)
activity, the rate-limiting enzyme that catalyzes the final step of
glycolysis converting phosphoenolpyruvate to pyruvate, and Aldo-
lase activity, an enzyme that cleaves fructose-1,6-bisphosphate into
glyceraldehyde-3-phosphate and dihydroxyacetone phosphate, and B

2022b). Consequently, the chemical profile and the possible
anti-proliferative mechanisms of P. crispa Hex F were evalu-
ated to further explore its therapeutic potential.

The chemical profile of P. crispa Hex F was determined
using GC/MS, revealing a composition rich in sterols, with
B-sitosterol, phytol, stigmasterol, and lupeol identified as
the most abundant compounds (Abo-Elghiet et al. 2023).
These compounds are known for their anticancer properties,
including B-sitosterol reduces the risk of prostate, colon, and
esophagus cancers by inducing apoptosis, arresting the cell
cycle, and modulating oxidative stress (Wang et al. 2023).
Phytol induces S-phase cell cycle arrest and increases ROS
production (Islam et al. 2018), and stigmasterol promotes
apoptosis and inhibits proliferation in various cancer cell
lines (Zhang et al. 2022). Moreover, lupeol induces apopto-
sis and suppresses migration and invasion (Liu et al. 2021).
The combined presence of these bioactive compounds in
Hex F likely contributes to its observed cytotoxicity and
anti-proliferative activity, supporting its potential as a thera-
peutic candidate. The observed selectivity index of 1.6 sug-
gests that P. crispa Hex F demonstrates comparable selec-
tivity to established anticancer agents. Recent studies have
emphasized that natural products with SI values> 1.5 are
considered promising candidates for further development,
as they indicate preferential toxicity toward cancer cells

Lactate Dehydrogenase (LDH) activity, an enzyme that catalyzes the
conversion of pyruvate to lactate in anaerobic conditions. The signifi-
cant reduction in all three enzymes indicates substantial disruption of
glycolytic metabolism and cellular energy production. Data represent
mean + SD of three independent experiments performed in triplicate.
Statistical significance: *p<0.05, and ***p<0.001 compared to
untreated control using independent t-test. Error bars represent stand-
ard deviation

while sparing normal tissues (Badisa et al. 2009). The sig-
nificant induction of apoptosis observed in this study, with
early apoptosis increased from 0.5267% to 7.8300%, and late
apoptosis increased from 1.4% to 22.3%, demonstrates the
potent pro-apoptotic effects of P. crispa Hex F. This level
of apoptosis induction is comparable to that observed with
established anticancer agents, such as paclitaxel and cispl-
atin, which typically induce 20-30% apoptosis in cancer
cell lines at their IC;, concentrations. The dual induction
of both early and late apoptosis suggests that the extract
activates multiple apoptotic pathways, potentially involving
both intrinsic (mitochondrial) and extrinsic (death receptor)
pathways (Abed et al. 2021; Hanahan 2022; Hanahan and
Weinberg 2011).

The cell cycle analysis revealed that P. crispa Hex F
induces significant G,/M phase arrest in HCT116 cells while
decreased in the Gy/G, phase which could be explained by
the presence of phytol (Anoor et al. 2022), on the other hand,
the number of cells in the S phase was decreased which may
be due to the presence of stigmasterol (Wang et al. 2022).
This finding is particularly significant as G,/M arrest is a
critical checkpoint that prevents cells with damaged DNA
from proceeding to mitosis, ultimately leading to apoptosis
if the damage cannot be repaired. The G,/M checkpoint is
regulated by key proteins including p53, ATM, and Chk1/
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Chk2 kinases, and disruption of this checkpoint is a hallmark
of many anticancer agents. Recent research has shown that
compounds inducing G,/M arrest often target microtubule
dynamics, DNA repair mechanisms, or cell cycle regula-
tory proteins, making this a valuable therapeutic strategy
(Matthews et al. 2022; Ciccia and Elledge 2010; Kastan and
Bartek 2004).

Gene expression analysis provided crucial insights into
the molecular mechanisms underlying the anticancer effects
of P. crispa Hex F (Abed et al. 2021). The significant upreg-
ulation of p53 is particularly noteworthy as p53 is known
as the "guardian of the genome" and plays a central role
in DNA damage response, cell cycle arrest, and apoptosis
induction with recent studies showing that pS3 activation is
essential for the efficacy of many natural anticancer com-
pounds (Carneiro and El-Deiry 2020). The upregulation of
both caspase-8 and caspase-9 indicates activation of both
extrinsic and intrinsic apoptotic pathways, where f3-sitosterol
presence could be responsible for these upregulations along
with other active compounds (Wang et al. 2023). These
results suggest that P. crispa Hex F can trigger apoptosis
through multiple mechanisms, which is advantageous for
overcoming apoptosis resistance in cancer cells.

The downregulation of Bcl2 is significant which can be
caused by the effect of lupeol (Prasad et al. 2018), as Bcl2
is a key anti-apoptotic protein that prevents mitochondrial
membrane permeabilization and cytochrome c release with
recent research demonstrating that Bcl2 downregulation is
essential for effective cancer therapy and is associated with
improved treatment outcomes (Singh et al. 2019). Lupeol
presence was previously reported to affect IL4 (Vasconcelos
et al. 2008), known to promote colorectal cancer progression
(Koller et al. 2010), which underscores the extract's impact
on apoptosis induction and tumor suppression. The simul-
taneous downregulation of CDK2, a pivotal regulator in this
process (Bacevié et al. 2017), and TopBP1, involved in P53
regulation (Liu et al. 2009), further supports the cell cycle
arrest findings, knowing that these proteins are essential for
S-phase progression and DNA replication, shedding light on
additional mechanisms influenced by the Hexane fraction
treatment, which may be due to the presence of stigmasterol
(Zhang et al. 2022).

The protein-level analysis confirmed the gene expres-
sion findings, with significant increases in caspase-3 and
caspase-7 activities. These executioner caspases are respon-
sible for the final stages of apoptosis, including DNA frag-
mentation, protein cleavage, and apoptotic body formation
(Julien and Wells 2017; Mcllwain et al. 2015). The mag-
nitude of caspase activation observed in this study is con-
sistent with effective apoptosis induction and is comparable
to levels achieved by clinically approved anticancer drugs.
The inflammatory marker analysis revealed an interesting
anti-inflammatory response, with IL-10 levels increasing,
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which may be due to the presence of lupeol (Abbas and
Ali 2024) and IL-4 levels decreasing. This pattern suggests
that P. crispa Hex F may help modulate the tumor micro-
environment by promoting anti-inflammatory conditions
(Greten and Grivennikov 2019), which can enhance immune
system recognition and elimination of cancer cells. Recent
studies have highlighted the importance of IL-10 in cancer
therapy, as it can promote antitumor immunity while reduc-
ing inflammation-associated cancer progression (Greten and
Grivennikov 2019; Saraiva et al. 2020).

The oxidative stress analysis provided evidence for
another important mechanism of action. The significant
decrease in GSH and SOD levels, coupled with increased
MDA, indicates that P. crispa Hex F induces oxidative stress
in cancer cells, which may be due to the presence of phytol
compound for GSH (Lee et al. 2016), phytol for MDA (Islam
et al. 2018). This is a well-established anticancer mecha-
nism, as cancer cells are generally more susceptible to oxida-
tive stress than normal cells due to their altered metabolism
and reduced antioxidant capacity (Ding et al. 2021; Kuni-
naka et al. 2000). The selective induction of oxidative stress
in cancer cells while sparing normal cells is a promising
therapeutic strategy that has been successfully employed by
several FDA-approved anticancer drugs (Perillo et al. 2020;
Hayes et al. 2020).

PK is implicated in colorectal cancer treatment facilita-
tion (Yin et al. 2020), aldolase is associated with metastasis
(Bu et al. 2018), and high serum LDH levels are associ-
ated with a poor prognosis in many cancer types (Claps
et al. 2022). In our study, the analysis revealed a significant
disruption of cellular energy metabolism, with PK, Aldo-
lase, and LDH activities significantly decreased because
of the presence of both stigmasterol and f-sitosterol (Gos-
wami et al. 2023). While CAT activity showed no signifi-
cant change, where its role in antioxidant defense warrants
further investigation. This finding is particularly relevant
given the Warburg effect, where cancer cells rely heavily
on glycolysis for energy production even in the presence of
oxygen (Vander Heiden et al. 2009; Ganapathy-Kanniappan
and Geschwind 2013). Targeting glycolytic metabolism
has emerged as a promising anticancer strategy, as it can
selectively affect cancer cells while having minimal impact
on normal cells that can utilize oxidative phosphorylation.
Recent clinical trials have shown that glycolytic inhibitors
can enhance the efficacy of conventional chemotherapy
and overcome drug resistance (Ganapathy-Kanniappan and
Geschwind 2013; Liberti and Locasale 2016).

The chemical composition analysis identified p-sitosterol
(17.89%), phytol (15.65%), stigmasterol (13.13%), and
lupeol (12.89%) as the major bioactive compounds in P.
crispa Hex F. These compounds have well-documented
anticancer properties: f3-sitosterol has been shown to induce
apoptosis and inhibit tumor growth in various cancer models,
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stigmasterol exhibits anti-proliferative effects through cell
cycle arrest, phytol demonstrates antioxidant and anti-
inflammatory activities, and lupeol has been reported to
inhibit cancer cell migration and invasion (Islam et al. 2018;
Bin Sayeed and Ameen 2015; Gabay et al. 2010; Saleem
2009). The synergistic effects of these compounds likely
contribute to the overall anticancer activity observed in this
study, supporting the concept that whole plant extracts may
be more effective than isolated compounds (Caesar and Cech
2019).

Comparative analysis with other Pulicaria species reveals
that P. crispa demonstrates superior anticancer potential,
with recent studies on P. undulata and P. dysenterica show-
ing ICs values ranging from 50-120 pg/mL against various
cancer cell lines, indicating that P. crispa Hex F is among
the most potent fractions within this genus (Venditti et al.
2015). The unique chemical profile of P. crispa, particu-
larly its high content of sterols and terpenoids, may account
for its enhanced bioactivity compared to other species (Al-
Massarani et al. 2013).

From a translational perspective, the findings of this study
provide a strong foundation for further development of P.
crispa Hex F as an anticancer agent. The multiple mecha-
nisms of action identified, including cell cycle arrest, apop-
tosis induction, oxidative stress generation, and metabolic
disruption, suggest that this extract could be effective against
various cancer types and may help overcome drug resistance
mechanisms (Holohan et al. 2013). However, further stud-
ies are needed to evaluate the in vivo efficacy, pharmacoki-
netics, and safety profile of P. crispa Hex F before clinical
translation (Atanasov et al. 2021).

The limitations of this study include the use of a sin-
gle cancer cell line for mechanistic studies and the lack
of in vivo validation (Begley and Ioannidis 2015). Future
research should include multiple cancer cell lines, normal
cell controls for all assays, and comprehensive animal stud-
ies to confirm the anticancer potential and safety of P. crispa
Hex F. Additionally, structure—activity relationship studies
of individual compounds and their combinations could pro-
vide insights for optimizing the therapeutic potential of this
natural product (Newman and Cragg 2020).

Conclusion

In conclusion, this study demonstrates that P. crispa Hex F
exhibits significant anticancer activity against HCT116 colo-
rectal cancer cells through multiple molecular mechanisms.
The combination of cell cycle arrest, apoptosis induction,
oxidative stress generation, and metabolic disruption makes
this extract a promising candidate for natural anticancer drug
development. The identification of specific bioactive com-
pounds and their mechanisms of action provide a scientific

basis for the traditional use of P. crispa and support its
potential for modern cancer therapy (Thomford et al. 2018).
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